Breathing guidance in radiation oncology and radiology: a systematic review
of patient and healthy volunteer studies
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Purpose: The advent of image-guided radiation therapy (IGRT) has led to dramatic improvements in
the accuracy of treatment delivery in radiotherapy. Such advancements have highlighted the
deleterious impact tumor motion can have on both image quality and radiation treatment delivery.
One approach to reducing tumor motion irregularities is the use of breathing guidance systems
during imaging and treatment. These systems aim to facilitate regular respiratory motion which in
turn improves image quality and radiation treatment accuracy. A review of such research has yet to
be performed; it was therefore our aim to perform a systematic review of breathing guidance
interventions within the fields of radiation oncology and radiology.
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Methods: From August 1 – 14, 2014 the following online databases were searched: Medline,
Embase, PubMed, and Web of Science. Results of these searches were filtered in accordance to a set
of eligibility criteria. The search, filtration, and analysis of articles were conducted in accordance
with PRISMA (Preferred Reporting Items for Systematic reviews and Meta-Analyses). Reference lists
of included articles, and repeat authors of included articles, were hand-searched.
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Results: The systematic search yielded a total of 480 articles, which were filtered down to 27
relevant articles in accordance to the eligibility criteria. These 27 articles detailed the intervention of
breathing guidance strategies in controlled studies assessing its impact on such outcomes as
breathing regularity, image quality, target coverage, and treatment margins, recruiting either
healthy adult volunteers or patients with thoracic or abdominal lesions. In 21/27 studies significant
(p < 0.05) improvements from the use of breathing guidance were observed.
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Conclusions: There is a trend towards the number of breathing guidance studies increasing with
time, indicating a growing clinical interest. The results found here indicate that further clinical
studies are warranted that quantify the clinical impact of breathing guidance, along with the health
technology assessment to determine the advantages and disadvantages of breathing guidance.
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I. INTRODUCTION
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The advent of image-guided radiation therapy (IGRT) has led to dramatic improvements in the
accuracy of treatment delivery in radiotherapy, with the reduction of both random and systematic
uncertainties.1-6 While IGRT has improved the accuracy of radiotherapy by utilizing information
about tumor motion and positioning throughout a patient’s treatment, it has also shed light on the
deleterious impact tumor motion can have on both image quality and radiation treatment delivery.2,
4, 7-10
Anatomic motion due to breathing in the thoracic and abdominal regions is of great concern
due to their proximity to the thoracic diaphragm, where respiratory-induced motion can be up to 5
cm.11 In addition, heightened patient anxiety levels during imaging and treatment,12, 13 can result in
increasingly irregular breathing, leading to erratic breathing motion of both internal anatomy and
the tumor itself.8, 14, 15
The widespread utilization of IGRT has led to the investigation of an increasing number of methods
to address breathing motion and therefore tumor and organ movement and the resultant
uncertainties they cause. A number of image reconstruction methods and tracking systems have
been developed to ameliorate these uncertainties.16-19 However such techniques can be expensive
and don’t directly manage the problem of irregular breathing motion. Addressing irregular tumor
motion directly at the source by managing the patients’ breathing has been of increasing interest in
recent times, with several breathing guidance techniques being developed from simple buzzer
signals to interactive guiding interfaces to facilitate regular and predictable tumor motion.

I.A. Irregular Breathing in Radiation Oncology and Radiology
The deleterious impact of irregular motion during image acquisition has been well documented for
across a range of medical imaging modalities.8, 14, 20-28 During radiation treatment there are two
fundamental types of errors: the errors occurring during treatment preparation (systematic) and the
errors occurring during treatment delivery (random);5, 29-31 both these types of errors are
exacerbated by irregular breathing-motion.9, 10, 27
Systematic errors typically arise from errors in the images used to plan the patient’s treatment;
Figure 1 demonstrates the irregular tumor motion and errors present in images due to such irregular
breathing-motion.

Figure 1. Left: Examples of 4D-CT image artefacts due to irregular breathing (Yamamoto (2008)27)*. Right: Example of
irregular respiratory-induced tumor motion during treatment setup and delivery (Adapted from Worm (2013)10) †.

Random errors typically arise from variations in target position throughout the patient’s treatment.
Irregular breathing leads to larger variations in target position not only during treatment, but
between treatments,9, 10 as shown in Figure 2.
65
*Reprinted from Publication the International Journal of Radiation Oncology* Biology* Physics , Vol 72, Issue 4, Yamamoto,
et al., Title of article / title of chapter, Pages No., Copyright (Year), with permission requested from Elsevier
†Adapted with permission of Informa HealthcareOr[Author], [Journal title], [Year; Volume (Issue): page range], copyright ©
[Year of publication], Informa Healthcare. Adapted with permission requested from Informa Healthcare

Figure 2. Example of interfraction breathing variations (from Shah (2013)9) ‡.
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To account for irregular breathing-motions’ exacerbation of systematic and random errors, the
treatment volume is expanded;32 increasing radiation dose to the healthy surrounding tissue thus
increasing the risk of post-treatment radiation complications such as radiation pneumonitis.33-39 Such
complications occur in over 60% of lung cancer patients after treatment, with 47% developing at
least grade 2 pneumonitis requiring clinical intervention.34 Such clinical interventions involve the
prescription of anti-inflammatory pharmaceuticals thereby increasing health-care costs for that
patient’s course of treatment.36, 40 To combat the increase of these systematic and random errors a
number of strategies directly engaging with the patient have been investigated to minimize the
irregularity of patient breathing motion. These breathing guidance strategies have the advantage of
being non-invasive, requiring minimal modifications to existing facilities and protocols.
Given the relatively recent widespread interest in such breathing guidance strategies, a review of
such research has yet to be performed. It was therefore our aim to perform the first systematic
review of breathing guidance intervention strategies within the fields of radiation oncology and
radiology.

‡Adapted from Publication the International Journal of Radiation Oncology* Biology* Physics , Vol 86, Issue 3, Shah, et al.,
Title: Real-Time Tumor Tracking in the Lung Using an Electromagnetic Tracking System, Pages No., Copyright (Year), with
permission requested from Elsevier

II. METHODS
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This systematic review follows the PRISMA-Statement reporting standard (Preferred Reporting Items
for Systematic reviews and Meta-Analyses).41 Table 1 presents our research questions in the PICOS
approach (Patients, Intervention, Comparison, Outcome, Study design); given the relatively recent
interest in such breathing guidance strategies, healthy volunteer studies were also considered in
addition to patient studies.
Table 1: PICOS approach to the systematic review following the PRISMA statement
 Cancer patients with tumors affected by breathing-motion (e.g.
thoracic and abdominal tumors) receiving radiotherapy and/or
P - patients/participants
medical imaging.
 Healthy volunteers participating as surrogates for the above patient
population.
Breathing guidance – technologies which monitor patient breathing and
I - intervention
provide feedback to the patient informing them on how to adjust their
own breathing in real-time on their own accord.
No breathing guidance of the same breathing type (i.e. non-guided
C - comparison
breath-holds for breath hold studies, and free breathing for breathing
guidance studies)
Regularity of breathing signal & anatomic/tumor motion, medical image
O - outcome
quality, radiation treatment margins & coverage, medical imaging
&radiation treatment times
S - study design
Quantitative and controlled prospective or retrospective trials.
Once eligible articles were identified they were filtered in accordance to the selection criteria. The
objective of the selection criteria was to acquire scientific articles describing in sufficient detail a
breathing guide intervention’s utilisation towards some aspect of abdominal or thoracic radiology
and radiotherapy application. Articles were extracted by two authors using an electronic (Microsoft
Excel 2010) pro forma specifying the identified articles. Where there was disagreement between the
reviewers, discussion was undertaken amongst all authors until consensus was reached.

II.A. Selection Criteria
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Articles were included if they satisfied the following inclusion criteria:
1) Quantitatively evaluate the intervention of breathing guidance relevant to the practice of
either medical imaging or thoracic/abdominal radiotherapy (prospective or retrospective)
2) Participants were human over the age of 18 (retrospective data was from adult human
study)
3) Reported in the English language
4) Published in a peer-reviewed journal between the years 1994 – 2014
5) Had a control group for the same breathing type:
 For guided breathing studies control group performed unguided free breathing
 For guided breath hold studies control group performed unguided breath-holds
Articles which excluded, even if satisfying the above inclusion criteria, if they:
1) Did not have a control group comparing intervention to no intervention for the same
breathing type (free breathing or breath hold)
2) Lacked a statement of statistical significance
3) Did not describe, or reference to an article, in sufficient detail of the breathing guidance
intervention
4) Was not a scientific paper (e.g. conference abstract, conference proceeding, book, patent)
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II.B. Search Strategy
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From August 1 – 14, 2014 the following online databases were searched: Medline, Embase, PubMed,
and Web of Science. The search for articles initially included the fields of radiation oncology and
radiology using the terms: (radiation therapy OR radiotherapy OR imaging). These search results
were then refined towards breathing guidance by using the terms: (respiration OR breathing) AND
(audio OR visual) AND (guidance OR training OR feedback OR biofeedback).
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The findings from the above mentioned databases, in addition to articles identified through hand
searching of their reference lists and cross-referencing for previously unidentified articles which met
the inclusion criteria. These articles were exported to a citation manager, Endnote X5 where
duplicate articles were also removed. The process tree for attaining the search strategies results in
shown in Figure 3. After duplication and filtering through the selection criteria five articles identified
by this hand searching method made it into the final 27 articles.

Figure 3. Search Strategy Results. Screening and Eligibility based on inclusion and exclusion criteria.
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Information extracted from each included article included: (1) purpose of intervention (breath-holds,
regular breathing); (2) study participants (healthy volunteers and/or patients, number recruited,
disease type (if patients)); (3) nature of audio prompt (verbal, tones, music); (4) nature of visual
prompt (breathing limits, guiding-wave, etc.); (5) imaging performed (if any); (6) treatment
performed (if any); (7) main findings of intervention strategy compared to control group; (8) visual
display of intervention (if any).

II.C. Analysis of Articles
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Due to the diverse applications and results used to determine the efficacy of breathing guidance
strategies a meta-analysis was not performed; however the main findings from each of these articles
were organised in terms of statistical significance: achieving positive significant results, nonsignificant results, or negative results.
Quality assessment scoring of the identified and included articles was also performed in accordance
with the Standard Quality Assessment Criteria for Evaluating Primary Research Papers From a
Variety of Fields.42 Quality Assessment Score is given based on 14 questions about the article, the
reviewers award yes (2 points), partial (1 point) and no (0 points) or not applicable (N/A - question
not counted in score). Overall a score out of 28 (or less if N/A is chosen) is found and then converted
to a percentage. Articles were scored by two authors and when discrepancies arose in the scores
allocated a discussion was then undertaken until a consensus was reached.

III. RESULTS
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Twenty-seven articles were included as a part of this systematic review as shown in Figure 3. After
duplication and filtering through the selection criteria four articles identified by this hand searching
method made it into the final 27 articles. Table 2 and Table 3 detail the development of such
strategies over the past 20 years, in addition to the quality assessment score of each article. The
average quality assessment score was 79% (range: 54% - 95%). Figure 4 also illustrates the timeline
of these studies.

Table 2(i). Details of radiology breathing guidance studies. *Retrospective analysis.
Breathing
Quality
Visual
Audio
Imaging /
Participants
motion
Assessment
prompt
prompt
Treatment
sensor
Score

Study author
(Year)

Purpose of
intervention

Wang43
(1995)

Breath
Holds

11 healthy
volunteers

None

Buzzer tone

MRI

Bellows belt

54%

Locklin44
(2007)

Breath
holds

16 cancer
patients

Breathing
signal

None

CT

Bellows belt

75%

Okada45
(2009)

Regular
breathing
& Breath
holds

13 healthy
volunteers

Breathing
signal

None

MRI

MRI navigator
echo

88%

Jhooti46
(2011)

Regular
breathing

10 healthy
volunteers

Video gametype
interface

None

MRI

MRI navigator
echo

79%

Display

No display used

Table 2(ii). Metrics and Results of radiology breathing guidance studies. *Retrospective analysis.
α
β
P < 0.05 (significant)
P ≥ 0.05 (non-significant)
□
×
No p-value, but significance stated
No p-value, no statement of significance
Study author
(Year)

43

Wang
(1995)

Metric(s) used
Standard deviation of superiorinferior (SI) position of cardiac
structures

Slice misregistration







Result(s)

Display

Without breathing guidance: standard deviation of right coronary artery SI
position was 2.0 mm ×
Breathing guidance: standard deviation of right coronary artery SI position was
0.9 mm ×
Without breathing guidance: the total number of slices was 35
Breathing guidance: the total number of slices was 19, much less than no
breathing guidance □
Total number of breath-holds needed reduced by almost a factor of 2 □

No display
used

Improving Image Quality

Locklin44
(2007)

Okada45
(2009)
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With breathing guidance there was less missing cardiac structures □
Image quality improved in 6 (of 8) subjects whose image quality was evaluated by
a radiologist and a physicist ×



With breathing guidance:
o SEM reduced for inspiratory breath holds (p = 0.0693) β
o SEM reduced for expiratory breath holds (p = 0.0083) α
o SEM reduced for mid-breath breath holds (p = 0.053) β



Worse scores were observed for breathing guidance compared to free breathing
(p < 0.05) α
o Of the 15 coronary artery segments that were scored, 5 were scored
significantly worse for breathing guidance
o Of the 15 coronary artery segments that were scored, None were scored
significantly better for breathing guidance
Free breathing: mean scan time was 10.0 ± 2.2 minutes
Breathing guidance: mean scan time was 10.0 ± 2.5 minutes, no significant
difference compared to free breathing β

Standard error of the mean (SEM)
of breath hold position readings

Five point grading system of image
quality by assessors

Scan time

Jhooti46
(2011)




Respiratory efficiency
(the minimum time required to
acquire a full dataset within a 5
mm range of respiratory motion)






Free breathing: respiratory efficiency was 45%
Breathing guidance: respiratory efficiency was 56%, significantly improved over
free breathing (p = 0.006) α

Scan time




Free breathing: scan time was 7 minutes 44 seconds
Breathing guidance: scan time was 5 minutes 43 seconds, significantly shorter
than free breathing (p = 0.026) α

Image quality



No different in image quality

β

Study author
(Year)
Vedam47 &
Kini48
(2003)

Neicu
(2006)49

Purpose of
intervention

Table 3(i). Details of radiation oncology breathing guidance studies. *Retrospective analysis.
Breathing
Quality
Visual
Audio
Imaging /
Participants
motion
Assessment
prompt
prompt
Treatment
sensor
Score

Regular
breathing

5 lung cancer
patients

Breathing
signal &
limits

Regular
breathing

5 healthy
volunteers &
33 lung
cancer
patients

Breathing
signal &
limits

Verbal
commands

Fluoroscopy

Verbal
commands

4D-CT &
treatment
simulation

Real-time
position
management
system (RPM)

Vedam:
73%

RPM

68%

Kini:
55%

George
(2006)50, 51
&
An52
(2013)*

Regular
breathing

24 lung
cancer
patients

Breathing
limits

Ascending &
descending
tones

None

RPM

George (a):
91%
George (b):
95%
An:
55%

Chen53
(2007)

Regular
breathing

Phantom
&
8 healthy
volunteers

Cyclic moving
pattern

None

IMRT
delivered to
phantom

RPM

59%

Lim54
(2007)

Regular
breathing

10 healthy
volunteers

Breathing
signal &
waveguide

Verbal
commands
or tones

None

Respiratory
monitoring
mask with
thermocouple

77%

Display

Vedam55
(2007)

Regular
breathing

Haasbeek56
(2008)

Regular
breathing

Persson57
(2008)

Regular
breathing

Venkat58
(2008)
&
Yang59
(2012)*

Regular
breathing

Linthout60
(2009)

Regular
breathing

Masselli61
(2009)

Regular
breathing

Nakamura62
(2009)

Regular
breathing

90 lung
cancer
patients
22 lung
cancer
patients
13 healthy
volunteers

10 healthy
volunteers

25 lung &
liver cancer
patients
10 healthy
volunteers &
5 lung
cancer
patients
6 lung
cancer
patients

Breathing
signal &
limits

None
None

Waveguide
or bar-model

Verbal
commands
Verbal
commands
Verbal
commands

Ascending &
descending
tones

CT

RPM

82%

4D-CT

RPM

77%

No display used

None

RPM

91%

No display used

Venkat:
None

RPM

Venkat:
77%

Yang: PET

Phantom
programmed
with RPM
motion

Yang:
86%

Breathing
signal &
limits

Verbal
commands

Treatment
delivery

ExacTrac

82%

Breathing
limits

None

None

Pneumatic
strain gauge

73%

None

Verbal
commands

Fluoroscopy

RPM

91%

No display used

Cerviño63
(2009)

Deep
Inspiration
Breath
Holds

15 healthy
volunteers &
5 breast
cancer
patients

Breathing
signal &
limits.

None

None

GateCT-RT

91%

Park64
(2011)

Quasi-breath
hold

10 healthy
volunteers

Breathing
signal &
waveguide

Verbal
commands

Simulated
IMRT plan

Infraredbased stereo
camera

82%
Kim:
95%
Pollock:
86%
Steel:
82%

Kim,65
Pollock,66 &
Steel67
(2012-2014)

Damkjær
(2013)

68

69

Lu
(2014)

Regular
breathing

15 healthy
volunteers

Waveguide &
breathing
limits

Music which
varies in
speed

MRI

RPM
(abdominal
motion) &
MRI (thoracic
diaphragm
motion)

Deep
Inspiration
Breath
Holds

24 breast
cancer
patients

Breathing
limits

Verbal
commands

CT

RPM

91%

Regular
breathing

13 lung &
Liver cancer
patients

Breathing
limits

Ascending &
descending
tones

4D-CT

RPM &
Active
Breathing
Coordinator

83%

Table 3(ii). Metrics and Results of radiation oncology breathing guidance studies. *Retrospective analysis.
α
β
P < 0.05 (significant)
P ≥ 0.05 (non-significant)
□
×
No p-value, but significance stated
No p-value, no statement of significance
Study author
(Year)
Vedam47 &
Kini48
(2003)

Metric(s) used
Standard deviation of
thoracic diaphragm motion
Measure of ability to predict

Result(s)





Free breathing: standard deviation of 0.36 cm
Audio guidance: standard deviation of 0.71 cm, higher than free breathing ×
Visual guidance: standard deviation of 0.47 cm, comparable to free breathing ×
Free breathing: standard deviation of 0.09 cm

diaphragm motion (standard
deviation of relative position
between actual and
predicted motion traces)
Vedam:
Relationship between
respiratory signal and
diaphragm motion





Audio guidance: standard deviation of 0.09 cm
Visual guidance: standard deviation of 0.11 cm
Breathing guidance comparable to free breathing ×



Strong linear relationship between respiratory signal and diaphragm motion (p < 0.001) over all sessions,
regardless of the type of breathing guidance or whether it was used at all (p = 0.19)

Kini:
Average and standard
deviation in breathing period




Audio breathing guidance: reproducible breathing frequency compared to free breathing ×
Visual breathing guidance: further improved reproducibility in breathing frequency compared to free
breathing ×

Kini:
Average and standard
deviation in breathing range
of motion



Audio guidance: higher variations and magnitude in breathing range of motion compared to free
breathing ×
Visual guidance: lower variations in breathing range of motion compared to audio guidance □





User acceptance of breathing
guidance
Neicu
(2006)49


SMART duty cycle

All 5 healthy volunteers were able to follow audio-visual breathing guidance
Of the 33 lung cancer patients:
o 10 could follow audio-visual breathing guidance
o 13 could follow only audio breathing guidance
o 4 were not able to follow breathing guidance
o 6 had naturally regular breathing, so breathing guidance was deemed unnecessary
Lung cancer patients:
o Free breathing: only 3 patients had duty cycles higher than 60%
o Audio-visual breathing guidance: most patients had duty cycles around 80% or larger, and all
patients had duty cycles higher than 60% ×
o Audio breathing guidance: 5 patients had duty cycles higher than 80%, and higher than 60% for 7
patients ×



Duty cycles for simulated
amplitude gating




Intra-session breathing
amplitude variations




Intra-session breathing
period variations



Healthy volunteers:
o Simulated amplitude gating:
 Free breathing: average duty cycle was 32%
 Audio-visual breathing guidance: average duty cycle was 36%, an improvement over free
breathing ×
 Audio breathing guidance: With the exception of Patients 6, 8, and 11, breathing guidance
reduced intra-session variations in period from about 23% to 11% ×
o Simulated hybrid amplitude/phase gating:
 Free breathing: average duty cycle was 21%
 Breathing guidance: average duty cycle was 32%, an improvement over free breathing ×
Lung cancer patients:
o Simulated amplitude gating and hybrid amplitude/phase gating:
 Audio-visual breathing guidance: 4 patients demonstrated good improvements over free
breathing, 1 patient demonstrated worse results with breathing guidance, the rest of the
patient demonstrated similar results to free breathing ×
 Audio breathing guidance: 6 patients demonstrated slight improvements over free
breathing, 1 patient demonstrated worse results, and the rest of the patient
demonstrated similar result to free breathing ×
Healthy volunteers:
o Breathing guidance reduced intra-session standard deviations in amplitude by a factor of 3 ×
o Baseline drift almost entirely removed from the use of breathing guidance ×
Lung cancer patients:
o Audio-visual breathing guidance:
 Breathing guidance did not have much difference to free breathing for intra-session
variations in amplitude ×
 Breathing guidance typically increase breathing amplitude ×
Healthy volunteers:
o Breathing guidance reduced intra-session standard deviations in period by a factor of 2 ×
Lung cancer patients:
o Audio-visual breathing guidance:
 Breathing guidance reduced intra-session variations in period by about 12% ×
 Breathing guidance typically increase breathing period ×
o Audio breathing guidance:





Intra-session breathing endof-inhale and end-of-exhale
variations

Inter-session breathing
variations







George
(2006)50, 51
&
An52
(2013)*

George (a):
Residual breathing motion
(standard deviation of
displacement) within a duty
cycle at inhale and exhale for
phase-based gating





With the exception of Patients 6, 8, and 11, breathing guidance reduced intra-session
variations in period from about 23% to 11% ×
Breathing guidance typically increase breathing period ×

Healthy volunteers:
o Breathing guidance reduced standard deviations of the end-of-inhale and end-of-exhale positions,
normalized to the average amplitude, by a factor of 2 to 3 ×
Lung cancer patients:
o Audio-visual breathing guidance:
 With the exception of Patient 6, breathing guidance reduced standard deviations of endof-exhale positions by a factor of 2.5 ×
 Breathing guidance produced mixed results for the standard deviations of end-of-inhale
positions ×
Healthy volunteers:
o Inter-session standard deviations of amplitude and period for breathing guidance were about 3
times smaller than free breathing ×
Gating at inhale with 40% duty cycle:
o Free breathing: mean residual motion was 0.47 cm
o Audio breathing guidance: mean residual motion was 0.47 cm, no significant difference to free
breathing ×
o Audio-visual breathing guidance: mean residual motion was 0.36 cm, significantly improved over
free breathing and audio guidance □
Gating at exhale with 40% duty cycle:
o Free breathing: mean residual motion was 0.32 cm
o Audio breathing guidance: mean residual motion was 0.31 cm, no significant difference to free
breathing ×
o Audio-visual breathing guidance: mean residual motion was 0.27 cm, significantly improved over
free breathing and audio guidance □
Duty cycles of 30% and 50% were also tested and demonstrated similar results



George (a):
Residual breathing motion
(standard deviation of
displacement) within a duty
cycle at inhale and exhale for
displacement-based gating

George (b):
Relationship between
patient, tumour and
treatment variables with
breathing residual motion

Chen53
(2007)

An:
Breathing reproducibility of
internal motion (variation of
range of motion in the first
session compared to the
subsequent 4 session)
An:
CTV coverage
Mean percent error in
breathing
Intrapatient breathing
standard deviation








Gating at inhale with 40% duty cycle:
o Free breathing: mean residual motion was 0.42 cm
o Audio breathing guidance: mean residual motion was 0.44 cm, no significant difference to free
breathing ×
o Audio-visual breathing guidance: mean residual motion was 0.31 cm, significantly improved over
free breathing and audio guidance □
Gating at exhale with 40% duty cycle:
o Free breathing: mean residual motion was 0.27 cm
o Audio breathing guidance: mean residual motion was 0.27 cm, no significant difference to free
breathing ×
o Audio-visual breathing guidance: mean residual motion was 0.21 cm, significantly improved over
free breathing and audio guidance □
Duty cycles of 30% and 50% were also tested and demonstrated similar results
Inhale based gating:
o Correlation between residual motion and visual training displacement (p < 0.05) α
o Correlation between residual motion and breathing guidance types (p < 0.05) α
A number of other correlations were investigated, however, they were independent from breathing
guidance (e.g. Karnofsky performance status, dose-per-fraction, etc.) and therefore were not included in
these results




Free breathing: breathing reproducibility of range of motion decreased by 28.5% ± 27.9%
Audio-visual breathing guidance: breathing reproducibility of range of motion improved by 21.4% ±
20.7%, significantly more reproducible than free breathing (p < 0.05) α






Free breathing: CTV coverage decreased by 7.0%
Audio-visual guidance: CTV coverage improved by 20.2%, an improvement over free breathing ×
Free breathing: mean percent error was 21%
Breathing guidance: mean percent error was 1.8%, considerably less than free breathing ×



Intrapatient standard deviations decreased with breathing guidance □

Lim54
(2007)

Standard deviation of
breathing amplitudes
Standard deviation of
breathing periods






Difference between
simulated and delivery gate
threshold determined by
using the mean displacement
from within the phase
interval






Vedam55
(2007)
Difference between
simulated and delivery gate
threshold determined by
using the maximum of
average displacements from
within the selected phase






Haasbeek56
(2008)


Lung volume


Free breathing: standard deviations of amplitudes was 0.0029 (arbitrary units)
Breathing guidance: standard deviation of amplitudes was 0.00139 (arbitrary unites), significantly
improved over free breathing (p = 0.029) α
Breathing guidance reduced standard deviation of periods from 0.359 s to 0.202 s
(p = 0.002) α
Gating phase interval of 40%-60%:
o Free breathing: mean difference was 0.14
o Breathing guidance: mean difference was 0.08, significantly improved compared to free
breathing α
Gating phase interval of 30%-70%:
o Free breathing: mean difference was 0.08
o Breathing guidance: mean difference was 0.04, significantly improved compared to free
breathing α
The above improvements due to breathing guidance had p-values between 0.01 and 0.02
Gating phase interval of 40%-60%:
o Free breathing: mean difference was 0.18
o Breathing guidance: mean difference was 0.11, significantly improved compared to free
breathing α
Gating phase interval of 30%-70%:
o Free breathing: mean difference was 0.17
o Breathing guidance: mean difference was 0.11, significantly improved compared to free
breathing α
The above improvements due to breathing guidance had p-values between 0.01 and 0.02
End-inspiration lung volume:
o Audio breathing guidance increased lung volume by 415 mL (10.2%) compared to free breathing
(p = 0.001) α
End-expiration lung volume:
o Audio breathing guidance increased lung volume by 131 mL (2.9%) compared to free breathing
(p = 0.08) β
Between inspiration and expiration lung volume:
o Audio breathing guidance increased lung volume by 671 mL (19.2%) compared to free breathing
(p < 0.001) α

Displacement of internal
target volume (ITV)





Breathing amplitude
57

Persson
(2008)

Standard deviation of
breathing amplitude
intrafractionally
Venkat:
Root mean square (RMS)
variations in breathing
motion displacement

Venkat58
(2008)
&
Yang59
(2012)*

Venkat:
RMS variations in breathing
motion period
Yang:
Motion blurring (quantified
by target size)
Yang:
Dice coefficient
Yang:
Recovery coefficient

Free breathing: mean displacement of 3D ITV center of mass was 9.2 ± 8.3 (range: 0–27 mm)
Breathing guidance: mean displacement of 3D ITV center of mass was 13.0 ± 12.9 (range, 0–46 mm),
significantly larger compared to free breathing (p = 0.008) α
Compared to free breathing, more volunteers had larger breathing amplitudes (p values between
< 0.0001 and 0.0237): α
o 7 of 12 volunteers (and 6 of 12) had significantly larger amplitude for type 1 (and type 2) audio
guidance
o 2 of 12 (and 2 of 12) volunteers had significantly lower amplitude for type 1 (and type 2) audio
guidance



No significant difference in the standard deviation of the breathing amplitude distribution between
guidance and free breathing β




Free breathing: mean RMS variations in displacement was 0.16 cm
Bar-model breathing guidance: mean RMS variations in displacement was 0.10 cm, 40% more regular than
free breathing (p = 0.005) α
Wave-model breathing guidance: mean RMS variations in displacement was 0.08 cm, 55% more regular
than free breathing, and significantly more regular than bar-model breathing guidance (p = 0.006) α
Free breathing: mean RMS variations in period was 0.77 s
Bar-model breathing guidance: mean RMS variations in period was 0.33 s, 50% more regular than free
breathing (p = 0.002) α
Wave-model breathing guidance: mean RMS variations in period was 0.2 s, 75% more regular than free
breathing and significantly more regular than bar-model breathing guidance (p = 0.005) α
Free breathing: average increase in target diameter was 1.3 ± 2.2 mm
Breathing guidance: average increase in target diameter was 0.6 ± 1.6 mm, a significant improvement in
target size compared to free breathing (p < 0.001) α
Free breathing: average Dice coefficient was 0.88 ± 0.10
Breathing guidance: average Dice coefficient was 0.90 ± 0.07, a significant improvement compared to
free breathing (p < 0.001) α
For all targets, breathing guidance had consistently higher recovery coefficients than free breathing ×
Target size had a greater impact on recovery coefficient values than breathing motion ×
For the largest target:
o Free breathing: recovery coefficient was 0.97 ± 0.04

















Linthout60
(2009)

Masselli61
(2009)

Delivery time of gated
treatment



Baseline shift



Removal of baseline drift ×


Average amplitude



Healthy volunteers:
o Free breathing: average amplitude was 10 ± 2 mm
o Breathing guidance: average amplitude was 6 ± 1 mm, lower compared to free breathing □
Lung cancer patients:
o Free breathing: average amplitude was 8 ± 2 mm
o Breathing guidance: average amplitude was 5 ± 1 mm, lower compared to free breathing □

Variability of breathing
amplitude



No significant difference in standard deviation of amplitude β



Healthy volunteers:
o Free breathing: breathing frequency was 17 breaths per minute
o Breathing guidance: breathing frequency was 37 breaths per minute, more than free breathing □
Lung cancer patients:
o Free breathing: breathing frequency was 15 breaths per minute
o Breathing guidance: breathing frequency was 45 breaths per minute, more than free breathing □
Free breathing: mean SI tumor displacement was 10.4 mm
Breathing guidance: mean SI tumor displacement was 23.0 mm, a significant increase compared to free
breathing (p < 0.01) α
Free breathing: the average position mismatch was 1.70 mm
Breathing guidance: the average position mismatch was 2.09 mm
o Compared to free breathing, SI lung tumor position mismatches became larger in 75% of sessions
with breathing guidance (p = 0.01) α

Average breathing frequency

Mean SI tumor displacement
Nakamura62
(2009)

o Breathing guidance: recovery coefficient was 1.00 ± 0.04
For the smallest target:
o Free breathing: recovery coefficient was 0.36 ± 0.05
o Breathing guidance: recovery coefficient was 0.39 ± 0.03
Free breathing: 1.7 ± 0.6 min/100 MU
Visual breathing guidance: 1.4 ± 0.4 min/100 MU, a non-significant reduction in delivery time compared
to free breathing (p = 0.249) β
Audio-visual breathing guidance: 0.9 ± 0.2 min/100 MU, a significant reduction in delivery time compared
to free breathing (p = 0.004) α and a significant reduction in treatment time compared to visual breathing
guidance (p = 0.008) α

Mismatches between SI lung
tumour position and
abdominal position








Cerviño63
(2009)

Correlation between
abdominal displacement and
lung tumor motion
Reproducibility of breath
holds: maximum difference
between difference breath
hold levels
Stability of breath holds:
maximum of the amplitude
change between initial and
end time points of a breath
hold

Simulated treatment time




Free breathing: correlation coefficients ranged from 0.89 – 0.97
Breathing guidance: correlation coefficients ranged from 0.93 – 0.99, significantly improved compared to
free breathing (p < 0.01) α




Without guidance: average reproducibility was 2.1 mm
Breathing guidance: average reproducibility was 0.5 mm, significantly improved compared to free
breathing (p < 0.001) α




Without guidance: average stability was 1.5 mm
Breathing guidance: average stability was 0.7 mm, significantly improved compared to free breathing (p <
0.01) α




Free breathing: average treatment time was 530.4 ± 9.0 s
Quasi-breath hold with 3 second exhale (QBH3) guidance: average treatment time was 466.8 ± 26.5 s,
significantly lower than free breathing (p < 0.001) α
QBH5 guidance: average treatment time was 452.3 ± 29.9 s, significantly lower than free breathing (p <
0.001) α
QBH7 guidance: average treatment time was 430.8 ± 8.3 s, significantly lower than free breathing (p <
0.001) α
Free breathing: average MAE was 0.9 ± 0.7 s
QBH3 guidance: average MAE was 0.8 ± 0.6 s, lower than free breathing (p = 0.497) β
QBH5 guidance: average MAE was: 0.7 ± 0.6 s, significantly lower than free breathing (p = 0.013) α
QBH7 guidance: average MAE was 0.6 ± 0.7 s, significantly lower than free breathing (p = 0.021) α




Park64
(2011)

Mean absolute error (MAE)
between the guiding wave
and measured breathing
signal

Mean absolute deviation
(MAD) of the measured
breathing signal

Kim,65
Pollock,66

Kim:
Root mean square error











Free breathing: average MAD was 0.7 ± 0.7 s
QBH3 guidance: average MAD was 0.5 ± 0.5 s, motion variations lower than free breathing (p = 0.144) β
QBH5 guidance: average MAD was 0.5 ± 0.4 s, motion variations significantly lower than free breathing (p
= 0.006) α
QBH7 guidance: average MAD was 0.5 ± 0.6 s, motion variations significantly lower than free breathing (p
= 0.029) α
Abdominal breathing motion:
o Free breathing: average RMSE in displacement was 1.3 mm

&
Steel67
(2012-2014)

o

(RMSE) of breathing motion
displacement




Kim:
RMSE of breathing period

Kim:
Spectral power dispersion
metric (SPDM) of thoracic
diaphragm breathing motion

Kim:
Baseline drift of breathing
motion






Free breathing: average SPDM was 2.1
Breathing guidance: SPDM was 0.7, 67% more regular than free breathing
(p = 0.005) α



Abdominal breathing motion:
o Free breathing: average baseline drift was 0.21 mm/min
o Breathing guidance: average baseline drift was 0.05 mm/min, 75% more regular than free
breathing (p < 0.0001) α
Thoracic diaphragm breathing motion:
o Free breathing: average baseline drift was 1.6 mm/min
o Breathing guidance: average baseline drift was 0.9 mm/min, 44% more regular than free
breathing (p = 0.012) α
Abdominal breathing motion:
o RMSEAV/RMSEFB in displacement:
 Breathing session 1: 0.700
 Breathing session 2: 0.509, a larger discrepancy between free breathing and breathing
guidance regularity (p = 0.053) β
o RMSEAV/RMSEFB in period:
 Breathing session 1: 0.386




Kim:
Breathing regularity
difference from breathing
session 1 to breathing
session 2

Breathing guidance: average RMSE in displacement was 0.7 mm, 46% more regular than free
breathing (p < 0.0001) α
Thoracic diaphragm breathing motion:
o Free breathing: average RMSE in displacement was 2.6 mm
o Breathing guidance: average RMSE in displacement was 1.6 mm, 38% more regular than free
breathing (p < 0.0001) α
Abdominal breathing motion:
o Free breathing: average RMSE in period was 1.6 s
o Breathing guidance: average RMSE in period was 0.3 s, 81% more regular than free breathing (p <
0.0001) α
Thoracic diaphragm breathing motion:
o Free breathing: average RMSE in period was 1.7 s
o Breathing guidance: average RMSE in period was 0.3 s, 82% more regular than free breathing (p <
0.0001) α






Pollock:
RMSE between breathing
signal and predicted
breathing position

Steel:
Correlation between
abdominal and thoracic
diaphragm breathing motion
Steel:
Correlation between RMSE in



Breathing session 2: 0.237, a larger discrepancy between free breathing and breathing
guidance regularity (p = 0.093) β
o Baseline driftAV/Baseline driftFB:
 Breathing session 1: 0.904
 Breathing session 2: 1.684, a larger discrepancy between free breathing and breathing
guidance regularity (p = 0.230) β
Thoracic diaphragm breathing motion:
o RMSEAV/RMSEFB in displacement:
 Breathing session 1: 0.875
 Breathing session 2: 0.639, a larger discrepancy between free breathing and breathing
guidance regularity (p = 0.170) β
o RMSEAV/RMSEFB in period:
 Breathing session 1: 0.426
 Breathing session 2: 0.269, a larger discrepancy between free breathing and breathing
guidance regularity (p = 0.212) β
o Baseline driftAV/Baseline driftFB:
 Breathing session 1: 1.426
 Breathing session 2: 0.926, a larger discrepancy between free breathing and breathing
guidance regularity (p = 0.212) β
Abdominal breathing motion:
o Free breathing: average RMSE was 1.4 ± 1.0 mm
o Breathing guidance: average RMSE was 1.0 ± 0.8 mm, 26% more accurate than free breathing
(p < 0.001) α
Thoracic diaphragm breathing motion:
o Free breathing: average RMSE was 2.8 ± 2.1 mm
o Breathing guidance: average RMSE was 2.0 ± 1.4 mm, 29% more accurate than free breathing
(p < 0.001) α




Free breathing: average correlation was 0.96 ± 0.02
Breathing guidance: average correlation was 0.96 ± 0.03, no significant difference to free breathing (p =
0.88) β




Free breathing: minimal correlation between RMSE values and motion correlation values (R = 0.079)
Breathing guidance: minimal correlation between RMSE values and motion correlation values (R = −0.33)

displacement and abdomendiaphragm correlation
Steel:
Correlation between SPDM
and abdomen-diaphragm
correlation

Damkjær68
(2013)




Free breathing: weak correlation between SPDM values and motion correlation values (R = −0.0633)
Breathing guidance: weak correlation between SPDM values and motion correlation values (R = −0.0471)

Mean inspiration level




Mean dose to CTV (Dmean, CTV)




Unguided: mean inspiration level was 16.6 ± 1.66 mm
Guided breath holds: mean inspiration level was 20.5 ± 0.38 mm, a significant increase compared to
unguided (p < 0.002) α
Unguided: mean Dmean, CTV was 50.1 Gy
Guided breath holds: mean Dmean, CTV was 50.0 Gy, a non-significant difference compared to unguided
(p > 0.05) β
Unguided: mean V95%, CTV was 93.9%
Guided breath holds: mean V95%, CTV was 92.6%, a non-significant difference compared to unguided
(p > 0.05) β

Relative volume receiving
more than 95% of the
prescribed dose (V95%, CTV)
If internal mammary nodes
(IMN) were included in the
target volume, relative
volume receiving 90% of the
prescribed dose (V90%, IMN)
Volume receiving more than
107% of the prescribed dose
(V107%, body)
Absolute volume of the left
lung (Vleft lung)
Relative volume of the lung
receiving 20 Gy or more
(V20 Gy, left lung)
Maximum dose to the left
anterior descending coronary
artery (LAD) (Dmax, LAD)
Mean dose to the heart







IMN included in target area for 19 of 24 patients
Unguided: mean V90%, IMN was 70.6%
Guided breath holds: mean V90%, IMN was 76.1%, a non-significant difference compared to unguided
(p > 0.05) β




Unguided: mean V107%, body was 7.3 cm3
Guided breath holds: mean V107%, body was 7.3 cm3, a non-significant difference compared unguided
(p > 0.05) β
Unguided: mean Vleft lung was 1982 cm3
Guided breath holds: mean Vleft lung was 2286 cm3, 11% larger than unguided (p < 0.0004) α
Unguided: mean V20 Gy, left lung was 29.6%
Guided breath holds: mean V20 Gy, left lung was 27.1%, a 9% decrease in lung dose compared to unguided
(p < 0.002) α
Unguided: mean Dmax, LAD was 16.1 Gy
Guided breath holds: mean Dmax, LAD was 16.1 Gy, a non-significant difference compared to unguided
(p > 0.05) β
Unguided: mean Dmean, heart was 2.41 Gy









(Dmean, heart)
Volume of heart receiving
more than 25 Gy (V25 Gy, heart)
Volume ratio between two
methods of internal target
volumes (ITV) generation:
ITV10 and ITVMIP
Centroid difference between
ITV10 and ITVMIP

Lu69
(2014)

Overlap between ITV10 and
ITVMIP quantified by Dice
coefficient
Root mean square (RMS)
difference between surfaces
of ITV10 and ITVMIP
Correlation coefficient
between the best cosine fit
and the original breathing
signal
Power dominant frequency
(PDF) of breathing signal
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Guided breath holds: mean Dmean, heart was 2.49 Gy, a non-significant difference compared to unguided
(p > 0.05) β
Unguided: mean V25 Gy, heart was 0.8%
Guided breath holds: mean V25 Gy, heart was 0.7%, a non-significant difference compared to unguided
(p > 0.05) β
Free breathing: ITV10/ITVMIP was 1.19
Breathing guidance with RPM: ITV10/ITVMIP was 1.21
Breathing guidance with ABC: ITV10/ITVMIP was 1.19
No significant impact of breathing guidance (p > 0.05) β
Free breathing: centroid difference between ITV10 and ITVMIP was 1.9 mm
Breathing guidance with RPM: centroid difference between ITV10 and ITVMIP was 1.7 mm
Breathing guidance with ABC: centroid difference between ITV10 and ITVMIP was 2.3 mm
No significant impact of breathing guidance (p > 0.05) β
Free breathing: Dice coefficient was 0.87
Breathing guidance with RPM: Dice coefficient was 0.88
Breathing guidance with ABC: Dice coefficient was 0.86
No significant impact of breathing guidance (p > 0.05) β
Free breathing: RMS distance was 2.7 mm
Breathing guidance with RPM: RMS distance was 2.6 mm
Breathing guidance with ABC: RMS distance was 3.0 mm
No significant impact of breathing guidance (p > 0.05) β
Free breathing: correlation coefficient was 0.66
Breathing guidance with RPM: correlation coefficient was 0.72, a non-significant difference compared to
free breathing β
Breathing guidance with ABC: correlation coefficient was 0.77, significantly more regular than free
breathing (p < 0.05) α
Free breathing: the PDF was 0.04
Breathing guidance with RPM: the PDF was 0.08, significantly more regular than free breathing (p < 0.05) α
Breathing guidance with ABC: the PDF was 0.08, significantly more regular than free breathing (p < 0.05) α
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Figure 4. Timeline of the number of breathing guidance studies (top) and the study publications (bottom) from 1995 – 2014, detailed above in Tables 2 and
Table 3.

Table 4 is an assembly of these 27 articles’ findings and whether their results were significantly
positive, negative, or non-significant. It should be noted that the number of outcomes exceeds the
number of identified articles because most articles investigated more than one outcome.
Table 4. Number of study outcomes investigated and their statistical
significance (references in brackets)
Positive
Non-Significant
Negative
Results
Results Δ
Results
27 / 60
28 / 60
Breathing Regularity & (48, 52-54, 58, 61, 64, (48, 49, 53, 56, 57, 61,
5 / 60
(56, 57, 62)
Tumor Motion
65, 69)
64, 65, 69)
Breath hold stability &
reproducibility

3/6

3/6

(44, 63, 68)

(43, 44)

Gating efficiency

17 / 42

25 / 42

(46, 50, 55)

(47, 49, 50)

Image Quality

3/7

3/7

1/7

(43, 59)

(43, 46, 59)

(45)

8/8

Reduced Margins
Reduced dose to
healthy tissue
Improved target
coverage
Reduced Treatment /
Imaging time

Δ

(69)

2/6

4/6

(68)

(68)

4/4
(52, 68)

6/8

2/8

(43, 46, 60, 64)

(45, 60)

Other*

5 / 11

5 / 11

1 / 11

(51, 62, 66)

(47, 67)

(62)

Total

63

82

7

Or significance of results not stated

* Motion correlation, motion prediction, correlation with disease type
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IV. DISCUSSION
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Findings from the 27 identified articles yielded a diverse range of breathing guidance intervention
strategies being utilized on a range of different cancer types. Breathing guidance strategies ranged
from buzzer signals to customized, interactive guides. Of the 27 included articles in this systematic
review, 21 yielded at least one statistically significant positive outcome from the use of breathing
guidance, with a further 2 articles reporting non-significant improvements (or not reporting the
significance of improvements) from the use of breathing guidance, and 4 articles reporting at least
one statistically significant negative result. Of the 4 studies that yielded negative results, 3
investigated audio-only guidance, which resulted in larger breathing motion amplitudes, an
undesirable trait in most radiation oncology and radiology procedures.22, 62, 70-75 Of the findings
assembled in Table 4, 63 were positive statistically significant, 82 were non-significant (or
significance not reported), and 7 were negative statistically significant. It should be noted that of the
82 non-significant (or significance not reported) results, 35 noted improvements from the use of
breathing guidance, 12 of which were reported to be non-significant, and 23 did not report the
significance.
Of the 27 identified articles 12 were healthy volunteer studies and 12 were patient studies, with
3 studies recruiting both healthy volunteers and patients; the most investigated cancer type was
lung cancer (12 studies), followed by breast (2 studies) and liver cancer (2 studies). Of the breathing
guidance intervention strategies, most were designed to facilitate regular breathing (21 articles); 4
articles detailed breath-hold guidance, 1 study investigated both regular breathing and breath-hold
guidance, and 1 study investigated quasi-breath-hold breathing guidance where each exhale was
extended to 3, 5, or 7 seconds. Medical imaging was performed in 15 studies, and radiation
treatment was performed (or simulated) in 4 studies. Given these numbers, and as evident from
Table 4, there are areas of breathing guidance which require more investigation. For example,
research into the impact of breathing guidance on radiation treatment margins and target coverage
is limited and largely inconclusive, with all results thus far being non-significant. Further
investigation into this area would be valuable as such findings would also give insight to the impact
of breathing guidance strategies on patient outcomes. Further to this, of the 27 identified articles,
none were randomized studies, indicating that future study designs should incorporate
randomization.
20 of the 27 identified articles did not explicitly control for confounding, however the authors of
this review paper did not consider this to bias their results. Of the 27 articles, none declared any
conflicts of interest; however two articles acknowledged at least partial funding from either Phillips
(Lu et al. (2014)) or VisionRT (Cerviño et al. (2009)), and two articles acknowledged research
agreements with either Varian Medical Systems (Persson et al. (2008)) or Phillips Medical Systems
(Locklin et al. (2009)). However, these articles received positive quality assessment scores, as such,
the authors of this review paper did not consider the results presented in these articles to be biased.

IV.A. Breathing Guidance for Breath-Holds
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Breath-holds are a well-documented and frequently utilized strategy for minimizing anatomic
motion during imaging and treatment.43, 63, 68, 76-84 To further improve the efficacy and reproducibility
of breath-holds, measures have been taken to provide guidance to the patient to maintain breathhold stability.43, 44, 68, 85 Wang (1995) utilised a buzzer signal to prompt patients to perform their
breath-hold; such simple additions in this MR imaging study resulted in improved consistency of
breath-holds resulting in achieving their goal of improving image quality.43 Locklin (2007)
investigated a more-comprehensive guidance system by showing the patient their own breathing
signal as well as the intended breath hold level.44 These studies also resulted in improved image
quality and intra-fraction motion management.
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Breathing guidance has also been developed for deep-inspiration breath holds (DIBH).63, 68
DIBH is often performed by the patient in left breast cancer radiotherapy to minimize the radiation
damage to the lung and heart.79, 80, 82, 86 83 Given the increased difficulty in achieving deep-inspiration
and maintaining it for the adequate duration of imaging and treatment, DIBH an attractive technique
to implement with a breathing-guidance strategy. The use of breathing guidance for DIBH improved
the consistency of breath holds as demonstrated by Cerviño (2009), leading to an increased sparing
of organs at risk in breast radiation therapy, as demonstrated by Damkjær (2013).63, 68

IV.B. Breathing Guidance for Regular Breathing
While breath-holds have positively impacted imaging and radiotherapy, they can be taxing on the
patient who often has compromised respiratory function, and are typically not feasible beyond 20
seconds. As such, techniques to dynamically control breathing during imaging and treatment have
been developed to, rather than immobilize the tumor, minimize the irregular motion of the tumor,
which would otherwise compromise the accuracy of radiation targeting,7, 8, 14, 22, 87 and image
quality.8, 14, 21, 22, 24-27
Prompts used to guide patient towards regular breathing have undergone considerable
development and refinement over the years as detailed in Table 2 and Table 3. Audio-only guidance
typically appeared in the form of verbal instructions or tones,50-52, 56, 57, 62 and while the regularity of
breathing was improved, it also increased the amplitude of breathing-motion.48, 56, 57, 62 Increased
tumor motion, even if it’s regular, is undesirable in a patient’s treatment planning and delivery.22, 62,
70-75
Visual guidance has garnered positive results not only over free breathing,44, 63 but also over
audio-only guidance.47, 48, 50, 62, 68, 81 However, utilizing both audio and visual guiding prompts together
has yielded the most significant improvements over free breathing.47, 48, 50-52, 58, 60, 64-66, 69 Both audio
and visual guiding prompts have led to significant improvements over audio-only and visual-only
guidance as well.50, 60 On top of this, as noted by Venkat (2008), utilising audio and visual prompts
together poses no increase in the patient’s cognitive load; i.e. it does not require additional
concentration for the patient to incorporate two different sensory forms of guidance at once.58
The guiding prompts of breathing guidance have developed from a buzzer sounding to provide a
queue for breath-holds, to a patient display presenting breathing-surrogates superimposed with a
guiding interface. Additional constraints have been added to the visual prompts to further manage
respiration, such as the displaying of inhale and exhale limits,47, 48, 50, 60 a waveguide with fixed period
and amplitude for the patient to match their own breathing to,54 and combinations thereof.58, 64, 65
In addition to the nature of guiding prompts utilized, study design has also factored into
influencing patient acceptance and compliance with the breathing guidance intervention. Studies in
which patients used breathing guidance multiple times demonstrated improved breathing
consistency with time.50, 58, 65 Hence, to achieve optimal compliance with breathing guidance, patient
training and repeated sessions are of importance to bolster their familiarity with the system; such
elements have been absent in previous patient studies which yielded non-significant results.69, 88, 89
While this systematic review yielded 27 articles, it should be noted that some articles that were
in contention required considerable discussion between the authors to conclude on their exclusion
from the final selection. The main factor influencing the decision to exclude these articles was the
control group criterion; while several studies investigated a breathing guidance intervention
strategy, the control group was not of the same breathing type (see inclusion criterion 5).81, 84-86, 89-92
While the search undertaken and review of articles by the authors was performed as objectively
as possible it should be noted that two of the authors of this systematic review: Sean Pollock and
Paul Keall are either first- or co-authors of 3 and 9 of the 27 included articles, respectively,
investigating the breathing guidance intervention: audiovisual biofeedback. Their familiarity with
breathing guidance strategies led to the identification that a gap in the literature existed in that a
review of such research had yet to be performed; however, unintentional bias may have permeated
this review towards audiovisual biofeedback. To minimize this bias, co-author Robyn Keall was
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invited to review and screen the identified 319 (see Figure 3); where there was disagreement
between reviewers, a discussion was undertaken amongst all authors until consensus was reached.
While 21 of the 27 included articles reported at least one statistically significant positive
finding from the use of breathing guidance interventions, bias should also be noted that papers
reporting on positive results are more likely to be published than papers with negative results.93, 94
This notes the systemic bias in scientific reporting and the possibility that negative results on
breathing guidance may not have been published.
The largely positive results found in this systematic review indicate that further clinical studies
are warranted, and should be focussed on (1) utilizing training and multiple sessions to maximize
patient compliance with the breathing guidance system, and (2) further determining the clinical
impact of breathing guidance interventions by investigating outcomes pertaining to treatment
margins, toxicity, and patient outcomes. Such factors are being explored in ongoing and upcoming
studies, with some preliminary results presented thus far.95-97
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V. CONCLUSION
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A systematic review of breathing guidance intervention strategies in radiotherapy and radiology has
been performed and 27 studies were identified. In 21 studies statistically significant improvements
from the use of breathing guidance were observed. No studies observed worse breathing
consistency with guidance; however, audio-only guidance, while facilitating regular breathing, also
increased respiratory amplitude which is undesirable in most circumstances. Studies that have
repeated breathing guidance across multiple sessions have observed an improvement in participant
compliance from one session to the next, emphasising the importance of patient practice and
training. Such insights are valuable in designing breathing guidance studies in terms of both guiding
prompts used and patient familiarity with the intervention to maximize the effectiveness of the
intervention. The largely positive results found here indicate that further clinical studies are
warranted to further assess and quantify the clinical impact of breathing guidance, along with the
health technology assessment to determine the advantages and disadvantages of the use of
breathing guidance strategies.

290

ACKNOWLEDGEMENTS

295

This project was supported by an NHMRC Australia Fellowship and the Bob and Nancy Edwards
Scholarship. The authors would like to thank Informa Healthcare and Elsevier for allowing us the use
of their Figures in our manuscript, as well as the authors of those papers the Figures appeared in for
producing such a high quality of work we wished to utilize to improve the clarity of our manuscript’s
rationale.

CONFLICT OF INTEREST

300

Paul Keall is one of the inventors of US patent # 7955270 and Paul Keall, Robyn Keall, and Sean
Pollock are shareholders of Respiratory Innovations, an Australian company that is developing a
device to improve breathing stability. Respiratory Innovations did not provide any support or
funding for this project.

305

References
1
J.-P. Bissonnette, P.A. Balter, L. Dong, K.M. Langen, D.M. Lovelock, M. Miften, D.J. Moseley,
J. Pouliot, J.-J. Sonke, S. Yoo, "Quality assurance for image-guided radiation therapy utilizing
CT-based technologies: A report of the AAPM TG-179," Medical Physics 39, 1946-1963
(2012).

2

310

3

4

315

5
6

7

320
8

9

325
10

330
11

12

335
13

14

340
15

16

345
17

350

18

19

355

C.A. McBain, A.M. Henry, J. Sykes, A. Amer, T. Marchant, C.M. Moore, J. Davies, J. Stratford,
C. McCarthy, B. Porritt, "X-ray volumetric imaging in image-guided radiotherapy: the new
standard in on-treatment imaging," International Journal of Radiation Oncology* Biology*
Physics 64, 625-634 (2006).
M.J. Murphy, J. Balter, S. Balter, J.A. BenComo Jr, I.J. Das, S.B. Jiang, C.M. Ma, G.H. Olivera,
R.F. Rodebaugh, K.J. Ruchala, "The management of imaging dose during image-guided
radiotherapy: Report of the AAPM Task Group 75," Medical Physics 34, 4041 (2007).
G.C. Sharp, S.B. Jiang, S. Shimizu, H. Shirato, "Prediction of respiratory tumour motion for
real-time image-guided radiotherapy," Physics in medicine and biology 49, 425 (2004).
D. Verellen, "Image-guided radiotherapy," 2007).
D. Verellen, M.D. Ridder, G. Storme, "A (short) history of image-guided radiotherapy,"
Radiotherapy and Oncology 86, 4-13 (2008).
K. Atkins, A. Varchani, T.L. Nam, M. Fuss, J.A. Tanyi, "Interfraction regional variation of tumor
breathing motion in lung stereotactic body radiation therapy (SBRT)," International Journal
of Radiation Oncology Biology Physics 87, S68-S69 (2013).
G.F. Persson, D.E. Nygaard, C. Brink, J.W. Jahn, P. Munck af Rosenschöld, L. Specht, S.S.
Korreman, "Deviations in delineated GTV caused by artefacts in 4DCT," Radiotherapy and
Oncology 96, 61-66 (2010).
A.P. Shah, P.A. Kupelian, B.J. Waghorn, T.R. Willoughby, J.M. Rineer, R.R. Mañon, M.A.
Vollenweider, S.L. Meeks, "Real-time tumor tracking in the lung using an electromagnetic
tracking system," International Journal of Radiation Oncology* Biology* Physics 86, 477-483
(2013).
E.S. Worm, M. Høyer, W. Fledelius, A.T. Hansen, P.R. Poulsen, "Variations in magnitude and
directionality of respiratory target motion throughout full treatment courses of stereotactic
body radiotherapy for tumors in the liver," Acta Oncologica 52, 1437-1444 (2013).
Y. Suh, S. Dieterich, B. Cho, P.J. Keall, "An analysis of thoracic and abdominal tumour motion
for stereotactic body radiotherapy patients," Phys Med Biol 53, 3623-3640 (2008).
K. Clover, S. Oultram, C. Adams, L. Cross, N. Findlay, L. Ponman, "Disruption to radiation
therapy sessions due to anxiety among patients receiving radiation therapy to the head and
neck area can be predicted using patient self‐report measures," Psycho‐Oncology 20, 13341341 (2011).
M.J. Massie, "Prevalence of depression in patients with cancer," JNCI Monographs 2004, 5771 (2004).
J. Ge, L. Santanam, C. Noel, P.J. Parikh, "Planning 4-Dimensional Computed Tomography
(4DCT) Cannot Adequately Represent Daily Intrafractional Motion of Abdominal Tumors,"
International Journal of Radiation Oncology* Biology* Physics2012).
M.J. Murphy, S. Dieterich, "Comparative performance of linear and nonlinear neural
networks to predict irregular breathing," Phys Med Biol 51, 5903 (2006).
C.-C. Shieh, J. Kipritidis, R.T. O’Brien, Z. Kuncic, P.J. Keall, "Image quality in thoracic 4D conebeam CT: A sensitivity analysis of respiratory signal, binning method, reconstruction
algorithm, and projection angular spacing," Medical Physics 41, 041912 (2014).
J. Ng, J. Booth, P. Poulsen, Z. Kuncic, P. Keall, "Estimation of effective imaging dose for
kilovoltage intratreatment monitoring of the prostate position during cancer radiotherapy,"
Physics in medicine and biology 58, 5983 (2013).
B. Cho, P. Poulsen, H. Cattell, L.J. Newell, P. Parikh, P.J. Keall, "Toward Submillimeter
Accuracy in the Management of Intrafraction Motion: The Integration of Real-Time Internal
Position Monitoring and Multileaf Collimator Target Tracking," Int. J. Radiation Oncology
Biol. Phys 74, 575-582 (2009).
T. Depuydt, D. Verellen, O. Haas, T. Gevaert, N. Linthout, M. Duchateau, K. Tournel, T.
Reynders, K. Leysen, M. Hoogeman, "Geometric accuracy of a novel gimbals based radiation
therapy tumor tracking system," Radiotherapy and Oncology 98, 365-372 (2011).

20

360

21

22

365
23

24

370
25

26

375

27

28

380

29

30

385
31
32

390
33

34

395
35

400
36

405
37

A.F. Abdelnour, S.A. Nehmeh, T. Pan, J.L. Humm, P. Vernon, H. Schoder, K. Rosenzweig, G.
Mageras, E. Yorke, S.M. Larson, Y. Erdi, "Phase and amplitude binning for 4D-CT imaging,"
Phys Med Biol 52, 3515-3529 (2007).
G.T. Chen, J.H. Kung, K.P. Beaudette, presented at the Seminars in radiation oncology2004
(unpublished).
N. Clements, T. Kron, R. Franich, L. Dunn, P. Roxby, Y. Aarons, B. Chesson, S. Siva, D. Duplan,
D. Ball, "The effect of irregular breathing patterns on internal target volumes in fourdimensional CT and cone-beam CT images in the context of stereotactic lung radiotherapy,"
Medical Physics 40, 021904 (2013).
A. Hertanto, Q. Zhang, Y.-C. Hu, O. Dzyubak, A. Rimner, G.S. Mageras, "Reduction of irregular
breathing artifacts in respiration-correlated CT images using a respiratory motion model,"
Medical Physics 39, 3070-3079 (2012).
Y.D. Mutaf, J.A. Antolak, D.H. Brinkmann, "The impact of temporal inaccuracies on 4DCT
image quality," Med Phys 34, 1615-1622 (2007).
T. Pan, T.Y. Lee, E. Rietzel, G.T. Chen, "4D-CT imaging of a volume influenced by respiratory
motion on multi-slice CT," Med Phys 31, 333-340 (2004).
W. Sureshbabu, O. Mawlawi, "PET/CT imaging artifacts," Journal of nuclear medicine
technology 33, 156-161 (2005).
T. Yamamoto, U. Langner, B.W. Loo, Jr., J. Shen, P.J. Keall, "Retrospective Analysis of Artifacts
in Four-Dimensional CT Images of 50 Abdominal and Thoracic Radiotherapy Patients," Int J
Radiat Oncol Biol Phys2008).
Y. Zhang, J. Yang, L. Zhang, P.A. Balter, L. Dong, "Modeling respiratory motion for reducing
motion artifacts in 4D CT images," Medical Physics 40, 041716 (2013).
M. van Herk, P. Remeijer, J.V. Lebesque, "Inclusion of geometric uncertainties in treatment
plan evaluation," International Journal of Radiation Oncology* Biology* Physics 52, 14071422 (2002).
R. George, Y. Suh, M. Murphy, J. Williamson, E. Weiss, P. Keall, "On the accuracy of a moving
average algorithm for target tracking during radiation therapy treatment delivery," Medical
Physics 35, 2356-2365 (2008).
M. Van Herk, presented at the Seminars in radiation oncology2004 (unpublished).
N.O. Roman, W. Shepherd, N. Mukhopadhyay, G.D. Hugo, E. Weiss, "Interfractional
positional variability of fiducial markers and primary tumors in locally advanced non-smallcell lung cancer during audiovisual biofeedback radiotherapy," International Journal of
Radiation Oncology* Biology* Physics 83, 1566-1572 (2012).
A.J. Hope, P.E. Lindsay, I. El Naqa, J.R. Alaly, M. Vicic, J.D. Bradley, J.O. Deasy, "Modeling
radiation pneumonitis risk with clinical, dosimetric, and spatial parameters," International
Journal of Radiation Oncology* Biology* Physics 65, 112-124 (2006).
T.H. Kim, K.H. Cho, H.R. Pyo, J.S. Lee, J.I. Zo, D.H. Lee, J.M. Lee, H.Y. Kim, B. Hwangbo, S.Y.
Park, "Dose-volumetric Parameters for Predicting Severe Radiation Pneumonitis after Threedimensional Conformal Radiation Therapy for Lung Cancer 1," Radiology 235, 208-215
(2005).
F.C. Kimsey, N.P. Mendenhall, L.M. Ewald, T.S. Coons, A.J. Layon, "Is radiation treatment
volume a predictor for acute or late effect on pulmonary function? A prospective study of
patients treated with breast‐conserving surgery and postoperative irradiation," Cancer 73,
2549-2555 (1994).
S.L. Kwa, J.V. Lebesque, J. Theuws, L.B. Marks, M.T. Munley, G. Bentel, D. Oetzel, U. Spahn,
M.V. Graham, R.E. Drzymala, "Radiation pneumonitis as a function of mean lung dose: an
analysis of pooled data of 540 patients," International Journal of Radiation Oncology*
Biology* Physics 42, 1-9 (1998).
Y. Matsuo, K. Shibuya, M. Nakamura, M. Narabayashi, K. Sakanaka, N. Ueki, K. Miyagi, Y.
Norihisa, T. Mizowaki, Y. Nagata, "Dose–volume metrics associated with radiation

410

38

39

415
40

41

420
42

425
43

44

430
45

435

46

47

440
48

49

445
50

450

51

52

455
53

pneumonitis after stereotactic body radiation therapy for lung cancer," International Journal
of Radiation Oncology* Biology* Physics 83, e545-e549 (2012).
T. Rancati, G.L. Ceresoli, G. Gagliardi, S. Schipani, G.M. Cattaneo, "Factors predicting
radiation pneumonitis in lung cancer patients: a retrospective study," Radiotherapy and
Oncology 67, 275-283 (2003).
W. Wang, Y. Xu, M. Schipper, M.M. Matuszak, T. Ritter, Y. Cao, R.K. Ten Haken, F.-M.S. Kong,
"Effect of Normal Lung Definition on Lung Dosimetry and Lung Toxicity Prediction in
Radiation Therapy Treatment Planning," International Journal of Radiation Oncology*
Biology* Physics 86, 956-963 (2013).
L. Annemans, F. Colardyn, R. De Croock, W. De Neve, F. Duprez, A. Gulyban, K. Henau, Y.
Lievens, I. Madani, P. Ost, "Feasibility study of a Hadron Therapy Centre in Belgium," 2013).
A. Liberati, D.G. Altman, J. Tetzlaff, C. Mulrow, P.C. Gøtzsche, J.P. Ioannidis, M. Clarke, P.
Devereaux, J. Kleijnen, D. Moher, "The PRISMA statement for reporting systematic reviews
and meta-analyses of studies that evaluate health care interventions: explanation and
elaboration," Annals of internal medicine 151, W-65-W-94 (2009).
L.M. Kmet, R.C. Lee, L.S. Cook, Standard quality assessment criteria for evaluating primary
research papers from a variety of fields. (Alberta Heritage Foundation for Medical Research,
2004).
Y. Wang, P.S. Christy, F.R. Korosec, M.T. Alley, T.M. Grist, J.A. Polzin, C.A. Mistretta,
"Coronary MRI with a respiratory feedback monitor: the 2D imaging case," Magnetic
Resonance in Medicine 33, 116-121 (1995).
J.K. Locklin, J. Yanof, A. Luk, Z. Varro, A. Patriciu, B.J. Wood, "Respiratory biofeedback during
CT-guided procedures," Journal of Vascular and Interventional Radiology 18, 749-755 (2007).
T. Okada, S. Kuhara, S. Kanao, A. Ninomiya, S. Sato, T. Kamae, K. Gotoh, K. Togashi,
"Facilitated acquisition of whole-heart coronary magnetic resonance angiography with visual
feedback of respiration status," The international journal of cardiovascular imaging 25, 397403 (2009).
P. Jhooti, T. Haas, N. Kawel, J. Bremerich, J. Keegan, K. Scheffler, "Use of respiratory
biofeedback and CLAWS for increased navigator efficiency for imaging the thoracic aorta,"
Magnetic Resonance in Medicine 66, 1666-1673 (2011).
S.S. Vedam, V.R. Kini, P.J. Keall, V. Ramakrishnan, H. Mostafavi, R. Mohan, "Quantifying the
predictability of diaphragm motion during respiration with a noninvasive external marker,"
Med Phys 30, 505-513 (2003).
V.R. Kini, S.S. Vedam, P.J. Keall, S. Patil, C. Chen, R. Mohan, "Patient training in respiratorygated radiotherapy," Medical Dosimetry 28, 7-11 (2003).
T. Neicu, R. Berbeco, J. Wolfgang, S.B. Jiang, "Synchronized moving aperture radiation
therapy (SMART): improvement of breathing pattern reproducibility using respiratory
coaching," Physics in medicine and biology 51, 617 (2006).
R. George, T.D. Chung, S.S. Vedam, V. Ramakrishnan, R. Mohan, E. Weiss, P.J. Keall, "Audiovisual biofeedback for respiratory-gated radiotherapy : Impact of audio instruction and
audio-visual biofeedback on respiratory-gated radiotherapy," Int J Radiat Oncol Biol Phys 65,
924-933 (2006).
R. George, V. Ramakrishnan, J.V. Siebers, T.D. Chung, P.J. Keall, "Investigation of patient,
tumour and treatment variables affecting residual motion for respiratory-gated
radiotherapy," Phys Med Biol 51, 5305-5319 (2006).
S. An, I. Yeo, J. Jung, H. Suh, K.J. Lee, J. Choi, K.C. Lee, R. Lee, "The Effect of Breathing
Biofeedback on Breathing Reproducibility and Patient's Dose in Respiration-gated
Radiotherapy," Progress in Medical Physics 24, 135-139 (2013).
H.-H. Chen, J. Wu, K.-S. Chuang, H.-C. Kuo, "Correction of respiratory motion for IMRT using
aperture adaptive technique and visual guidance: A feasibility study," Nuclear Instruments &

460

54

55

465
56

470

57

58

475
59

60

480
61

485

62

63

490
64

495

65

66

67

500
68

505
69

Methods in Physics Research Section a-Accelerators Spectrometers Detectors and
Associated Equipment 577, 734-740 (2007).
S. Lim, S.H. Park, S.D. Ahn, Y. Suh, S.S. Shin, S.-w. Lee, J.H. Kim, E.K. Choi, B.Y. Yi, S.I. Kwon, S.
Kim, T.S. Jeung, "Guiding curve based on the normal breathing as monitored by
thermocouple for regular breathing," Medical Physics 34, 4514-4518 (2007).
S. Vedam, L. Archambault, G. Starkschall, R. Mohan, S. Beddar, "Determination of
prospective displacement-based gate threshold for respiratory-gated radiation delivery from
retrospective phase-based gate threshold selected at 4D CT simulation," Medical Physics 34,
4247-4255 (2007).
C.J. Haasbeek, F.O. Spoelstra, F.J. Lagerwaard, J.R. van Sörnsen de Koste, J.P. Cuijpers, B.J.
Slotman, S. Senan, "Impact of audio-coaching on the position of lung tumors," International
Journal of Radiation Oncology* Biology* Physics 71, 1118-1123 (2008).
G.F. Persson, D.E. Nygaard, M. Olsen, T. Juhler-Nøttrup, A.N. Pedersen, L. Specht, S.S.
Korreman, "Can audio coached 4D CT emulate free breathing during the treatment course?,"
Acta Oncologica 47, 1397-1405 (2008).
R.B. Venkat, A. Sawant, Y. Suh, R. George, P.J. Keall, "Development and preliminary
evaluation of a prototype audiovisual biofeedback device incorporating a patient-specific
guiding waveform," Phys Med Biol 53, N197-208 (2008).
J. Yang, T. Yamamoto, B. Cho, Y. Seo, P.J. Keall, "The impact of audio-visual biofeedback on
4D PET images: results of a phantom study," Med Phys 39, 1046-1057 (2012).
N. Linthout, S. Bral, I. Van de Vondel, D. Verellen, K. Tournel, T. Gevaert, M. Duchateau, T.
Reynders, G. Storme, "Treatment delivery time optimization of respiratory gated radiation
therapy by application of audio-visual feedback," Radiotherapy and Oncology 91, 330-335
(2009).
G.M. Masselli, S. Silvestri, S. Ramella, L. Trodella, "Design and evaluation of a methodology
to perform personalized visual biofeedback for reducing respiratory amplitude in radiation
treatment," Med Phys 36, 1467-1472 (2009).
M. Nakamura, Y. Narita, Y. Matsuo, M. Narabayashi, M. Nakata, A. Sawada, T. Mizowaki, Y.
Nagata, M. Hiraoka, "Effect of audio coaching on correlation of abdominal displacement
with lung tumor motion," International Journal of Radiation Oncology* Biology* Physics 75,
558-563 (2009).
L.I. Cerviño, S. Gupta, M.A. Rose, C. Yashar, S.B. Jiang, "Using surface imaging and visual
coaching to improve the reproducibility and stability of deep-inspiration breath hold for leftbreast-cancer radiotherapy," Physics in medicine and biology 54, 6853 (2009).
Y.-K. Park, S. Kim, H. Kim, I.H. Kim, K. Lee, S.-J. Ye, "Quasi-breath-hold technique using
personalized audio-visual biofeedback for respiratory motion management in radiotherapy,"
Medical Physics 38, 3114-3124 (2011).
T. Kim, S. Pollock, D. Lee, R. O’Brien, P. Keall, "Audiovisual biofeedback improves diaphragm
motion reproducibility in MRI," Med Phys 39, 6921 (2012).
S. Pollock, D. Lee, P. Keall, T. Kim, "Audiovisual biofeedback improves motion prediction
accuracy," Medical Physics 40, 041705 (2013).
H. Steel, S. Pollock, D. Lee, P. Keall, T. Kim, "The internal–external respiratory motion
correlation is unaffected by audiovisual biofeedback," Australasian Physical & Engineering
Sciences in Medicine 37, 97-102 (2014).
S.M. Damkjær, M.C. Aznar, A.N. Pedersen, I.R. Vogelius, J.P. Bangsgaard, M. Josipovic,
"Reduced lung dose and improved inspiration level reproducibility in visually guided DIBH
compared to audio coached EIG radiotherapy for breast cancer patients," Acta Oncologica
52, 1458-1463 (2013).
W. Lu, G.A. Neuner, R. George, Z. Wang, S. Sasor, X. Huang, W.F. Regine, S.J. Feigenberg,
W.D. D'Souza, "Audio-Visual Biofeedback Does Not Improve the Reliability of Target
Delineation Using Maximum Intensity Projection in 4-Dimensional Computed Tomography

510
70

71

515
72

73

520
74

75

525
76

530
77

535
78

79

540
80

545
81

550

82

83

555

Radiation Therapy Planning," International Journal of Radiation Oncology* Biology* Physics
88, 229-235 (2014).
G. Bouilhol, M. Ayadi, S. Rit, S. Thengumpallil, J. Schaerer, J. Vandemeulebroucke, L. Claude,
D. Sarrut, "Is abdominal compression useful in lung stereotactic body radiation therapy? A
4DCT and dosimetric lobe-dependent study," Physica Medica 29, 333-340 (2013).
K. Langen, D. Jones, "Organ motion and its management," International Journal of Radiation
Oncology* Biology* Physics 50, 265-278 (2001).
H. Shirato, Y. Seppenwoolde, K. Kitamura, R. Onimura, S. Shimizu, presented at the Seminars
in Radiation Oncology2004 (unpublished).
L. Ekberg, O. Holmberg, L. Wittgren, G. Bjelkengren, T. Landberg, "What margins should be
added to the clinical target volume in radiotherapy treatment planning for lung cancer?,"
Radiotherapy and Oncology 48, 71-77 (1998).
H. Peulen, J. Belderbos, M. Rossi, J.-J. Sonke, "Mid-ventilation based PTV margins in
Stereotactic Body Radiotherapy (SBRT): A clinical evaluation," Radiotherapy and Oncology
110, 511-516 (2014).
H.H. Liu, P. Balter, T. Tutt, B. Choi, J. Zhang, C. Wang, M. Chi, D. Luo, T. Pan, S. Hunjan,
"Assessing respiration-induced tumor motion and internal target volume using fourdimensional computed tomography for radiotherapy of lung cancer," International Journal
of Radiation Oncology* Biology* Physics 68, 531-540 (2007).
J. Boda-Heggemann, D. Dinter, C. Weiss, A. Frauenfeld, K. Siebenlist, U. Attenberger, M.
Ottstadt, F. Schneider, R.-D. Hofheinz, F. Wenz, "Hypofractionated image-guided breath-hold
SABR (Stereotactic Ablative Body Radiotherapy) of liver metastases–clinical results,"
Radiation Oncology 7, 92 (2012).
P.J. Keall, G.S. Mageras, J.M. Balter, R.S. Emery, K.M. Forster, S.B. Jiang, J.M. Kapatoes, D.A.
Low, M.J. Murphy, B.R. Murray, C.R. Ramsey, M.B. Van Herk, S.S. Vedam, J.W. Wong, E.
Yorke, "The management of respiratory motion in radiation oncology report of AAPM Task
Group 76," Med Phys 33, 3874-3900 (2006).
J.W. Wong, M.B. Sharpe, D.A. Jaffray, V.R. Kini, J.M. Robertson, J.S. Stromberg, A.A.
Martinez, "The use of active breathing control (ABC) to reduce margin for breathing
motion," International Journal of Radiation Oncology*Biology*Physics 44, 911-919 (1999).
E.A. Barnes, B.R. Murray, D.M. Robinson, L.J. Underwood, J. Hanson, W.H. Roa, "Dosimetric
evaluation of lung tumor immobilization using breath hold at deep inspiration," International
Journal of Radiation Oncology* Biology* Physics 50, 1091-1098 (2001).
F.R. Bartlett, R.M. Colgan, K. Carr, E.M. Donovan, H.A. McNair, I. Locke, P.M. Evans, J.S.
Haviland, J.R. Yarnold, A.M. Kirby, "The UK HeartSpare Study: Randomised evaluation of
voluntary deep-inspiratory breath-hold in women undergoing breast radiotherapy,"
Radiotherapy and Oncology 108, 242-247 (2013).
C. Garibaldi, G. Catalano, G. Baroni, B. Tagaste, M. Riboldi, M.F. Spadea, M. Ciocca, R.
Cambria, F. Serafini, R. Orecchia, "Deep inspiration breath-hold technique guided by an
opto-electronic system for extracranial stereotactic treatments," Journal of Applied Clinical
Medical Physics 142013).
A.J. Hayden, M. Rains, K. Tiver, "Deep inspiration breath hold technique reduces heart dose
from radiotherapy for left‐sided breast cancer," Journal of medical imaging and radiation
oncology 56, 464-472 (2012).
V.M. Remouchamps, N. Letts, F.A. Vicini, M.B. Sharpe, L.L. Kestin, P.Y. Chen, A.A. Martinez,
J.W. Wong, "Initial clinical experience with moderate deep-inspiration breath hold using an
active breathing control device in the treatment of patients with left-sided breast cancer
using external beam radiation therapy," International Journal of Radiation Oncology*
Biology* Physics 56, 704-715 (2003).

84

560
85

86

565
87

570

88

89

575
90

91

580
92

585

93

94

590

95

96

595
97

600

J. Vikström, M.H. Hjelstuen, I. Mjaaland, K.I. Dybvik, "Cardiac and pulmonary dose reduction
for tangentially irradiated breast cancer, utilizing deep inspiration breath-hold with audiovisual guidance, without compromising target coverage," Acta Oncologica 50, 42-50 (2011).
P.H. Cossmann, "Video-coaching as biofeedback tool to improve gated treatments:
Possibilities and limitations," Zeitschrift für medizinische Physik 22, 224-230 (2012).
M.H. Hjelstuen, I. Mjaaland, J. Vikström, K.I. Dybvik, "Radiation during deep inspiration
allows loco-regional treatment of left breast and axillary-, supraclavicular-and internal
mammary lymph nodes without compromising target coverage or dose restrictions to
organs at risk," Acta Oncologica 51, 333-344 (2012).
S.S. James, J. Seco, P. Mishra, J.H. Lewis, "Simulations using patient data to evaluate
systematic errors that may occur in 4D treatment planning: A proof of concept study,"
Medical Physics 40, 091706 (2013).
P. Keall, J. Yang, T. Yamamoto, S. Pollock, M. Diehn, J. Berger, E. Graves, B. Loo, "SU-D-17A04: The Impact of Audiovisual Biofeedback On Image Quality During 4D Functional and
Anatomic Imaging: Results of a Prospective Clinical Trial," Medical Physics 41, 117-117
(2014).
H.D. Kubo, L. Wang, "Introduction of audio gating to further reduce organ motion in
breathing synchronized radiotherapy," Medical Physics 29, 345-350 (2002).
S. Feuerlein, O. Klass, A. Pasquarelli, H.-J. Brambs, A. Wunderlich, J.L. Duerk, A.J. Aschoff,
M.H. Hoffmann, "Coronary MR imaging: navigator echo biofeedback increases navigator
efficiency—initial experience," Academic radiology 16, 374-379 (2009).
T. Yoshitake, Y. Shioyama, K. Nakamura, S. Ohga, T. Nonoshita, K. Ohnishi, K. Terashima, H.
Arimura, H. Hirata, H. Honda, "A clinical evaluation of visual feedback-guided breath-hold
reproducibility of tumor location," Physics in medicine and biology 54, 7171 (2009).
K. Sung, K.C. Lee, S.H. Lee, S.H. Ahn, S.H. Lee, J. Choi, "Cardiac dose reduction with breathing
adapted radiotherapy using self respiration monitoring system for left-sided breast cancer,"
Radiation oncology journal 32, 84-94 (2014).
K. Dickersin, "The existence of publication bias and risk factors for its occurrence," Jama 263,
1385-1389 (1990).
F. Song, S. Parekh, L. Hooper, Y. Loke, J. Ryder, A. Sutton, C. Hing, C. Kwok, C. Pang, I. Harvey,
Dissemination and publication of research findings: an updated review of related biases.
(Prepress Projects Limited, 2010).
E. McKenzie, W. Yang, M. Burnison, A. Mirhadi, B. Hakimian, S. Stephen, R. Robert, Y. Yue, H.
Sandler, B. Fraass, "TU-F-17A-06: Motion Stability and Dosimetric Impact of SpirometerBased DIBH-RT of Left-Sided Breast Cancer," Medical Physics 41, 474-474 (2014).
S. Pollock, D. Lee, T. Kim, T. Yamamoto, B. Loo, J. Yang, P. Keall, "SU-EJ-142: Respiratory
Guidance for Lung Cancer Patients: An Investigation of Audiovisual Biofeedback Training and
Effectiveness," Medical Physics 40, 183 (2013).
D. Lee, P. Greer, J. Arm, P. Keall, T. Kim, "Audiovisual biofeedback improves image quality
and reduces scan time for respiratory-gated 3D MRI," Journal of Physics: Conference Series
489, 012033 (2014).

