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A B S T R A C T

Background and purpose: Upper abdominal malignancies are relatively rare, and although surgery is considered 
the primary treatment option, radiation therapy has an emerging role in the management of liver, pancreas, 
kidney and adrenal gland tumours. Furthermore, stereotactic radiation therapy for the management of upper 
abdominal metastases is an expanding clinical indication. Breath-hold is one respiratory motion management 
strategy used in upper abdominal radiation therapy, and the reproducibility, and stability of breath-hold is 
critical for overall treatment accuracy.
Materials and methods: A systematic review of the literature was conducted in Medline, Embase and Cochrane 
databases with keyword and vocabulary terms related to radiation therapy, breath-hold and upper abdominal 
tumours.
Results: Following screening against the selection criteria, 41 studies were included. Breath-hold reproducibility 
was the most commonly reported outcome and exhale breath-hold was the most common type. Studies were 
either prospective or retrospective cohort studies, and the mean sample size was 19 participants. The risk of bias 
of each included study was assessed, and the mean quality assessment score for included studies was 90 % 
(77–100 %). Median exhale breath-hold cranio-caudal inter-fraction reproducibility was 0.6 mm, (IQR 0.3–1.6 
mm), compared to inspiratory breath-hold 0.0 mm (IQR − 0.6–2.97 mm). Stability measurements were ≤3 mm in 
71 % of studies, irrespective of breath-hold type.
Discussion: Formulating institutional protocols for best clinical practice regarding breath-hold for upper 
abdominal tumours is challenging, given the significant variation in practices, interventions and definitions 
observed in the literature. Further investigation to individualise breath-hold strategies and safety margins is 
warranted.

1. Introduction

The incidence of primary upper abdominal malignancies is relatively 
low compared to other organ systems. Liver cancer, including hepato
cellular carcinoma and cholangiocarcinoma, accounts for only 4.7 %, 
pancreas 2.6 % and kidney 2.2 % of all new cancer diagnoses annually 
worldwide [1]. Surgery is considered the primary treatment modality 
for liver, pancreatic, kidney and adrenal gland tumours; however, ra
diation therapy, particularly stereotactic body radiation therapy (SBRT), 
is an emerging treatment option for patients who may be unsuitable for 
surgical options [2–12]. Conversely, metastases to the upper abdomen, 
particularly the liver, are relatively common, with an estimated 14–27 % 
of colorectal cancer patients diagnosed with liver metastases [13,14]. 

Metastases from other primary tumour sites such as the breast, 
oesophagus, lung, stomach, and skin are also commonly reported 
[15,16]. Treatment of these secondary upper abdominal tumours using 
SBRT is increasing, especially for patients with oligometastatic disease, 
with local control rates of approximately 80 % and moderate toxicity 
observed [17]. Due to the complexity of dosimetry required in the SBRT 
setting, where high dose gradients, high peak tumour doses and tight 
conformity are necessary, whilst sparing critical organs at risk (OARs), 
the accuracy of planning and treatment delivery is crucial. Both 
gastrointestinal filling control and the management of respiratory mo
tion must be considered [18]. Breath-hold (BH) strategies are one 
method of respiratory motion management in upper abdominal radia
tion therapy. Other potential strategies include encompassing motion 
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via an internal target volume (ITV), forced shallow respiration via an 
abdominal compression device, or respiratory gating or tracking 
methods [19]. BH is achieved either by requesting the patient to 
voluntarily hold their breath or assisting them to do so with a spirometry 
or surface monitoring system. Typically, several BHs are required to 
perform daily imaging and complete treatment delivery.

Particularly in the SBRT setting, it is crucial to ensure that acceptable 
reproducibility and stability are maintained to preserve the accuracy of 
radiation therapy delivery. BH time and patient tolerability are also 
important to ensure efficiency in the delivery of treatment. When 
considering the implementation of BH techniques clinically, there is 
substantial disparity in the available evidence across BH methodologies, 
leading to optimal strategy uncertainty. There is diversity in technique 
(exhale breath-hold (EBH), inhale breath-hold (IBH) or deep-inhale 
breath-hold (DIBH)); BH methods (voluntary or assisted); imaging 
methods (fluoroscopy, computed tomography (CT), magnetic resonance 
imaging (MRI) or ultrasound) and patient populations (patients or 
healthy volunteers with a variety of tumour sites) reported in the liter
ature [20–24].

The aim of this is systematic review was to examine and summarise 
the current body of evidence describing the stability and reproducibility 
of tumour positions during BH techniques, as well as BH duration, for 
radiation therapy to upper abdominal tumours.

2. Materials and methods

2.1. Eligibility criteria

This systematic review follows the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA) standards [25] and 
has registration through the Prospective Register of Systematic Reviews 
(PROSPERO). This systematic review protocol was developed using the 
Population, Intervention, Comparator/Control, Outcome, Study Design 
(PICOS) criteria to develop selection criteria according to the focus of 
this review and is summarized in Table 1 [26]. A database search was 
conducted on 8th February 2023. Studies were compared against the 
selection criteria, to include those that described in sufficient detail: the 
BH technique used, the pre-planning, planning and/or treatment im
aging acquired, and the measurement procedure for BH reproducibility, 
stability and/or time. Conference abstracts and unpublished data were 
excluded. Only studies published with full text available in English were 
included. Studies were extracted by two authors using Covidence (Ver
itas Health Innovation Ltd, Melbourne, Australia, 2023).

2.2. Search strategy

The Cochrane Library, including Cochrane Central Register of 
Controlled Trials (CENTRAL), Medline, and Embase databases were 
searched for studies. The search strategy comprised keywords and 
controlled vocabulary terms including ‘radiotherapy’ and ‘tomography’ 
to include the radiation therapy and medical imaging fields; ‘liver’, 
‘pancreas’, ‘adrenal gland’ and ‘kidney’ to include the upper abdominal 
tumour sites; and ‘breath-hold’ to include studies focused on BH stra
tegies. All searches were limited to publications in English within the 
past 20 years. The reference lists of all included studies and relevant 
systematic reviews were also hand-searched for additional potentially 
eligible studies. Title, abstract and full-text citations of eligible studies 
were exported to the systematic review software Covidence.

The Cochrane Effective Practice and Organization of Care (EPOC) 
standard data collection form was adapted in Covidence for study 
characteristics and outcome data [27]. Two review authors (BF, KB) 
piloted the data collection form on one study, and then independently 
extracted relevant data from all included studies. Any disagreements in 
extracted data were resolved through discussion.

The two review authors independently assessed the risk of bias for 
each study using the criteria outlined in Quality Assessment Criteria for 
Evaluating Primary Research Papers from a Variety of Fields [28]. Each 
potential source of bias was judged against 14 questions, relating to 
study design, subject selection and characteristics, blinding, outcomes, 
analytical methods and results, and study conclusions. Answers scoring 
‘yes’ were allocated 2 points, ‘partial’ were allocated 1 point and ‘no/not 
applicable’ were allocated 0 points. The overall score was then con
verted to a percentage, with a higher percentage indicating higher 
quality studies. Studies were not excluded on the grounds of their risk of 
bias. Any disagreements in the risk of bias assessment scores were 
resolved through discussion.

2.3. Definitions of BH techniques

There is no consensus in the published literature regarding the def
initions of BH methods. In this systematic review, we defined BH types 
as ‘inhale’, ‘deep-inhale’ or ‘exhale’. We defined IBH as the participant 
taking a normal breath in and holding, with the air volume comparable 
to a typical, resting inhale breath. We defined DIBH as the participant 
taking a deep breath in and holding, with the air volume greater than a 
normal, resting inhale breath, typically ≥80 % of the maximum inhale 
volume. We defined EBH as the participant exhaling and holding, with 
the air volume comparable to a normal, resting exhale breath, typically 
≤30 % of normal inhale volume.

We considered reproducibility to be the reliability with which the 
tumour, or appropriate surrogate, returned to the same geometric po
sition from one BH to the next [29]. Reproducibility was required to 
have been measured under image guidance (e.g. kilovoltage (kV) or 
megavoltage (MV) radiograph, cone-beam computed tomography 
(CBCT)) by comparing the change in tumour/surrogate position to a 
baseline position (e.g. planning CT). Inter-fraction reproducibility was 
defined as the measured change in position from the reference planning 
CT dataset to the image of the day. Intra-fraction reproducibility was 
defined as the measured change in position from the first image to the 
subsequent image within an imaging/treatment session [29].

We defined stability (also referred to as intra-BH variation) as the 
reliability with which the tumour, or an appropriate surrogate, 
remained in the same geometric position during a BH [29]. Stability was 
also required to have been measured under image guidance (e.g. kV 
fluoroscopy, MRI, ultrasound) as the change in cranio-caudal (CC) 
tumour/surrogate position from the beginning to the end of a single BH 
[29].

We considered the length of time a participant was able to hold their 
breath to be the BH time.

Table 1 
PICOS description of systematic review, in accordance with PRISMA statement.

P – Participants Patients undergoing medical imaging in preparation for radiation 
therapy and/or radiation therapy treatment of kidney, liver, 
pancreas or adrenal gland tumours, using a breath hold 
technique. 
Healthy volunteers in lieu of the patient population described.

I – 
Interventions

Breath hold of at least one type (inhale, deep-inhale or exhale). 
Voluntary breath hold (i.e., no device used, participant 
voluntarily holds their breath) 
.Spirometry 
(e.g., Active Breathing Coordinator (ABC)).Infra-red tracking (e. 
g., Real-time Position Management) 
.Audio-feedback or visual-feedback coaching system (e.g., 
Abches) 
.

C – Comparison No comparator used.
O – Outcome Reproducibility of tumour (or surrogate) position in breath hold, 

measured on imaging.Stability of tumour (or surrogate)  
position in breath hold, measured on imaging. 

Breath hold time.
S – Study 

Design
Quantitative prospective or retrospective trials. 
Randomised, or non-randomised studies. 
Published in peer-reviewed journals, between the years 
2003–2023.
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3. Results

3.1. Quality assessment

Following screening against the selection criteria, 41 studies were 
included in this review, as shown in Fig. 1. The characteristics of the 
selected studies, including population, tumour site, BH intervention and 
type, number of participants, imaging methods and the results of the 
quality assessment are outlined in Table 2.

The included study designs were predominantly prospective or 
retrospective cohort studies. No studies included randomisation or 
blinding of investigators or participants, therefore three questions were 
precluded from the quality assessment. As a result, the final quality 
assessment scores were calculated as a score out of 22 from 11 questions, 
converted to a percentage. The mean quality assessment score for the 
included studies was 90 % (range 77–100 %). The mean number of 
participants in each study was 19 (range 2–59).

3.2. BH intervention and type

Of the 41 included studies, 36 reported on a single BH type. In 5 of 
the included studies, more than one BH type was compared (Table 2). 
EBH was the most frequently reported BH type (n = 25), followed by 
DIBH (n = 16), then IBH (n = 8). Most studies were conducted in pop
ulations of radiation therapy patients (n = 38), and using an assisted BH 
strategy, with only 2 studies using voluntary BHs with no interventional 
device.

There are several commercially available systems reported to sup
port the clinical use of BH. Spirometry devices such as Active Breathing 
Coordinator (ABC)TM (Elekta, Stockholm, Sweden) and SDX® (SAS 
DYN’R® Aix-en-Provence, France) were the most commonly reported (n 
= 22), with ABC being the most prevalent (n = 18). These systems 
support the patient to hold their breath by measuring airflow through a 
spirometer during respiration. A visual display indicates the preset BH 
air volume, with the operator able to control the patient’s BH. Surface 
monitoring systems including Real-time Position Management (RPM) 
(Varian Medical Systems, Inc.) and Abches, a chest/abdomen moni
toring system developed by Onishi, et al [30], were the next most 
frequently reported (n = 13), with RPM the most common (n = 8). 
Surface monitoring systems convert the motion of the chest or abdomen 

during respiration as measured by infrared tracking (RPM) or the rota
tional angle of a needle in a level meter (Abches), to a visual display. 
This visual display can be used by the operator to coach the patient’s BH 
and may also be displayed to the patient for visual feedback.

3.3. Reproducibility, stability and BH time

Of the 41 included studies, BH tumour position reproducibility was 
the most commonly included outcome, included in 40 papers. The ma
jority of studies investigated reproducibility at the time of radiation 
therapy delivery (n = 28). Stability was reported in 7 studies. Fourteen 
studies reported BH time.

Table 3 summarises the reproducibility results, measured at pre- 
planning (prior to any radiation therapy planning or treatment 
commencing), planning (at the time of acquisition of radiation therapy 
planning imaging) or treatment (at the time of treatment delivery). 
Table 4 summarises the results of studies reporting on the stability of 
tumour/organ position.

Imaging by MV or kV coplanar radiographs, kV fluoroscopy or CBCT 
were the most commonly reported methods for measuring reproduc
ibility and stability. Surrogates for tumour position were used in all but 
two studies, which instead measured the tumour GTV position directly. 
Surrogates included either a whole organ (liver or pancreas), the dia
phragm/lung base position or implanted fiducial markers.

With respect to treatment reproducibility, studies reporting on EBH 
were most common (n = 17), with CC inter-fraction reproducibility 
median 0.6 mm, (IQR 0.3–1.6 mm), anterior-posterior (AP) median 0.8 
mm, (IQR 0.42–1.28 mm) and left–right (LR) median 0.6 mm (IQR 
0.15–1.4 mm) [31–47]. DIBH studies were the second most commonly 
reported (n = 12) with DIBH/IBH inter-fraction CC reproducibility 
median 0.0 mm (IQR − 0.6–2.97 mm), AP median 1.1 mm (IQR 
− 0.09–1.65 mm) and LR median 0.52 mm (IQR 0.11–1.35 mm) 
[23,24,31,48–54]. In 82 % of EBH studies, CC inter-fraction reproduc
ibility was <2 mm compared to only 66 % of DIBH/IBH studies. CC 
inter-fraction and intra-fraction reproducibility for EBH and DIBH/IBH 
are presented in Fig. 2. Similar charts for AP and LR are available in the 
Supplementary Material (Fig. S1-2). Results were grouped by BH 
intervention.

Amongst the limited number of studies that reported on the stability 
of tumour position, mean stability measurements were in the range of 
0–3 mm for 71 % of studies, irrespective of BH type. One study reported 
sub-millimetre stability in an EBH cohort [37]. Two studies reported 
stability for multiple BH types, with EBH being the most stable in both 
studies, compared to DIBH or IBH [55,56].

BH time was reported in one third of included studies. Significant 
variations in BH time were reported, ranging from 12 s(s) to 7.1 min. 
Van Kesteren et al. utilized mechanical ventilation of participants using 
a Hamilton MR1 ventilator (Hamilton Medical AG, Bonaduz, 
Switzerland), with hyperventilation to facilitate prolonged BH [57]. 
They reported inspiratory BH times of 2.0–11.1 min, and expiratory 
times of 1.8–10.2 min in their population of healthy volunteers. 
Excluding this outlying study, those reporting EBH times tended to be 
shorter (median 12.5 s (IQR 12–24.8 s)) than those reporting inspiratory 
times (median 31 s (IQR 25.7–54.5 s)). Farrugia et al. reported on the BH 
times across all three methods, with slightly reduced BH time for EBH, 
compared to IBH and DIBH, in keeping with other studies [55].

3.4. Other included studies

Seven studies reported results in a format that was unable to be 
included in the summary of results tables for reproducibility or stability. 
Mast et al. reported reproducibility of IBH compared to free-breathing, 
by investigating the margin reduction in clinical target volume (CTV) 
− planning target volume (PTV) in the cranio-caudal direction. In this 
study a 10 mm CC margin reduction was observed for IBH compared to 
FB [58]. Stam et al. reported box plots of stability and reproducibility of 

Fig. 1. PRISMA search results. Studies identified and screened against selection 
criteria, including reasons for study exclusion.
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Table 2 
Characteristics of Included Studies and Quality Assessment Score.

Year Author Population Tumour Site(s) BH Intervention BH Type Participants Imaging Quality 
score (%)

2004 Kimura [20] Healthy 
Volunteers

Liver Spirometer EBH, IBH 5 kV Fluoroscopy (PP)CT (P) 
*^

77

2005 Dawson [37] RT Patients Liver ABC™ EBH 20 kV Fluoroscopy (PP)CT (P) 
*MV (T) ^

91

2006 Hawkins [34] RT Patients Liver ABC™ EBH 13 kV Fluoroscopy (PP)CT (P) 
*kV, MV and CBCT (T) ^

95

2006 Eccles [35] RT Patients Liver ABC™ EBH 21 kV Fluoroscopy (PP)CT (P) 
*MV (T) ^

100

2006 Dawson [38] RT Patients Liver ABC™ EBH 21 kV Fluoroscopy (PP)CT * 
and MRI  
(P)MV^, kV^and CBCT^ 
(T)

77

2008 Zhao [24] RT Patients Liver ABC™ DIBH 28 kV Fluoroscopy (PP) ^CT 
(P) *MV (T) ^

95

2010 Onishi [30] RT Patients Abdomen (Lung) Spirometer IBH 20 CT *^ 100
2011 Nakamura [45] RT Patients Pancreas RPM EBH 10 CT *^ 100
2012 Zhong [23] RT Patients Liver ABC™ IBH 24 kV Fluoroscopy (PP)CT (P) 

*CBCT (T) *^
100

2012 Yue [32] RT Patients Liver ABC™ EBH 28 CT (P) *CBCT (T)  
*^

91

2013 Takamatsu [39] RT Patients Liver, Gall 
Bladder, Pancreas

Abches, Voluntary, 
visual feedback

EBH 20 kV Fluoroscopy (PP)CT (P) 
*CBCT, kV and MV^ 
(T)

86

2013 Stam [59] Patients Under 
Surveillance/ 
Awaiting Surgery

Kidney Voluntary, 
video-guided

EBH 15 MRI *^ 86

2013 Garibaldi [63] RT Patients Liver (Lung) Voluntary with Exactrac DIBH 8 (of 
23 total)

CT (P) *^MV (T) 91

2013 Eccles [36] RT Patients Liver ABC™ EBH 28 CT (P) *MV^and kV^ 
(T)

95

2015 Nakamura [69] RT Patients Pancreas Voluntary with RPM 
visual feedback

EBH 11 CT (P) *kV and CBCT^ 
(T)

95

2016 Lens [70] RT Patients Pancreas SDX® IBH 12 kV Fluoroscopy (PP)CT  
(P)kV Fluoroscopy (T) *^

100

2016 Lens [56] Healthy 
Volunteers

Pancreas Voluntary EBH, 
IBH, 
DIBH

16 MRI *^ 86

2016 Kawahara [40] RT Patients Liver Abches EBH 59 kV Fluoroscopy (PP)CT (P) 
*kV and CBCT (T) ^

91

2017 Bae [44] RT Patients Liver, 
Pancreas

Not stated EBH 20 kV Fluoroscopy (PP)CT (P)  
*kV (T) ^

95

2018 Vogel [60] RT Patients Adrenal, Liver, 
Spleen

ABC™ DIBH 13 CT and US (P)CBCT and US 
(T) *^

86

2018 Van Sornsen de 
Koste [61]

RT Patients Adrenal, 
Pancreas (Lung)

Voluntary, video-guided IBH 15 CT and MRI (P) *^ 86

2018 Mast [58] RT Patients Liver ABC™ IBH 20 CT (P) *^CBCT (T) ^ 82
2018 Lu [50] RT Patients Liver (Lung) ABC™ DIBH 19 CT (P) *^kV and CBCT^ 

(T)
86

2018 Kawahara [41] RT Patients Liver Abches EBH 59 kV Fluoroscopy (PP)CT (P) 
*kV and CBCT (T) ^

95

2019 Zeng [51] RT Patients Pancreas RPM DIBH 8 CT (P) *CBCT (T) ^ 91
2019 Lee [71] RT Patients Liver, Pancreas 

(Breast, Lung)
ABC™ EBH 2 

(of 12 total)
CT (P)CBCT (T) 91

2019 Boda-Heggemann 
[54]

RT Patients Liver, Pancreas ABC™ DIBH 14 CT and US * (P)CBCT and 
US^ 
(T)

91

2020 Teboh [48] RT Patients Pancreas ABC™ DIBH 19 CT (P)CBCT and kV *^ 
(T)

86

2020 Sasaki [33] RT Patients Pancreas RPM EBH 13 CT (P) *kV^and CBCT  
(T)

100

2020 Lu [72] RT Patients Liver ABC™ DIBH 44 CT (P) *^CBCT (T) 82
2020 Huang [53] RT Patients Liver, Bile Duct, 

Gall Bladder
SDX® DIBH 42 CT (P) *kV and CBCT (T) ^ 86

2020 Ashida [47] RT Patients Pancreas RPM EBH 10 CT (P) *kV and CBCT (T) ^ 86
2021 Zeng [52] RT Patients Pancreas RPM DIBH 8 CT (P) *CBCT (T) ^ 77
2021 Oliver [31] RT Patients Liver RPM EBH, 

DIBH
19 kV Fluoroscopy (PP)CT (P) 

*CBCT (T) ^
77

2021 Miura [43] RT Patients Liver Abches EBH 17 kV Fluoroscopy (PP)CT * 
and MRI  
(P)CBCT (T) ^

86

2021 Han-Oh [49] RT Patients Pancreas ABC™ DIBH 20 CT (P) *^CBCT (T) ^ 100
2021 Fracchiolla [62] RT Patients Liver ABC™ EBH 17 CT (P) *kV (T) ^ 86

(continued on next page)

B. Farrugia et al.                                                                                                                                                                                                                                Physics and Imaging in Radiation Oncology 34 (2025) 100751 

4 



kidney position for each study participant [59]. Vogel et al. reported 
stability measurements of < 2 mm in 59 % of BH, 2–5 mm in 36 % of BH 
and > 5 mm in 5 % in the cranio-caudal direction [60]. A median 
interquartile range of diaphragm position reproducibility of 4.2 mm was 
reported by van Kesteren et al., when investigating prolonged DIBH, 
with 90 % of displacements < 12 mm [57]. van Sornsen de Koste et al. 
reported the percentage of GTV outside PTV area for each patient, 
ranging from 2.1-8.1 % (mean), and histogram plots of GTV centroid 
position relative to planning, with a mean of 1 mm [61]. An average 
residual 3D displacement vector of 2.2 mm was reported by Fracchiolla 
et al. in their cohort of liver SBRT patients [62]. Garibaldi et al. reported 
DIBH intra-fraction CC reproducibility and overall mean inter-fraction 
CC reproducibility of 2.3 mm in a combined cohort of lung and liver 
patients [63].

4. Discussion

A systematic review of the literature was performed, identifying 41 
studies that reported on BH tumour position reproducibility, stability 
and time in upper abdominal radiation therapy. The most common BH 
type was EBH, with CC inter-fraction reproducibility measurements < 2 
mm reported more commonly in EBH, compared to DIBH or IBH studies.

The upper abdomen is a challenging anatomical site for motion 
management. Radiation therapy of upper abdominal malignancies must 
account for motion resulting from respiration, along with daily variation 
in anatomy due to gastrointestinal organ filling and changes [64]. 
Particularly in the SBRT setting, where 0 mm action thresholds for target 
or patient positioning are common, understanding BH reproducibility 
and stability is essential to accurately determine appropriate PTV and 
PRV margins. Selecting the most favourable BH type and intervention 
may lead to improvements in both inter- and intra-fraction reproduc
ibility and stability. In turn, this may avoid frequent re-imaging and the 
associated increase in radiation dose and negative impacts on patient 
experience.

During typical respiration, the direction and extent of motion are 
generally largest in the CC direction, followed by the AP direction [19]. 
In early studies, EBH was commonly selected as the technique of choice, 
as it was considered to be the most reproducible phase of the respiratory 
cycle [20,35,37]. When considering inter- and intra-fraction reproduc
ibility at the time of radiation treatment delivery, poorer reproducibility 
was reported in the CC and AP, compared to LR directions, in keeping 
with the direction and extent of motion. When considering reproduc
ibility in the CC direction, only one study reported results for both EBH 
and DIBH. Although the mean CC reproducibility of DIBH was 0 mm, 
compared to − 0.3 mm for EBH, the authors noted increased standard 
deviation of errors of DIBH reproducibility and therefore suggested EBH 
was the more reproducible technique in their findings [31]. Though we 
found CC inter-fraction reproducibility of < 2 mm to be more frequently 

reported in EBH studies, the overlapping ranges of results do not indi
cate EBH to be a preferred BH type.

Potentially due to the comparatively abundant availability of treat
ment imaging data in standard radiation therapy workflows, studies 
infrequently investigated reproducibility from pre-planning (n = 2) or 
planning time points (n = 6). One study found that reproducibility was 
< 2 mm at all directions and time points, but planning measurements 
were smaller than those at treatment [50]. The authors proposed that 
individualised, intra-fractional-based margins are required to 
adequately account for reproducibility uncertainty.

The stability of tumour position during each BH is less frequently 
investigated but remains a crucial factor in accuracy of radiation therapy 
delivery. To observe and measure the stability of tumour position during 
BH, continuous imaging is required, however may not be feasible in 
many standard radiation therapy imaging protocols. Lens et al. and 
Farrugia et al. were the only two studies that reported results on all three 
BH types, with EBH being the most stable technique in both studies 
when compared to IBH and DIBH [55,56]. Inspiratory techniques 
resulted in > 2 mm stability in the study by Farrugia et al [55]. Notably, 
the results reported by Lens were considerably poorer than all other 
studies, with a range of 4.2–7.0 mm [56]. Using a strictly voluntary BH 
strategy with no interventional device or feedback to participants may 
have contributed to these results. The authors noted motion was most 
pronounced in the first 10 s of BH, suggesting a delay period prior to 
commencing imaging or treatment may result in improved stability 
[56].

Though BH time does not directly impact treatment accuracy, its 
influence on the patient’s comfort and tolerability of treatment should 
not be discounted. Long treatment delivery times often seen in hypo- 
fractionated treatments, combined with repeated imaging can result in 
a substantial number of BHs required per fraction. When CBCT is used 
for image guidance with a stop-and-go approach, several BHs are 
required to obtain each CBCT image. The impact of even a small increase 
in BH time may facilitate fewer BHs required per image acquisition, 
reducing the burden on the patient. Similar BH times were reported 
across all BH types, with slightly longer times for inspiratory techniques. 
Van Kesteren et al. used a novel strategy of mechanical ventilation of 
participants to facilitate prolonged BH in their population of healthy 
volunteers [57]. They reported notably longer BH times than all other 
studies. However, the median age of 22 years, significant training time 
of 2 h, and required equipment may prohibit the applicability of this 
methodology in clinical practice.

Target and PRV margin calculations should ideally be personalised 
for each patient to encompass local procedures influencing setup posi
tion variation, imaging and quality assurance, and motion uncertainties. 
It is crucial to accurately account for the systematic and random un
certainties in BH reproducibility and stability in the generation of PTV 
and PRV margins. Particularly in the SBRT setting, where high dose 

Table 2 (continued )

Year Author Population Tumour Site(s) BH Intervention BH Type Participants Imaging Quality 
score (%)

2021 Farrugia [55] RT Patients Adrenal Gland, 
Liver, Pancreas

ABC™ EBH, 
IBH, 
DIBH

18 kV Fluoroscopy (PP) *^ 100

2022 Zeng [73] RT Patients Ampulla, Liver, 
Pancreas

Bellows (planning) and 
Align RT (treatment)

DIBH 14 CT (P) *Align RT and 
CBCT^ 
(T)

82

2022 van Kesteren [57] Healthy 
Volunteers

Liver Hamilton MR1 
mechanical ventilator

EBH, 
IBH, 
DIBH

15 MRI *^ 86

2022 Fu [74] RT Patients Liver Abches EBH 13 CT (P) *CBCT (T) 
^

91

Abbreviations: RT = Radiation therapy; ABC = Active Breathing Coordinator; RPM = Real-Time Position Management; IBH = Inhale/Inspiration Breath Hold; EBH =
Exhale/Expiration Breath Hold; DIBH = Deep-Inhale/Inspiration Breath Hold; PP = Pre-Planning; P = Planning; T = Treatment; kV = Kilovoltage; CT = Computed 
Tomography; CBCT = Cone-Beam Computed Tomography; MV = Megavoltage; US = Ultrasound; MRI = Magnetic Resonance Imaging.
Annotations: * denotes imaging used as reference;^denotes imaging used to calculate reproducibility.

B. Farrugia et al.                                                                                                                                                                                                                                Physics and Imaging in Radiation Oncology 34 (2025) 100751 

5 



Table 3 
Reproducibility of tumour position in breath-hold.

Pre-Planning Reproducibility
Author BH Type Reproducibility (mm, CC, mean) Measurement structure

Farrugia [55] EBH, IBH, 
DIBH

EBH 1.8 
IBH 2.0 
DIBH 2.7

Diaphragm or tumour/surrogate

Zhao [24] DIBH 1.6 Diaphragm

Planning Reproducibility

Author BH Type Reproducibility (mm, mean) Measurement structure

​ ​ CC AP LR ​

Onishi [30] IBH ^2.0 ​ ​ Lung base
Kimura [20] EBH, IBH ^EBH 2.2 

^IBH 4.0
^EBH 2.0 
^IBH 2.3

^EBH 1.4 
^IBH 2.3

Diaphragm/thoracic wall

​ ​ * EBH 2.1 * EBH 1.9 * EBH 1.1 ​
​ ​ * IBH 5.1 * IBH 3.0 * IBH 2.9 ​
Eccles [35] EBH ^− 0.9 ^− 0.5 ^0.2 Liver surface
Han-Oh [49] DIBH 1.5 0.9 0.9 Fiducials in pancreas
Lu [50] DIBH − 0.02 − 0.18 0.03 Liver centroid
Lu [72] DIBH ^2.2 ^1.8 ^0.7 Liver centroid

Treatment Reproducibility

Author BH Type Reproducibility (mm, mean) Measurement structure Fractionation Number used to calculate 
reproducibilityCC AP LR

Lens [70] IBH ^− 0.2 ^− 0.5 ​ Fiducials in pancreas n/a n/a
Zhong [23] IBH * − 0.3 * − 1.5 * 0.5 Liver contour 40–45 Gy/4–10# All (4–10)
Oliver [31] EBH, DIBH * EBH − 0.3 

* DIBH 0.0
* EBH 0.1 
* DIBH 0.3

* EBH 0.0 
* DIBH − 0.2

Diaphragm 27.5–60 Gy/5# All (5)

Yue [32] EBH * − 0.6 
^− 0.4

* 1.3 
^− 0.6

* − 0.3 
^0.0

Lipiodol in liver 50–60 Gy/25–30# All (25–30)

Takamatsu [39] EBH * 1.7 ​ * 1.4 Diaphragm 50–62.5 Gy/ 
20–30#

All (20–30)

Sasaki [33] EBH * − 0.1 * 0.8 * 0.6 Fiducial in pancreas 48 Gy/15# All (15)
Nakamura [45] EBH ^0.1 

* 0.3
^0.1 
* 0.8

^0.0 
* 0.3

POI within pancreas n/a n/a

Nakamura [69] EBH * 0.6 * − 1.1 * 0.9 GTV and/or surrounding 
structures in pancreas

42–51 Gy/15# All 15

Miura [43] EBH ^1.0 
* 2.5

^0.4 
* 0.8

^0.4 
* 0.6

Liver contour 40 Gy/4# All (4)

Kawahara [41] EBH * 0.4 
^1.0

* 1.4 * − 0.6 Diaphragm 48 Gy/4# or 60 
Gy/8#

All (4 or 8)

Kawahara [40] EBH * Liver 1.4 
* Diaphragm 
1.3

* Liver 0.7 
* Diaphragm 
0.9

* Liver 1.4 
* Diaphragm 
0.7

Liver and diaphragm Not stated All

Hawkins [34] EBH * 1.6 * 3.1 * − 1.5 Diaphragm 25.8–54 Gy/6# All (6)
Fu [74] EBH * 0.6 

^1.2
* 0.1 
^0.1

* 0.3 
^− 0.3

Diaphragm 36–50 Gy/5–6# All (5–6)

Eccles [36] EBH * 1.2 * 1.2 * 1.8 Diaphragm 29–57 Gy/6# All (6)
Eccles [35] EBH ^1.5 

* 3.4
​ ​ Diaphragm 30.6–54 Gy/6#

Dawson [37] EBH * 1.1 * 1.3 * 1.6 Diaphragm 30.6–54 Gy/6# All (6)
Dawson [38] EBH * 3.4 

^1.5
​ ​ Diaphragm 24–57 Gy/6# All (6)

Bae [44] EBH * 0.5 * 0.5 * 0.6 Fiducial – surgical clips in 
liver/pancreas

45–50.4 Gy/ 
25–30#

2 per week (10–12)

Ashida [47] EBH * -0.2 * 0.4 * 1.4 Pancreas 54 Gy/30# All
Teboh [48] DIBH * 3.0 * 2.0 * 1.5 Fiducials in pancreas 33 Gy/5# All (5)
Han-Oh [49] DIBH * 1.9 * 1.1 * 1.2 Fiducial in pancreas 5# (dose not 

stated)
All (5)

Lu [50] DIBH * 3.0 
^1.3

* 2.6 
^1.2

* 1.8 
^0.6

Liver centroid Not stated All

Zhao [24] DIBH * 6.7 ​ ​ Diaphragm 40–58 Gy/20–29# All (20–29)
Zeng [51] DIBH * − 0.6 ​ ​ Fiducial in pancreas 75 Gy/25# All (25)
Zeng [52] DIBH * Range 

0.0–3.0
​ ​ Fiducial in pancreas 67.5–75 Gy/ 

15–25#
All (15–25)

Zeng [73] DIBH ^1.0 ​ ​ Fiducial in liver/pancreas 40–75 Gy/10–25# All (10–25)
Huang [53] DIBH * − 0.9 * − 0.5 * 0.4 Fiducial in liver, or proximal to 

target
Not stated All

Boda-Heggemann 
[54]

DIBH * − 1.3 * 1.3 * − 0.2 Fiducial in proximity to GTV or 
liver contour

60 Gy/5–12# All (5–12)

Abbreviations: BH = Breath-Hold; IBH = Inhale/Inspiration Breath-Hold; EBH = Exhale/Expiration Breath-Hold; DIBH = Deep-Inhale/Inspiration Breath-Hold; CC =
Cranio-Caudal; AP = Anterior-Posterior; LR = Left-Right; GTV = Gross Tumour Volume.
Annotations: * denotes inter-fraction reproducibility; ^denotes intra-fraction reproducibility.
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gradients and shaping around critical OARs are essential, inadequately 
accounting for these uncertainties may result in potentially significant 
dosimetric consequences, including underdosing of the target volume or 
overdosing critical OARs.

Formulating institutional protocols for best clinical practice 
regarding BH for upper abdominal tumours is challenging, given the 
significant variation in practices, interventions and definitions observed 
in the literature. Further clinical studies investigating personalisation of 
BH interventions and individualised margins for PTVs and PRVs are 
warranted. In the paper by Farrugia, et al, an approach to personalise the 
selection of BH type on an individual patient basis was examined [55]. 
Participants attempted all BH types during pre-planning under kV 
fluoroscopy with the BH type with superior reproducibility and/or sta
bility selected. Fewer participants screened into EBH (44 %), compared 
to inspiratory techniques (IBH (39 %) and DIBH (17 %)). Personalised 
selection of BH type resulted in superior reproducibility (0.92 mm), 
compared with their institutional standard EBH (1.79 mm).

Furthermore, in selecting the most appropriate BH type, there may 
be anatomical and dosimetric considerations to the selection of an 
inspiratory BH type compared to EBH. In the setting of breast radiation 
therapy, where DIBH is widely adopted, there are clear advantages in 
the use of DIBH to separate the left breast target area from underlying 
OARs, including the heart and lungs [29]. Similarly, DIBH can be ad
vantageous in lung radiation therapy. With deep inspiration, the normal 
lung volume expands, potentially moving the target further from nearby 
OARs, and immobilising the tumour, facilitating a smaller volume of 
lung irradiated [29]. To our knowledge, no studies have yet evaluated 
the anatomic and dosimetric advantages of EBH compared to DIBH or 
IBH in the abdomen. The large, and less predictable anatomical varia
tions, and spatial relationship between targets and OARs make research 
in this area challenging.

The overlapping ranges of reported reproducibility between 
spirometry, and surface monitoring interventions indicate no single 
system can be considered preferable. The influence of other factors, 
including patient training, patient coaching during treatment, the 
presence or absence of a visual feedback system, as well as individual 
patient capabilities must also be considered. In managing respiratory 
motion, the choice of interventional strategy must consider clinical 
effectiveness, patient suitability, resourcing implications, and physical 
limitations of hardware, software, and room capacity [19].

There are alternative strategies that do not include BH techniques. 
Free-breathing is often used as an alternative strategy for patients who 
are unable to comply with BH requirements. Free-breathing with a 
motion-encompassing ITV approach must account for potentially sig
nificant motion of tumour volumes, in the order of 5–50 mm [19,65,66]. 
This in turn can result in a large portion of otherwise healthy tissue 

being irradiated. Zeng, C. et al. compared respiratory gating and DIBH in 
a cohort of pancreatic cancer patients and found comparable accuracy 
and efficiency between techniques using RPM [52]. Stam, M. et al. 
investigated kidney motion using MRI during free-breathing gating and 
BH, finding variation in kidney position in the expiratory phase of free- 
breathing to be less than 2 mm in 80 % of patients [59]. Mast, M et al 
found significant reductions in PTV margins were possible with IBH, and 
95 % of patients were able to comply with their BH procedure. This 

Table 4 
Stability of tumour position in breath-hold.

Author BH Type Stability (CC, mm, 
mean)

Measurement Structure

Hawkins 
[34]

EBH 2.0 Diaphragm

Eccles [35] EBH 1.2 Diaphragm
Dawson 

[37]
EBH 0.6 Diaphragm

Lens [70] IBH 4.2 Fiducials in pancreas
Lens [56] EBH, IBH, 

DIBH
EBH 4.2 
IBH 6.5 
DIBH 7.0

Pancreas and diaphragm

Farrugia 
[55]

EBH, IBH, 
DIBH

EBH 1.9 
IBH 2.5 
DIBH 2.5

Diaphragm or tumour/ 
surrogate

Zhao [24] DIBH 1.3 Diaphragm

Abbreviations: BH = Breath-Hold; IBH = Inhale/Inspiration Breath-Hold; EBH =
Exhale/Expiration Breath-Hold; DIBH = Deep-Inhale/Inspiration Breath-Hold; 
CC = Cranio-Caudal.

Fig. 2. Mean CC BH Reproducibility of Included Studies. Mean (mm) (and 95% 
confidence interval of mean) cranio-caudal BH position reproducibility of 
included studies for A. expiration inter-fraction; B. expiration intra-fraction; C. 
inspiration inter-fraction; and D. inspiration intra-fraction. # No error bars 
could be estimated as the standard deviation was not provided. $ Standard 
deviated estimated from range in values provided.^IBH used instead of DIBH.
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compares to only 60–65 % of patients able to comply with BH re
quirements in a previous study [37]. Compared to free-breathing, a BH 
strategy in SBRT of liver lesions for instance, can significantly reduce the 
dose to normal liver tissue (V20 Gy, V30 Gy), and OARs such as the 
bowel [67].

One limitation in summarising the available literature was over
coming inconsistencies of both outcome measures and BH types among 
the included studies. Reproducibility, for instance, may be defined as 
inter-fraction or intra-fraction. Intra-fraction can also be further defined 
as the difference in position from one BH to the next, or one image to the 
next, where an image may be acquired during a single BH, or as a 
combination of multiple BHs, as is commonly required for CBCT ac
quisitions. Many of the included studies either did not define repro
ducibility clearly or gave very brief descriptions of how reproducibility 
measurements were conducted. In these cases, categorising reproduc
ibility as inter- or intra-fraction required the author’s best judgement, 
based on the descriptions available in each paper’s methodology. 
Similarly, definitions of BH types varied amongst published studies, as 
there remains a lack of consensus in the literature. For instance, DIBH 
was defined by Zhao as 70–80 % of total lung capacity [24], but as 85 % 
by Huang [53], and as 100 % by Lens [56]. Categorisation into either 
IBH or DIBH required the author’s discretion in many instances, based 
on the available descriptions provided in each study.

Another limitation in the evaluation of included studies was the 
frequent use of surrogates for tumour position in image guidance stra
tegies, with fiducial markers used in lieu of direct visualisation of the 
tumour. Such markers included lipiodol, cavities following trans-arterial 
chemo-embolization and implanted surgical markers. In the absence of 
any markers, the diaphragm was often used as a surrogate for tumour 
motion. Yang et al, investigated the correlation between diaphragm and 
tumour position in a cohort of liver radiation therapy patients, finding 
high concordance with tumour position, particularly for tumours close 
to the diaphragm [68]. They concluded the diaphragm could be 
considered a reasonable surrogate for tumour motion.

A systematic review of the literature was conducted, and 41 studies 
were identified reporting on BH tumour position reproducibility, sta
bility and time in upper abdominal radiation therapy. No single BH type 
or intervention could be considered preferable, as overlapping ranges of 
reproducibility and stability were reported among the studies. This 
systematic literature review comprehensively summarises the available 
evidence, therefore providing a starting point for departments, from 
which local practices can be further refined based on institutional- 
specific protocols.
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