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A B S T R A C T   

Background and purpose: Reduction of respiratory tumour motion is important in liver stereotactic body radiation 
therapy (SBRT) to reduce side effects and improve tumour control probability. We have assessed the distribution 
of use of voluntary exhale breath hold (EBH), abdominal compression (AC), free breathing gating (gating) and 
free breathing (FB), and the impact of these on treatment time. 
Materials and Methods: We assessed all patients treated in a single institution with liver SBRT between September 
2017 and September 2021. Data from pre-simulation motion management assessment using fluoroscopic 
assessment of liver dome position in repeat breath holds, and motion with and without AC, was reviewed to 
determine liver dome position consistency in EBH and the impact of AC on motion. Treatment time was assessed 
for all fractions as time from first image acquisition to last treatment beam off. 
Results: Of 136 patients treated with 145 courses of liver SBRT, 68 % were treated in EBH, 20 % with AC, 7 % in 
gating and 5 % in FB. AC resulted in motion reduction < 1 mm in 9/26 patients assessed. Median treatment time 
was higher using EBH (39 min) or gating (42 min) compared with AC (30 min) or FB (24 min) treatments. 
Conclusions: Motion management in liver SBRT needs to be assessed per-patient to ensure appropriate techniques 
are applied. Motion management significantly impacts treatment time therefore patient comfort must also be 
taken into account when selecting the technique for each patient.   

1. Introduction 

Stereotactic body radiation therapy (SBRT) for cancer in the liver has 
emerged as a promising local treatment, showing excellent local control 
for both primary liver cancer, and metastases from other histologies 
[1,2]. Improved local control rate is associated with higher SBRT doses 
(BED10 ≥ 100 Gy) and smaller tumor volumes (<40 cm3) [2,3]. This 
however does come at the risk of side effects, which includes liver 
toxicity, typically a biochemical endpoint that contributes to decline in 
liver function [4]. For this reason, isotoxic prescription regimes are 
typically employed which aim to deliver as high tumour dose as possible 

while keeping to liver constraints; if liver constraints are exceeded, the 
tumour dose is typically reduced until liver tolerance is met. In this 
context, motion management is a critical component of successful liver 
SBRT [5]. The liver moves predominantly in the superior-inferior and 
anterior-posterior directions with respiration. Reduction of liver respi-
ratory motion reduces the treatment margins, not only reducing dose to 
surrounding liver and adjacent critical organs, but facilitating tumour 
dose increase [6]. Increased tumour control probability has been 
demonstrated in liver metastases when using active respiratory motion 
management [1,7]. Motion management options include dynamic 
tracking, breath hold, abdominal compression and free breathing gating. 

Abbreviations: AC, Abdominal Compression; BED, Biologically Effective Dose; CBCT, Cone Beam Computed Tomography; EBH, Exhale Breath Hold; FB, Free 
Breathing; FFF, Flattening Filter Free; GTV, Gross Tumor Volume; IMRT, Intensity Modulated Radiation Therapy; ITV, Internal Target Volume; PTV, Planning Target 
Volume; SBRT, Stereotactic body radiation thearpy; VMAT, Volumetric Modulated Arc Therapy. 

* Corresponding author. 
E-mail address: nick.hardcastle@petermac.org (N. Hardcastle).  

Contents lists available at ScienceDirect 

Physics and Imaging in Radiation Oncology 

journal homepage: www.sciencedirect.com/journal/physics-and-imaging-in-radiation-oncology 

https://doi.org/10.1016/j.phro.2022.12.004 
Received 23 August 2022; Received in revised form 30 November 2022; Accepted 22 December 2022   

mailto:nick.hardcastle@petermac.org
www.sciencedirect.com/science/journal/24056316
https://www.sciencedirect.com/journal/physics-and-imaging-in-radiation-oncology
https://doi.org/10.1016/j.phro.2022.12.004
https://doi.org/10.1016/j.phro.2022.12.004
https://doi.org/10.1016/j.phro.2022.12.004
http://crossmark.crossref.org/dialog/?doi=10.1016/j.phro.2022.12.004&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Physics and Imaging in Radiation Oncology 25 (2023) 100407

2

The optimal motion management depends on available technique and 
technology, staff training, and patient related factors such as magnitude 
of respiratory motion, comfort and compliance with the motion man-
agement technique. Consequently, there is a clinical need to examine 
what can be the best approach in terms of individualised treatment setup 
and motion management, an upstream issue for treatment simulation, 
planning and delivery, thus critical to achieve intended clinical outcome 
from liver SBRT. 

In this work, we aim to determine the proportion of patients who can 
achieve active motion management such as voluntary breath hold or 
free-breathing gating, and the impact of motion management on treat-
ment time. 

2. Materials and methods 

This project was approved by the Institutional Ethics Committee. 
Between September 2017 and December 2021, 136 patients with liver 
tumours were treated with 145 courses of SBRT in our institution. All 
participants were assessed clinically and deemed eligible for liver SBRT 
based on an institutional clinical protocol. Participants had either pri-
mary liver cancer (hepatocellular carcinoma or cholangiocarcinoma) or 
liver metastasis, adequate volume of uninvolved liver (≥700 cc), Child- 
Pugh class A/B7 liver function and adequate liver function. All partici-
pants were informed by the radiation oncologists about the importance 
of motion management and subsequently given two appointments: a 
motion management education and assessment session followed by a 
simulation session. The first appointment consisted of education about 
the requirement of motion management, and guidance of patient 
through various motion management options and assessment of 
compliance with a given technique. Motion management assessment 
was performed for 140 courses prior to simulation; the remaining pa-
tients were not assessed due to patient performance status (4) or 

knowledge of patient capabilities from previous liver SBRT course mo-
tion management (1). 

2.1. Motion management assessment 

The motion management workflow shown in Fig. 1 was implemented 
using a Varian TrueBeam STx linear accelerator (v2.0–2.7, Varian 
Medical Systems, Palo Alto, USA). The workflow was split into two 
sessions; the motion management assessment as highlighted in purple in 
Fig. 1 was performed in the afternoon, and the simulation imaging 
highlighted in green in Fig. 1 was performed the following morning. The 
sessions were on separate days to minimise patient fatigue and 
discomfort, in particular since the patient was typically required to be 
fasting for the simulation imaging. The first was at the linac, at which 
the patient was educated about the requirement of motion management. 
The patient was then set up on the treatment couch in an approximation 
of the treatment position and was guided through attempts at relaxed 
exhale breath hold (EBH). This step included determining breathing 
instructions customised to each patient. Breath hold consistency was 
monitored using the respiratory gating interface (Varian Medical Sys-
tems, Palo Alto, USA). If desired by the patient, the respiratory trace 
display was projected to an iPad device so that the patients could see the 
breathing trace in the bunker. If the patient was able to achieve repeat, 
stable relaxed EBH of more than 15 s, imaging evaluation was per-
formed. In this, the patient was instructed to enter relaxed breath hold, 
during which fluoroscopy (using typically 80 kV, 5 mAs and 7 frames per 
second) was acquired of the liver dome while in breath hold. The posi-
tion of the liver dome was compared between each breath hold to ensure 
that the liver position was consistent between repeat breath holds. A 
criteria of 4 mm was applied as the maximum difference between repeat 
breath holds. In the case where the patient was not able to achieve 
consistent exhale breath hold based on either the external surrogate 

Fig. 1. Motion management assessment workflow. The steps in purple were performed on the linear accelerator, and in green was at CT simulation. Note the free 
breathing gating arm was added in January 2020. Inset shows an example fluoroscopy measurement of the liver dome relative to the isocentre, performed on the 
linear accelerator. 
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monitoring, or fluoroscopy assessment, the patient’s breathing trace was 
assessed for reproducibility and a consistent exhale phase based on the 
respiratory gating interface. If deemed consistent, and a gating window 
could be applied which resulted in < 4 mm liver dome motion and a 
suitable duty cycle (> 25 %), respiratory gating in free breathing was 
selected. Free breathing gating was introduced in January 2020 
following a software upgrade, allowing cone beam CT (CBCT) in free 
breathing respiratory gating mode to be performed. If EBH or free 
breathing gating were not appropriate, the patient underwent assess-
ment for abdominal compression. In this assessment, the liver dome 
superior-inferior motion was first measured in free breathing using 
fluoroscopy, the Abdominal Compression (AC) device was then applied 
(Orfit Industries, Belgium) and superior-inferior motion again 
measured. If AC reduced the liver dome motion, and the patient could 
tolerate AC, this was used at simulation and treatment, otherwise the 
patient was simulated and treated in free breathing. 

The motion management selection was taken forward to the simu-
lation session. Participants able to achieve EBH would undergo a 3DCT 
followed by arterial and portal venous phase contrast images, both in 
EBH. For the remaining patients, a 4DCT was acquired, followed by 
breath hold arterial and portal venous phase contrast images. In these 
patients, the breath hold for the contrast CTs was at any respiratory state 
achievable for the patient. 

For EBH, isotropic PTV margins of 5 mm were used if the inter-breath 
hold reproducibility was ≤ 2 mm, otherwise 8 mm superior-inferior, and 
5 mm left–right, anterior-posterior were used. For free breathing gating, 
a gated internal target volume (ITV) was created using the phases con-
tained in the gating window, and a 5 mm isotropic PTV margin was used. 
For abdominal compression and free breathing, an ITV was created 
using all phases of the 4DCT, and a 5 mm isotropic PTV margin was used. 

2.2. Treatment delivery 

Patients were treated with 1–5 fractions of 6–20 Gy per fraction. 
Treatment was delivered on a TrueBeam or TrueBeam STx linear 
accelerator (Varian Medical Systems, Palo Alto, USA). Treatment was 
performed with 6 MV or 10 MV with or without flattening filter free 
(FFF) delivery at 600 MU/min, 1400 MU/min or 2400 MU/min. Image 
guidance was performed with a kV-kV pair, matching to bone anatomy, 
followed by a CBCT to match to the target or surrounding soft tissue. No 
fiducial markers were used for matching, however when available, other 
surrogates such as surgical clips, remnant lipiodol were used to assist 
with image guidance. CBCT acquisition was matched to the motion 
management; free breathing CBCT was used for FB and AC deliveries, 
and for gated or EBH deliveries gated CBCT in amplitude or breath hold 
gating modes was used respectively. If the shift exceeded 2 mm in any 
direction, the CBCT was repeated. In general, a mid-treatment CBCTs, 
halfway through the beams was acquired. The respiratory signal from 
the Varian Respiratory Gating interface was used for all respiratory 
triggering and gating. 

2.3. Data collection and statistical analysis 

The consistency of the liver dome position in repeat EBHs was 
measured in each assessment session. The superior-inferior distance 
between the superior most position of the liver dome and the isocentre 
was recorded for each successive EBH. The difference in superior- 
inferior liver dome motion between FB and AC was also recorded at 
time of this assessment. Patient arm position for simulation was 
recorded. 

Treatment time was defined as the time from the first setup imaging 
(kV-kV pair) to the time of last beam off. This data was extracted from 
the record and verify system (Mosaiq, Elekta, Stockholm, Sweden) using 
SQL queries. 

Normality of the distributions was tested using the Shapiro-Wilk test. 
Non-parametric comparisons between distributions was performed 

using the Mann Whitney U test, with p < 0.05 used for the level of 
statistical significance. 

3. Results 

Of the total 145 courses, 98 (67.6 %) were simulated in EBH, 10 (6.9 
%) were simulated with gating, 29 (20.0 %) were simulated with AC and 
8 (5.5 %) were simulated with FB. In the majority of courses the patients 
were simulated and treated with both arms up (87.3 %), with the 
remainder one (10.7 %) or both arms down (2.0 %). 

Of 140 tumours assessed, data from measurement of EBH repro-
ducibility or impact of AC on motion with fluoroscopy was available for 
100 patients; the remainder could either not do EBH based on assess-
ment prior to fluoroscopy (25) or assessment data was not recorded or 
missing (15). The range in superior-inferior liver dome position from 
repeat breath holds as measured from fluoroscopy is shown in Fig. 2(a). 
These were all patients that had consistent EBH based on the external 
surrogate. The vast majority of patients could achieve liver dome posi-
tion within 4 mm, however a subset (12) had variation in liver dome 
position greater than 4 mm, despite consistency in the external surro-
gate. Three patients who were deemed suitable for EBH at the mock up 
session could not reproducibly perform EBH at time of first fraction 
treatment. Of these, one was treated in free breathing, and one in 
abdominal compression and one with gating. A further patient treated 
with gating could not achieve reproducible breathing in their fourth 
fraction; this patient had one field treated in that session, and the sub-
sequent field treated the next day. Measurement of motion with and 
without AC was available for 26 patients. The liver dome motion in the 
superior-inferior direction when AC was applied as a function of the 
motion in FB is shown in Fig. 2(b). AC reduced the liver dome motion by 
an average of 3.5 mm (range − 0.3 – 16 mm); there were 9/26 patients in 
whom the change in motion between AC and FB was < 1 mm. 

From the 145 treatment courses, there were 613 fractions available 
for treatment time analysis. Data was not normally distributed. The total 
treatment time per fraction varied by motion management technique 
(Fig. 3). Treatment time (median [range]) was larger for EBH treatments 
(39 [5 – 89] min), compared with AC (30 [12–66] min, p ≪ 0.001) and 
FB (24 [6 – 55] min, p ≪ 0.001). Treatment times for gated treatments 
were comparable with EBH (42 [12 – 96] min, p = 0.15), and higher 
than AC (p ≪ 0.001), and FB (p ≪ 0.001), despite the substantially 
reduced number of gated treatments in the sample. The treatment time 
for the first fraction in EBH (43 [16 – 89] min) was longer than subse-
quent fractions (38 [6 – 85] min, p < 0.01), whereas for AC, FB and 
gating there was no difference in treatment time between fractions. 

Arc based treatments were quicker than static gantry treatments (32 
[6 – 96] vs 41 [13 – 89] min, p ≪ 0.001) (Fig. 4). This held for all motion 
management techniques; FB (20 [6 – 42] min vs 36 [28 – 55] min, p <
0.01), AC (29 [12 – 58] min vs 35 [13 – 66] min, p < 0.01) and EBH (34 
[6 – 74] min vs 43 [13 – 89] min, p ≪ 0.001). Treatment time was not 
shorter when using 2400 MU/min compared with 1400 MU/min or 600 
MU/min (p >> 0.05 and p >> 0.05 respectively). Treatment time did 
not depend on fraction size. 

The treatment time per fraction increased with the number of CBCTs 
acquired in that fraction (Fig. 5). A linear fit to the data from 1 to 5 
CBCTs per fraction (97.5 % of all fractions) yielded a slope of 6.9 min / 
CBCT, and an intercept of 18.4 min. The data was further categorised 
into fractions where the CBCT acquisition interrupted by the breathing 
(EBH and gating) or not (FB and AC). For EBH and gated fractions the 
slope was 7.2 min / CBCT with an intercept of 20.4 min, and for FB and 
AC fractions the slope was 6.6 min / CBCT with an intercept of 11.0 min. 
The increased intercept with fractions where the CBCT acquisition is 
activated by the patient breathing demonstrates both an increased time 
for CBCT acquisition, but also in beam delivery time. Increased treat-
ment time for the first fraction in EBH treatments was not a result of 
increased CBCTs in that fraction (3 [1 –8] CBCTs in fraction 1, 3 [1 –9] 
CBCTs per fraction in subsequent fractions, p = 0.54). 
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4. Discussion 

We have reviewed feasibility of active motion management in 136 
patients receiving SBRT for tumours in the liver, and demonstrated the 
majority of patients can be treated in voluntary exhale breath hold. A 
significant proportion (32 %) of patients however could not achieve 
reproducible exhale breath hold and required alternative methods to 
reduce respiratory motion. The importance of motion management for 
local control of liver metastases has been demonstrated by Stera et. al. 
[7]. The availability of multiple motion management approaches is thus 
beneficial; in this cohort, only 5 % of patients were treated in free 
breathing with the full range of respiratory motion. 

Eccles et. al. demonstrated that 62 % of patients were suitable for 
exhale breath hold with the Active Breathing Control (ABC) device; 
suitability was based on breath hold greater than 10 s and diaphragm 
motion < 3 mm during breath hold [8]. The liver dome position varia-
tion was within 3 mm for 86 % of repeat breath holds. The current study 
observed similar numbers; 68 % achieved reproducible voluntary exhale 
breath hold, and of those assessed for breath hold consistency with 
fluoroscopy, liver dome motion was within 3 mm for 76 % of patients. 
Slightly lower consistency may be due to the voluntary aspect of the 
breath hold in the current study compared with that achieved with ABC. 
Mast et. al. investigated the use of inhale breath hold (IBH) using the 

Fig. 2. (a) Range in liver dome superior-inferior position between repeat exhale breath holds and (b) liver dome superior-inferior motion with abdominal 
compression (AC) as a function of liver dome motion in free breathing (FB). 

Fig. 3. Box plot of the treatment time per fraction (time from first image 
acquisition to last beam off) as a function of the motion management used. 

Fig. 4. Box plots of the treatment time per fraction (time from first image 
acquisition to last beam off) as a function of beam delivery techniques (static 
gantry vs arc). 

Fig. 5. Treatment time per fraction (time from first image acquisition to last 
beam off) as a function of the number of CBCTs acquired in that fraction. 
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ABC, showing 95 % of patients could tolerate IBH [9]. Reproducibility 
was assessed through CT scans of 10 repeat IBHs which were subse-
quently used to generate PTV margins and compared with margins 
generated based on free-breathing 4DCTs and an ITV. In all cases, the 
PTV with IBH was less than that based on an ITV, regardless of the IBH 
reproducibility. Similarly, Lu et. al. measured superior-inferior position 
between three repeat IBH with the ABC device, and showed 14 % of 
patients had variation greater than 5 mm, highlighting the potential 
large irreproducibility for some patients [10]. The dosimetric impact of 
this was clear; given standardised PTV margin of 5 mm, a lack of breath 
hold consistency results in a high probability of geographic miss and 
reduced tumour control probability [10]. The data presented here, and 
in the discussed papers, highlight that there is a subset of patients who 
cannot perform reproducible breath holds; in our practice, we elected to 
employ other motion management approaches for these patients, how-
ever it may beneficial to instead quantify the variation in liver position 
between breath holds, and include this in a margin. As shown by Mast 
et al., this will likely still result in a reduction in the total treated volume 
compared with a PTV based on an ITV [9]. 

Despite ability to maintain consistent breath hold in pre-simulation 
sessions, a small number of patients in our cohort were unable to ach-
ieve this at time of treatment. This may be due to patient stress or 
anxiety, or changes in the performance status of patients. These patients 
present a challenging scenario and typically require re-simulation and 
re-planning, with a different motion management approach. By per-
forming an assessment prior to simulation, instances such as these may 
be minimised. The effectiveness of the abdominal compression band was 
inconsistent, with reduction in liver motion not observed for all patients. 
This is similar to results from Van Gelder et. al., who used a similar 
compression band, and measured the respiratory motion with and 
without compression using 4DCTs [11]. 

The use of active motion management however comes at a significant 
cost in terms of treatment time. Both EBH (39 min) and free breathing 
gating (42 min) resulted in increased median treatment time compared 
with treatment in free breathing (24 min) or with abdominal compres-
sion (30 min). This increase in treatment time is an important consid-
eration in the context of patient comfort and compliance; anecdotally we 
have observed reductions in breath hold compliance or respiratory cycle 
consistency when patients are in pain or discomfort. Optimatization of 
pain control prior to simulation and treatment may improve patient 
compliance and should be explored [12]. However, narcotic analgesia 
may impair participants’ ability to follow instruction when breath hold 
is the motion management of choice. For a subset of patients, comfort 
was improved with one or both arms down; in some cases this resulted in 
the patient being able to be treated with EBH or gating, which may not 
have otherwise been an option due to discomfort and pain. 

Similar to previous work previous work in single fraction stereotactic 
ablative body radiation therapy treatments, the use of arc therapy 
reduced total treatment time [13]. We however did not see any impact 
of use of FFF beams on treatment time, likely due to the very small 
sample size of non-FFF in our cohort. In the current study, the increased 
treatment time comes not only due to reduced treatment beam duty 
cycle (between repeat breath holds, or between individual breaths), but 
due to the acquisition of CBCTs using motion management. We observed 
approximately 7 min increase in treatment time per CBCT acquired. This 
is similar to that found by Gaudreault et. al., where each CBCT added 
approximately 6 min to the treatment time [13]. In our image guidance 
protocols, CBCTs are acquired prior to treatment. In the majority of 
patients, we also performed mid-treatment CBCTs acquired between the 
two treatment arcs in the case of VMAT or DCAT, or halfway through the 
fields in the case of IMRT or 3DCRT. Both pre- and mid-treatment CBCTs 
are repeated if the online correction is ≥ 2 mm in any direction. As a 
result, in these treatments we would expect in most treatment fractions 
at least 2–3 CBCTs; in our data, the majority of fractions (92 %) are 
delivered with 4 CBCTs or fewer. Thus the often large numbers of CBCTs 
acquired as shown in Fig. 5, reflect not only general patient positioning 

instability, but likely demonstrate irreproducibility of respiratory phase 
such as exhale breath hold or a consistent exhale phase in free breathing 
at the time of image guidance and treatment. Reduction of CBCT ac-
quisitions, and the associated increased treatment time and radiation 
dose, may be facilitated by use of real-time tumour tracking technology 
such as with implanted electromagnetic beacons, intrafraction CBCT, or 
kilovoltage imaging of implanted fiducial markers [14–16]. 

The variation in consistency of exhale breath hold and abdominal 
compression, and large impacts on treatment time when using breath 
hold or gating approaches highlights the need for patient specific 
assessment by a multi-disciplinary team prior to or at time of simulation 
for liver SBRT. Assessment of the appropriate motion management that 
minimises respiratory tumour motion, but is reproducible and takes into 
account patient positioning and comfort is a critical aspect of liver SBRT. 
The small subset of patients who required changing of motion man-
agement approach after simulation demonstrated the effectiveness of 
pre-simulation assessment of motion management. 

A limitation of this study is the lack of monitoring the breath hold 
position during the treatment beam delivery. The reproducibility of the 
breath hold however was assessed prior to and halfway through treat-
ment delivery through repeat CBCTs acquired in breath hold. As such, 
the consistency of the breath hold could still be assessed and in three 
cases resulted in patients being deemed unsuitable for EBH and re- 
simulated and treated with an alternative motion management 
method. Further, in a minority of cases, the consistency the breath hold 
was assessed during treatment beam delivery via kV imaging of the liver 
dome or other surrogates such as surgical clips or lipiodol [17]. Lastly 
the treatment time was defined as the period between first image 
acquisition to last beam off. All online images were matched by a radi-
ation oncologist, so the treatment time includes the waiting period if any 
for the radiation oncologist, and time incurred for image registration 
and couch shifts. Further reduction in total treatment time may be 
achieved through radiation therapists performing the image guidance. 

The majority of patients (68 %) treated with SBRT for liver tumours 
can achieve reproducible exhale breath hold, minimising the treated 
volume and increasing the probability of local control. Alternative mo-
tion management options should however be available and assessed on a 
per-patient basis to determine the appropriate motion management 
option. Median treatment time for exhale breath hold and gated treat-
ments was substantially higher compared with free-breathing and 
abdominal compression methods. 
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