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Objective: This study aimed to evaluate setup errors associated with three respiratory motion management techniques in stereotactic
body radiation therapy (SBRT) for individuals with hepatic malignancies.

Methods: A retrospective analysis was conducted on data from 55 individuals with hepatic malignancies who underwent SBRT.
Respiratory motion was managed using the Active Breathing Coordinator (ABC) in 11 cases, the BodyFIX system in 6 cases, and
a thermoplastic body film combined with an airbag in 38 cases. Cone-beam computed tomography (CBCT) was conducted prior to
each treatment session and registered with the reference computed tomography (CT) images acquired during the treatment planning
phase to quantify setup errors in three dimensions: left-right (LR), superior-inferior (SI), and anterior-posterior (AP).

Results: In the LR direction, the BodyFIX group had a 1.07 mm lower setup error than the ABC group, and the airbag group showed
a 2.13 mm reduction compared to ABC and 1.06 mm compared to BodyFIX. In the SI direction, BodyFIX showed a 4.66 mm reduction and
the airbag group a 5.45 mm reduction versus ABC. In the AP direction, reductions were 1.99 mm for BodyFIX and 2.86 mm for the airbag
group compared to ABC. All differences were statistically significant. The airbag group also had relatively small planning target volume
(PTV) margins.

Conclusion: The airbag-based respiratory motion management technique demonstrated superior positioning accuracy, improved
reproducibility, and the potential for PTV margin reduction in SBRT for hepatic malignancies. Further investigations are needed to
verify the superiority of this approach in different populations and settings.
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Introduction
Hepatic malignancies are the sixth most commonly diagnosed cancer worldwide and the third leading cause of cancer-
related mortality, following lung and colorectal cancers. In 2022, an estimated 865,000 new cases and 757,948 deaths

were attributed to hepatic malignancies.'

This category of malignancies encompasses both primary hepatobiliary
carcinomas and liver metastases. Metastatic liver involvement is particularly common in individuals with gastrointestinal,
thoracic, and breast malignancies, as well as hematological cancers.

Surgical resection remains the standard treatment for hepatic malignancies; however, a significant proportion of
individuals are ineligible for surgery due to medical contraindications, advanced liver disease, or inadequate liver
function reserve.? Alternative local therapies include transarterial chemoembolization, radiofrequency ablation, particle

implantation, microwave ablation, and stereotactic body radiation therapy (SBRT).> Among these modalities, SBRT is
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a non-invasive treatment that has demonstrated high local control rates. Specifically, the 1-year local control rate ranges
from 70% to 100%, while the 2-year local control rate ranges from 60% to 90%.*>

Safe and effective SBRT therapy requires precise patient positioning, accurate treatment planning and implementa-
tion, high-quality quality assurance and control, and appropriate management of tumor and organ motion during
treatment.® Given its anatomical location in the upper abdomen, adjacent to the diaphragm, the liver is subject to
significant displacement due to respiratory motion. Consequently, implementing effective motion management strategies
is critical during SBRT treatment for hepatic malignancies.’

The present study evaluated setup errors associated with three respiratory motion management techniques used in
SBRT treatment for hepatic malignancies. Data were collected from 55 individuals with hepatic malignancies who
underwent SBRT. Setup errors associated with the Active Breathing Coordinator (ABC),® the BodyFIX system,” and the
airbag technique were quantified using cone-beam computed tomography (CBCT).

The airbag technique, implemented at this radiotherapy center, integrates a thermoplastic body film with an inflatable
airbag to enhance patient immobilization. The airbag is positioned between the upper abdomen and the thermoplastic
body film, and an external inflation valve is used to regulate air pressure, thereby applying controlled compression to the
upper abdomen to minimize respiratory-induced motion.

As the dose per fraction in SBRT is significantly higher than in conventional radiation therapy, safe and accurate
implementation of treatment requires precise definition of the tumor area and effective motion management. This challenge
is typically addressed through target volume expansion and the application of various motion-management strategies. The
biological effects of SBRT intensify with increasing dose per fraction, necessitating precise determination of planning target
volume (PTV) margins to ensure adequate tumor coverage while minimizing radiation exposure to healthy hepatic and
gastrointestinal tissues, reducing radiation-induced toxicity, and enabling the delivery of higher therapeutic radiation doses.'”
SBRT for hepatic malignancies requires smaller PTV margins compared to conventional radiation therapy. Minimizing
geometric uncertainties (internal and external immobilization) is crucial and can be achieved with robust immobilization. This
study aimed to quantify setup errors and corresponding PTV margins associated with three different immobilization methods.

Materials and Methods
Study Population

A retrospective analysis was conducted on 55 individuals who underwent SBRT for hepatic malignancies at the radiotherapy
center of Huai’an First Hospital between April 2017 and December 2023. Patients were categorized into three groups based
on the respiratory motion management technique utilized: the Active Breathing Coordinator (ABC) group (n = 11), the
BodyFix group (n=6), and the airbag group (n = 38). The study cohort comprised 36 males and 19 females, with ages ranging
from 39 to 80 years (median age: 64 years). Diagnoses consisted of 42 cases of primary liver cancer and 13 cases of liver
metastases. Main characteristics of patients and tumors are summarized in Table 1. Treatment was administered at a dose per
fraction ranging from 4 to 10 Gy. This study was approved by the Ethics Committee of Huai’an First Hospital.

Respiratory Motion Management
All patients were positioned supine with their arms raised and crossed at the elbows, and their forearms placed above the
head. Respiratory motion management was implemented using one of the following three techniques:

(1) Active Breathing Coordinator (ABC) System: The Deep Inspiration Breath-Hold (DIBH) is the technique we
employed to manage respiratory motion. The ABC system is the specific electronic-mechanical system used to
achieve, control, and monitor the DIBH state for each patient. The ABC system (Elekta, Atlanta, GA, USA) used
in this study was employed to regulate breathing and facilitate DIBH.

(2) BodyFIX System: The BodyFIX system (Elekta, Atlanta, GA, USA) comprised a full-body vacuum bag without
a drape. This system maintained a controlled negative pressure within the chest and abdominal regions, thereby
reducing the amplitude of respiratory motion. This technique served as a form of abdominal compression (AC).
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Table | Patient and Tumor Characteristics

Variables Value
n | The Percent of Patients (%)
Sex Male 36 65.5
Female 19 345
Age (years) Median (rang) 64 (39-80)
ECOG performance status 0 13 23.6
| 27 49.1
2 15 27.3
Child-Pugh class A 46 83.6
B 9 16.4
Cirrhosis 45 81.8
Number of tumors | 48 87.3
2 4 7.3
3 3 5.4
PTV volume (cm°) Median (rang) 217.6 (14.05-1415.58)
Primary tumor Liver 41 74.5
Other 14 25.5

Notes: The values listed in the table give the number of patients (n) followed by the percent of
patients (%), unless otherwise specified.

(3) Thermoplastic Body Film with an Inflatable Airbag (Klarity, Guangzhou, China): This method needs attachment
of an uninflated airbag to the skin surface below the xiphoid process of the body, followed by encapsulation with
a thermoplastic film, as shown in Figure 1A. A small opening is created in the thermoplastic film to expose the
inflation and deflation valves of the airbag. Once the thermoplastic film has fully cooled, the air pump is connected
to the inflation valve, and the airbag is inflated to the desired pressure, as shown in Figure 1B. Simultaneously, the
airbag pressure is measured using a calibrated gauge. By integrating the thermoplastic film with the inflatable
airbag, additional abdominal pressure is applied. The pressure of the airbag can be adjusted via the air pump,
effectively suppressing abdominal breathing. The pressurized area of the airbag was positioned in the subxiphoid
region. According to Hu et al, four-dimensional computed tomography (4D-CT) imaging demonstrated that
applying pressure to the subxiphoid region effectively reduced liver motion.''

CT Scans

Computed tomography (CT) imaging was performed using a Philips Brilliance Big Bore CT simulator, capturing scans
from 5 cm above the diaphragm to the inferior border of the L4 vertebral body, with a slice thickness of 5 mm. The
acquired CT images were subsequently transferred to the Monaco 5.1.1 Treatment Planning System (Elekta, Atlanta, GA,
USA). Target volume delineation was conducted by senior radiation oncologists, followed by radiotherapy plan devel-
opment by medical physicists. The finalized CT images, including the delineated target area and treatment plan details,
were then transmitted to the X-ray Volume Imaging (XVI) system integrated with the linear accelerator for treatment
execution.

Setup Errors and PTV Margins

Prior to each SBRT session, a 3D-CBCT scan was performed. In this study, the ABC system is used to perform a CBCT scan
with the patient holding their breath at the end of inhalation. The CBCT scans using the three different fixation methods are
all consistent with the treatment. The resulting images are then registered with the planned CT images. Gray-scale
registration, in which image alignment is based on the grayscale values corresponding to liver position, was initially applied,
followed by manual fine-tuning to optimize the alignment of target areas in the sagittal, coronal, and transverse planes. Setup
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Figure | (A) shows the patient being fixed with the combination of thermoplastic film and airbag. (B) shows the connection between the airbag and the pressure display
inflation pump.

errors were recorded in the left-right (LR), superior-inferior (SI), and anterior-posterior (AP) directions. A region of interest
was used during the registration step. The image registration step conducted by senior specialists with extensive expertise.

Both random and systematic errors were calculated at the individual and population levels using established
methodologies.'? Systematic errors (£) and random errors (o) together contribute to the overall setup uncertainty.
Specifically, the individual systematic error was calculated as the mean value of all fractional positioning errors for
each patient, while the individual random error was quantified by the standard deviation of these fractional errors. The
population-level systematic error was then derived as the standard deviation of all individual systematic errors, and the
population-level random error was taken as the mean of all individual random errors.'*> PTV margins were calculated
using the Stroom et al formula: MPTV = 2% + 0.7c.

Statistical Analysis

Data analysis was conducted using SPSS software (version 22, IBM SPSS Statistics). Setup errors for the three
immobilization techniques were expressed as mean + standard deviation (SD). Multiple comparisons were performed
using the Tukey’s post-hoc test. A P-value of less than 0.05 indicated statistical significance.
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Results

Statistics of Image-Registration Results

A total of 454 pre-treatment CBCT images and corresponding planning CT images were analyzed, including 124 from
the ABC group, 54 from the BodyFix group, and 276 from the airbag group. Translational setup errors in the LR, SI, and
AP directions were recorded for each CBCT scan, as detailed in Table 2. Among the three groups, the ABC group
exhibited the largest setup errors, while the airbag group demonstrated the smallest.

Analysis of Image-Registration Results

The Tukey’s test results for the LR direction, presented in Table 3, indicate that the setup error in the BodyFIX group was
significantly reduced by 1.07 mm compared to the ABC group. Additionally, the setup error in the airbag group was
reduced by 2.13 mm compared to the ABC group. When comparing the airbag and BodyFIX groups, the setup error in
the airbag group was reduced by 1.06 mm. All observed differences in the LR direction were statistically significant.

The Tukey’s test results for the SI direction, summarized in Table 3, demonstrate that the setup error in the BodyFIX
group was significantly reduced by 4.66 mm compared to the ABC group. Similarly, the setup error in the airbag group
was reduced by 5.45 mm compared to the ABC group, with statistical significance. However, the reduction in setup error
between the airbag group and the BodyFIX group was 0.79 mm, which was not statistically significant.

The Tukey’s test results for the AP direction, presented in Table 3, indicate that compared to the ABC group, the
setup error in the BodyFIX group was significantly reduced by 1.99 mm. Similarly, the setup error in the airbag group
was reduced by 2.86 mm compared to the ABC group, with statistical significance. However, the reduction in setup error
between the airbag group and the BodyFIX groups was 0.87 mm, which was not statistically significant.

Table 2 Description of the Setup Errors in LR, Sl and AP
Directions of Three Groups (Mean+SD, mm)

Characteristic | ABC BodyFIX Air-Bag
N=124 N=54 N=276
LR 4.26+4.04 3.19£1.92 2.13£2.13
N 87155 4.04%3.15 3.25£2.29
AP 4.55+4.59 2.5612.14 1.69+1.23

Abbreviations: LR, left-right; SI, superior-inferior; AP, anterior-
posterior.

Table 3 Comparison Results of Three Groups in the LR, SI and AP Directions

Direction | (I)Group | (J)Group Mean P 95% Confidence Interval
Difference(l-]) (mm)
Lower Bound | Upper Bound
LR BodyFIX ABC -1.07 0.046 -2.13 —-0.02
Air-bag ABC -2.13 0.000 —2.83 —1.43
Air-bag BodyFIX —-1.06 0.027 -2.02 —-0.09
N| BodyFIX ABC —4.66 0.000 —6.02 -3.3
Air-bag ABC —5.45 0.000 —6.36 —4.55
Air-bag BodyFIX -0.79 0.292 —2.04 0.45
AP BodyFIX ABC -1.99 0.000 -3.02 —0.96
Air-bag ABC —2.86 0.000 -3.55 -2.18
Air-bag BodyFIX —0.87 0.076 —1.81 0.069

Abbreviations: LR, left-right; Sl, superior-inferior; AP, anterior-posterior.

Journal of Hepatocellular Carcinoma 2025:12 hetps: 2143



Han et al

Table 4 Analysis of the PTV Margins by Three Groups (mm)

ABC BodyFix Air-Bag

LR SI AP | LR SI AP | LR SI AP

Random errors 296 | 43 | 3.64 | 1.75 | 2.06 | 1.61 | 048 | 0.83 | 0.25
Systematic errors | 2.96 | 3.46 | 2.79 | 0.95 | 2.54 | 1.13 | 1.38 | 0.99 | 0.66
PTV margins 799 | 993 | 813 | 3.1l | 651 | 3.4 3.1 [ 255 | I.5

Abbreviations: LR, left-right; Sl, superior-inferior; AP, anterior-posterior.

Analysis of Random Errors, Systematic Errors, and PTV Margins

Table 4 summarizes the total random errors, systematic errors, and corresponding PTV margins for the ABC, BodyFix,
and airbag groups, calculated using the previously described formula. The results indicate that errors and PTV margins in
the SI direction are greater than those in the LR and AP directions. Among the three groups, the airbag group exhibited
the smallest random errors, systematic errors, and PTV margins across all three directions, whereas the ABC group
demonstrated the largest values for these parameters.

Discussion

Radiation therapy has traditionally been considered a palliative approach in the local treatment of hepatic malignancies.'
External beam conformal radiation therapy, however, carries a risk of significant toxicity, potentially resulting in
radiation-induced liver disease.'” SBRT has demonstrated potential benefits both as a standalone treatment and in
combination with other local therapies, achieving tumor control rates comparable to those of standard ablation
techniques.'>'® In patients with primary or metastatic hepatic malignancies who are not eligible for surgical intervention,

SBRT has been associated with high local control rates,'”'° 16,20

which may correlate with improved survival outcomes.

Effective motion management and appropriate selection of image-guided radiation therapy play a critical role in
optimizing tumor coverage while minimizing irradiation of normal tissues. The present study investigated three
respiratory motion management techniques: ABC, BodyFix, and the airbag technique. Among these, ABC utilizes the
DIBH method,?' whereas BodyFix and the airbag technique employ AC. The analysis of setup errors, random errors,
systematic errors, and PTV margins indicated that, in SBRT for hepatic malignancies, AC-based techniques provided
more effective motion control compared to DIBH.

As shown in Table 2, among the three respiratory motion management modes, ABC, BodyFix, and the airbag
technique, setup errors in the SI direction were the most significant compared to the other two directions. This finding is
likely attributable to respiratory-induced liver motion.?* Although liver movement is anisotropic, displacement predo-
minantly occurs in the SI direction.”* ¢

In all three directions (LR, SI, and AP), setup errors observed in the ABC group were significantly greater than those in the
BodyFIX and airbag groups. Despite pre-treatment assessments and breath-training exercises performed prior to ABC
fixation, factors such as stress or anxiety during treatment may necessitate multiple breath-hold attempts after inspiration.
Repeated breath-holding can lead to changes in tumor position, thereby reducing treatment accuracy. There are also some
patients with poor lung function. They may not be able to cooperate in the training of holding their breath after inhaling.

The extent of liver motion restriction varies based on the degree of AC applied.?” Heinzerling et al demonstrated
through 4D-CT imaging that strong AC provided significantly better tumor control movement in the liver compared to
moderate AC.° These findings are consistent with the results of the present study, in which the airbag technique exerted
greater pressure on the upper abdomen compared to the BodyFix system, which applied distributed pressure across the
chest and abdominal cavity. The findings demonstrated that setup errors in all three directions were smaller in the airbag
group compared to the BodyFix group.

Zhong et al*® reported setup errors for liver SBRT using an ABC system, with systematic errors measuring 3.18 mm
in the LR direction, 6.80 mm in the SI direction, and 3.05 mm in the AP direction. The corresponding random errors

were 3.03 mm in the LR direction, 6.78 mm in the SI direction, and 3.62 mm in the AP direction.
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In the present study, both systematic and random errors for liver SBRT using the ABC system were lower compared
to those reported by Zhong et al.*® Specifically, systematic errors measured 2.96 mm in the LR direction, 3.46 mm in the
SI direction, and 2.79 mm in the AP direction, while the random errors were 2.96 mm, 4.30 mm, and 3.64 mm in these
respective directions. These findings suggest improved error control in the current study, which may be attributed to the
use of the original ABC system provided by Elekta, whereas a modified version was utilized in the previous study.

Among the three motion management techniques analyzed, the ABC group exhibited the largest setup errors,
consistent with the data presented in Table 4. Systematic errors, random errors, and PTV margins were significantly
higher in the ABC group compared to the other two groups. The airbag group demonstrated substantial reductions in
PTV margins, with decreases of approximately 61% in the LR direction compared to the ABC group, 74% in the SI
direction relative to the ABC group (and 61% compared to the BodyFix group), and 82% in the AP direction relative to
the ABC group (and 56% compared to the BodyFix group). Precise PTV margins are critical for liver SBRT to ensure
adequate target dose coverage while effectively minimizing radiation exposure to the surrounding healthy liver tissue.

Patients utilizing the ABC system are required to undergo pre-training in breathing techniques. Those with compro-
mised pulmonary function are not eligible for its use. The BodyFix system involves applying negative pressure to the
entire thoracic and abdominal regions, a process that tends to be more time-consuming. In comparison, the airbag fixation
method is straightforward and user-friendly, resulting in higher patient compliance.

This study has several limitations. First, the retrospective design limits the ability to establish causal relationships.
Second, unequal group sizes may reduce statistical power and constrain the generalizability of the results. Additionally,
intra-fraction motion was not assessed. A more accurate assessment of target position errors and irradiation dose
deviations can be achieved by comparing pre- and post-irradiation images.

Tumor location and size may also influence hepatic motion and setup accuracy. As demonstrated by Kitamura et al,*’
patients with cirrhosis exhibit significantly greater liver motion than those without, whereas individuals who have
undergone partial hepatectomy show significantly reduced motion. Although our institution has conducted preliminary
studies on these factors, the limited sample size has prevented conclusive results. Future studies with larger cohorts are
warranted to better elucidate the impact of these variables on hepatic motion and positioning accuracy.

Conclusion

This study evaluated three respiratory motion management techniques—ABC, BodyFix, and the airbag technique—in the
context of SBRT for hepatic malignancies. The findings indicate that the ABC technique is associated with the largest
setup errors, whereas the airbag technique suggests greater positioning accuracy, improved reproducibility, and the
potential for PTV margin reduction. Further investigations are warranted to verify the superiority of this approach in
different populations and settings.

Abbreviations

SBRT, stereotactic body radiation therapy; ABC, Active Breathing Coordinator; CBCT, cone-beam computed tomogra-
phy; LR, left-right; SI, superior-inferior; AP, anterior-posterior; TACE, transarterial chemoembolization; RFA, radio-
frequency ablation; PTV, planning target volume; DIBH, deep inspiration breath hold; AC, abdominal compression; CT,
Computed tomography; XVI, X-ray Volume Imaging; RILD, radiation-induced liver disease; IGRT, image-guided
radiation therapy.
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