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4D-CT scans reveal reduced magnitude of respiratory liver motion
achieved by different abdominal compression plate positions in patients
with intrahepatic tumors undergoing helical tomotherapy
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Purpose: While abdominal compression (AC) can be used to reduce respiratory liver motion in
patients receiving helical tomotherapy for hepatocellular carcinoma, the nature and extent of this
effect is not well described. The purpose of this study was to evaluate the changes in magnitude of
three-dimensional liver motion with abdominal compression using four-dimensional (4D) computed
tomography (CT) images of several plate positions.

Methods: From January 2012 to October 2015, 72 patients with intrahepatic carcinoma and divided
into four groups underwent 4D-CT scans to assess respiratory liver motion. Of the 72 patients, 19
underwent abdominal compression of the cephalic area between the subxiphoid and umbilicus (group
A), 16 underwent abdominal compression of the caudal region between the subxiphoid area and the
umbilicus (group B), 11 patients underwent abdominal compression of the caudal umbilicus (group
C), and 26 patients remained free breathing (group D). 4D-CT images were sorted into ten-image
series, according to the respiratory phase from the end inspiration to the end expiration, and then
transferred to treatment planning software. All liver contours were drawn by a single physician and
confirmed by a second physician. Liver relative coordinates were automatically generated to calculate
the liver respiratory motion in different axial directions to compile the 10 ten contours into a single
composite image. Differences in respiratory liver motion were assessed with a one-way analysis of
variance test of significance.

Results: The average respiratory liver motion in the Y axial direction was 4.53 + 1.16, 7.56 + 1.30,
9.95 + 2.32, and 9.53 + 2.62 mm in groups A, B, C, and D, respectively, with a significant
change among the four groups (p <0.001). Abdominal compression was most effective in group A
(compression plate on the subxiphoid area), with liver displacement being 2.53 + 0.93, 4.53 + 1.16,
and 2.14 = 0.92 mm on the X-, Y-, and Z-axes, respectively. There was no significant differ-
ence in respiratory liver motion between group C (displacement: 3.23 + 1.47, 9.95 + 2.32, and
292 + 1.10 mm on the X-, Y-, and Z-axes, respectively) and group D (displacement: 3.35 + 1.55,
9.53 + 2.62, and 3.35 + 1.73 mm on the X-, Y-, and Z-axes, respectively). Abdominal compression
was least effective in group C (compression on caudal umbilicus), with liver motion in this group
similar to that of free-breathing patients (group D).

Conclusions: 4D-CT scans revealed significant liver motion control via abdominal compression of
the subxiphoid area; however, this control of liver motion was not observed with compression of the
caudal umbilicus. The authors, therefore, recommend compression of the subxiphoid area in patients
undergoing external radiotherapy for intrahepatic carcinoma. © 2016 Author(s). All article content,
except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http:/fcreativecommons.org/licenses/by/4.0)). [http://dx.doi.org/10.1118/1.4953190]

Key words: four-dimensional CT, abdominal compression, intrahepatic tumor, respiratory liver
motion

1. INTRODUCTION

With current advancements in precision radiotherapy, patient
immobilization, target positioning, and control of organ
motion continue to be critical for treatment success in complex
cases involving higher doses of radiation. Respiration-induced
liver motion (i.e., respiratory liver motion) is anisotropic,
occurring primarily in the cephalic-caudal direction and
reaching a range of motion from 5 to 50 mm."? Therefore,
it is imperative to manage and/or account for respiratory
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liver motion through means such as abdominal compression
(AC),* which uses a constant force applied to the abdomen
to reduce liver motion, respiratory gating techniques®® to
deliver radiation only to the tumor during the respiratory cycle,
and active breathing control,”!® which achieves temporary
and reproducible inhibition of respiration-induced motion by
monitoring the patient’s breathing cycle and implementing
a breath hold at a predefined stage of respiration and air
flow direction. The Body Pro-Lok™ system'! is an easy-to-
use modular structure that can facilitate the administration
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of complex stereotactic body radiotherapy through AC by
bridging a respiratory belt and plate and thus providing a
number of options to help control the amount of liver motion
resulting from patient breathing. AC can significantly reduce
three-dimensional (3D) liver tumor motion in most patients
and has been widely used to reduce liver motion during
both radiotherapy and radiodiagnosis.** Varying forces on
the abdomen may inhibit liver motion to different degrees; for
example, using four-dimensional (4D) computed tomography
(CT), Heinzerling et al.'> demonstrated significantly improved
control of liver tumor motion with strong abdominal compres-
sion compared to medium abdominal compression.
Abdominal compression is commonly used for reducing
thoracic or abdominal tumor motion during radiation ther-
apy;'>!® however, the effects of various abdominal compres-
sion plate positions have never been described. In this study,
we used 4D-CT scans to investigate the magnitude of the
reduction of respiration-induced liver motion achieved by
different abdominal compression plate positions in patients
with intrahepatic tumors undergoing helical tomotherapy.

2. MATERIALS AND METHODS
2.A. Patients

Patient demographics and clinical characteristics are shown
in Table I. Between January 2012 and October 2015,
72 consecutive patients (59 males, 13 females; age range
23-88 yr; no disease affecting cardio-pulmonary function)
diagnosed with intrahepatic carcinoma were divided into four
groups (described in more detail below) and underwent 4D-CT
scans to assess respiratory liver motion. All patients had Child-
Pugh Class A liver function and a Karnofsky performance
status of >80. Patients with colostomy and ascites were
excluded from the study. Each patient’s breathing rate was kept
regular through a training session under AC. The study was
approved by the Ethics Committee of Zhongshan Hospital,
Fudan University (Ethics Approval No: 2011-235). Informed
consent was obtained from all patients.

2.B. Abdominal compression

Patients were divided into groups A, B, C, and D based
on the plate positioning of abdominal compression (Fig. 1).
Abdominal compression on the cephalic area between the
subxiphoid and umbilicus was applied to 19 patients (group
A), abdominal compression on the caudal area between the
subxiphoid and the umbilicus was applied to 16 patients
(group B), abdominal compression on the caudal umbilicus
was applied to 11 patients (group C), and 26 patients did not
receive abdominal compression but remained free breathing
(group D). Each patient underwent a basic respiratory training
guided by a radiotherapy oncologist and therapist before
administration of AC. AC was applied during each patient’s
end expiration until maximum tolerability was reached, as
indicated by the patient. In this study, we found that abdominal
breathing clearly switched to thoracic breathing with satisfac-
tory abdominal compression, especially in male patients.
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TasLE I. Patient demographics and clinical characteristics.

Group A GroupB Group C Group D
(n=19) (n=16) (n=11) (n=206) p-value

Sex, n (%) 0.774

Male 16(84.2) 13(81.3) 10(90.9) 20(76.9)

Female 3(15.8)  3(18.7) 1(9.1) 6(23.1)

Age, n (%) 0.356

<60 years old 13(68.4) 12(75.0)  5(45.5) 19(73.1)

>60 years old 6(31.6) 4(25.0) 6(54.5) 7(26.9)
Intrahepatic lesions, 0.984
n (%)

Solitary 11(57.9)  9(56.3)  7(63.6) 15(57.7)

Multiple nodules 8(42.1)  7(43.7) 4(364) 11(42.3)
Diameter, n (%) 0.953

<5cm 11(57.9) 10(62.5) 6(54.5) 14(53.8)

>5cm 8(42.1)  6(37.5) 5(45.5) 12(46.2)

TACE, n (%) 0.492

Yes 14(73.7) 14(87.5)  7(63.6) 18(69.2)

No 5(26.3)  2(12.5)  4(36.4)  8(30.8)
Postoperative 0.651
recidivation, n (%)

Yes 4(21.1)  5(31.3) 3(27.3) 4(154)

No 15(78.9) 11(68.7)  8(72.7) 22(84.6)

Height, n (%) 0.588

<170 cm 11(57.9) 7(43.8) 6(54.5) 17(65.4)

>170 cm 8(42.1)  9(56.3)  5(45.5) 9(34.6)

Weight, n (%) 0.258

<70 kg 14(73.7) 10(62.5)  5(45.5) 20(76.9)

>70 kg 5(26.3)  6(37.5) 6(54.5)  6(23.1)

Note: TACE, transarterial chemoembolization.

Each patient was assigned to one of the four groups based
on when, during the study period, the patient was enrolled; for
the purpose of group assignment, the study period was divided
into four stages. In the first stage (January 2012 to February
2013), 26 patients were assigned to group D and underwent
therapy in the free-breathing group. In the second stage (March
2013 to November 2013), 11 patients underwent abdominal
compression of the caudal umbilicus (group C). During this
stage, we were excessively concerned about the effect of the
target radiotherapy dose because of the x-ray sheltering by the
high-electron density plate for a period of time, especially for
those patients with tumors located in the inferior right lobe of
the liver. In the third stage (December 2013 to October 2014),
16 patients underwent abdominal compression of the caudal
region between the subxiphoid area and the umbilicus (group
B). In this stage, we also slightly adjusted compression plate
positions in the cranial-caudal direction based on the patients’
various intrahepatic tumor localizations; but the compression
plate positions were all limited to the caudal region between
the subxiphoid area and the umbilicus. In the fourth stage
(November 2014 to October 2015), 19 patients underwent
abdominal compression of the cephalic area between the
subxiphoid and umbilicus (group A).

2.C. 4D-CT image acquisition

4D-CT scans were obtained using a Brilliance Big Bore
CT Scanner a CT-simulation scanner (Siemens Somatom CT,
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Fic. 1. CT sagittal reconstruction images illustrate respiratory status of each patient group. (A) shows a patient with the compression plate placed on the
subxiphoid area (group A), (B) shows a patient with the compression plate placed on the caudal region between the subxiphoid area and umbilicus (group B),
(C) shows a patient with the compression plate placed on the caudal umbilicus (group C), and (D) shows a free-breathing patient (group D).

Sensation Open; Siemens Healthcare, Munchen Germany).
Patients were placed in a supine position with arms raised
above the forehead and were immobilized using a Body Pro-
Lok™ gsystem with or without abdominal compression. We
used the “Res Low Breath Rate (X-ray tube setting of 120 kV,
400 mAs; Pitch 0.1; Gantry rotation cycle time 1 s; 3 mm
reconstructed thickness)” scanning mode when the respiratory
cycle of each patient was >5 s, evidence of satisfactory
abdominal compression. Patients in groups A, B, and C, which
underwent AC, also were 4D-CT scanned. The respiratory
phase on the respiratory wave was manually adjusted and
confirmed by the CT-simulation technician before CT-image
reconstruction. The 4D-CT images from the respiratory raw
data were sorted into 10 CT-image series (CTO-CT90)
according to the respiratory cycle, with CTO being defined
as the end-inspiration phase and CT50 the end-expiration
phase.'* Datasets for 4D-CT scans were then transferred to
Nucletron Oncentra’s treatment planning software VERSION 4.3
(NUCLETRON B.V.,, Veenendaal, Netherlands), and all liver
contours were drawn by an experienced observer (HY) and
confirmed by a single physician (YKZ).

2.D. Liver displacement acquisition and analysis

Liver contours were delineated at all CT-image phases
and then copied manually to a single plan. Nine liver
contours of CT10-CT90 were copied onto a CTO image,
which were named Copycontour1 6—COPYContouroo- There were ten
liver contours (Copycontour10—COPYcontouroo and liver contours
of CTO) on the CTO image. Then, 0° and 90° digitally
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reconstructed radiography beams were added to the CTO
image. Ten liver 3D contours could be projected onto the
digitally reconstructed radiography images in the directions
of 0° and 90°. Overlays of ten liver contours were shown
on the digitally reconstructed radiography images of 0° and
90°. We show the overlays on the 0° digitally reconstructed
radiography images for a patient in each group in Fig. 2.
The relative coordinates of the liver were automatically
generated to calculate the respiratory liver motion in different
axial directions. The position for each liver was expressed
using the X (left-right; LR), Y (cranial-caudal; CC), and Z
(anterior—posterior; AP) coordinates of the center of mass for
each 4D-CT bin. Then, the range of respiratory liver motion
from the center of mass of each coordinate was obtained.
The maximum range of motion in each axial direction was
obtained after the maximum relative coordinate value minus
the minimum relative coordinate value was calculated. The 3D
motion vector of the center of mass was calculated according
to the following formula: V = (5X>+,Y*+ AZZ)UZ. Variables
were expressed as the mean + the standard deviation.

2.E. Statistical analyses

A chi-square (y?) test was used to compare patient
demographics and clinical characteristics between the four
patient groups (A-D). The variations between the four groups
in the X, Y, Z, and 3D directions were assessed using a one-
way analysis of variance test, while a Pearson correlation was
used to analyze the relationship between the 3D vectors and
the distance of the compression plate from the subxiphoid area
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Fic. 2. An overlay of ten liver contours rendered on a digitally reconstructed radiography image shows the effects of various compression strengths [tight to
loose from (A) to (D)]. The image in (A) is from a group A patient, the image in (B) is from a group B patient, the image in (C) is from a group C patient, and

the image in (D) is from a group D patient.

(DTS). The significance cutoff was p < 0.05. All calculations
were performed using SPSS 15.0 for Windows (Chicago, IL,
USA).

3. RESULTS
3.A. Respiratory liver motion

Table II lists the respiratory liver motion in the relative X,
Y, Z, and 3D axial directions for each patient group (A-D).
Respiratory liver motion was anisotropic, and differences were
manifested in all axial directions in four respiration states (see
Table II and Fig. 2), especially in the Y axial direction. The
average liver respiratory motion in the Y axial direction was
4.53 + 1.16, 7.56 + 1.30, 9.95 + 2.32, and 9.53 + 2.62 mm
in groups A, B, C, and D, respectively, with a significant
difference in respiratory liver motion among the four groups

TasLe II. The magnitude of respiratory liver motion (mm) in different axial
directions among the four patient groups is illustrated. Data are presented as
the mean + standard deviation.

X -axis Y -axis Z-axis 3D
GroupA(n=19) 253+093 453+1.16 2.14+092 581 +0.84
GroupB (n=16) 2.18+0.72 7.56+130 2.78+141 8.50=+1.22

GroupC(n=11) 323+147 995+232 292+1.10 10.99 +2.42
GroupD (n=26) 335+1.55 9.53+262 335+1.73 1094 +2.28
Test statistic (F)  3.73 27.38 2.81 34.40
p-value 0.015 0.000 0.046 0.000

Medical Physics, Vol. 43, No. 7, July 2016

(p <0.001). Abdominal compression was most effective in
group A (the compression plate on the subxiphoid area), with
an X-, Y-, and Z-axes displacement of 2.53 £ 0.93,4.53 £ 1.16,
and 2.14 + 0.92 mm, respectively. Abdominal compression
was least effective in group C (compression plate on the caudal
umbilicus), which had a respiratory liver motion similar to
that of group D (control group; free-breathing). There was
no significant difference in respiratory liver motion between
group C (X-, Y-, and Z-axes displacement of 3.23 + 1.47,
9.95 + 2.32, and 2.92 + 1.10 mm, respectively) and group D
(X-, Y-, and Z-axes displacement of 3.35 + 1.55,9.53 £ 2.62,
and 3.35 + 1.73 mm, respectively).

3.B. The distribution of Y-axis displacement in group
A patient livers

As shown in Fig. 3, most of the respiratory liver motion
was in the range of 3-6 mm (21.05% of patients reached
3—4 mm, 26.32% of patients reached 4-5 mm, and 26.32%
of patients reached 5-6 mm). A total of 10.52% of patients
experienced reduced liver respiratory motion of 2—-3 mm on the
Y-axis; however, respiratory liver motion was not reduced to a
satisfactory level in all patients, with 15.79% of patients with a
liver displacement of >6 mm despite abdominal compression
plate placement on the subxiphoid area.

3.C. 3D vectors

The mean 3D motion vector was 5.81 + 0.84 mm (range
4.31-7.82 mm), 8.50 + 1.22 mm (range 6.25-10.75 mm),
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FiG. 3. Scatter plots illustrate the respiratory liver motion in the X, Y, and Z
axial directions in the four patient groups.

10.99 +2.42 mm (range 7.49-15.59 mm), and 10.94 = 2.28 mm
(range 4.70-16.34 mm) for groups A, B, C, and D, respectively,
with a significant difference between the groups (F = 34.40,
p <0.001; see Table II). There was a significant correlation
between the DTS and the 3D vector (r =0.941, p < 0.001)
when the compression plate was placed between the subx-
iphoid area and umbilicus. Additionally, there was a strong
correlation between the DTS and the 3D vector in groups A and
B (r=0.929, p <0.001 and r =0.932, p < 0.001, respectively;
see Fig. 4).

4. DISCUSSION

The benefit of abdominal compression in reducing respi-
ratory liver motion is well known. Reduced liver motion via
AC can lead to reduced internal target volume (ITV),!>!8
enabling physicians to avoid unnecessary liver parenchyma
irradiation and inadequate tumor coverage. An increase in
respiratory tumor motion by double corresponds to a nearly
eight times increase in intrahepatic tumor ITV. Eccles et al.?
reported that interfraction liver deformations in patients
receiving stereotactic body radiation therapy under abdominal
compression after rigid liver-to-liver registrations on cone
beam CT scans sorted according to respiration cycle were
small (<5 mm) in most patients. Similarly, Case et al.? reported
that both inter and intrafraction changes in the amplitude of
liver motion under abdominal compression are small (<2 mm)
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Fig. 4. The relationship between DTS and the 3D liver motion vector in
patient groups A and B is illustrated. R? values are indicated to the right
of the graph. The top R? value belongs to group A, and the bottom R? value
belongs to group B, which show a strong correlation between the 3D vector
and the DTS.

in the direction of the Y-axis. Heinzerling et al.'? reported that

mean overall liver tumor motion was 13.6 mm (2 sigma [2
sigma] 11.5-15.6) without compression, 8.3 mm (2 sigma
[2 sigma] 6.0-10.5) under medium-compression force, and
7.2 mm (2 sigma [2 sigma] 5.4-9.0) under high-compression
force. In our study, we observed an average liver motion
distance in the direction of the Y-axis of 4.5 mm when
abdominal compression was applied, a larger magnitude than
that reported by both Eccles et al. and Case et al. In our study,
the total abdominal compression time experienced by patients
was about 25 min, including setup, megavoltage CT, image-
guided scan, and treatment.'® This time is much longer than
that of patients in the studies of Eccles et al. and Case et al.;
therefore, the increased AC time experienced by patients in
our study is likely responsible for the increased magnitude of
liver motion observed in our study compared to others.

In the current study, we did not perform contrast-enhanced
(CE) 4D-CT scans. Arterial-phase contrast-enhanced 3D-CT
images are commonly used to determine the gross tumor
volume boundary, which can help identify the liver tumor
boundary. While the application of 4D CT in hepatocellular
carcinoma radiotherapy has proven promising clinically, the
application of CE 4D-CT scans is lacking due to the difficulty
in capturing the timing of contrast agent injection during
the extended 4D-CT image acquisition process.?’ Although
Beddar et al.?' developed a tumor-specific protocol for 4D-
CT imaging of liver tumors using synchronized intravenous
contrast injection to improve the accuracy of tumor delinea-
tion for treatment planning, only intrahepatic metastases or
cholangiocarcinomas can be successfully imaged in the portal
venous phase, a phenomenon that we have confirmed. Due to
the difficulty in visualizing liver tumors on 4D CT, and because
liver contour variation can effectively illustrate the effects of
various compression plate positions, we used liver contours
other than the intrahepatic tumor in the current study.
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In this study, we used a high-electron-density compression
plate provided by CIVCO, the use of which may affect
the target radiotherapy dose because of the x-ray sheltering
by the high-electron-density plate. Various positions of the
compression plate were applied on patients with various
intrahepatic tumor localizations. To avoid x-ray sheltering
by the high-electron-density plate, compression was applied
to the lower abdomen caudal umbilicus, especially for
those patients with tumors located in the inferior right lobe
of the liver. Compared with intensity-modulated radiation
therapy, helical tomotherapy is an optimal technique for
overcoming the effects of respiration during abdominal tumor
radiotherapy.”>?* All patients in this study have undergone
helical tomotherapy.

In theory, abdominal compression may increase the risk
of intrahepatic tumor rupture and bleeding, which, however,
were not observed in any of the patients in our study. This
may be because abdominal compression was applied during
each patient’s end expiration phase, which may reduce the
rigid connection between the compression plate and the
patient’s abdomen. Abdominal compression was not used in
patients with risk of thrombosis or colostomy, as proposed
by Eccles et al.> Dohmen et al. described a patient with liver
cirrthosis who suffered rapid development of a hydrothorax
after manual compression of the abdomen.2* Thus, in the
current study, contraindications for abdominal compression
were the risk of thrombosis or colostomy rather than the big
tumor size.

5. CONCLUSION

Four-dimensional CT demonstrated that the use of abdom-
inal compression on the subxiphoid area reduced respiration-
induced liver motion. The further away from the subxiphoid
area the compression was, the greater the magnitude of liver
motion; and abdominal compression was completely ineffec-
tive when the compression plate was placed on the caudal
umbilicus. We, therefore, recommend compression of the
subxiphoid area in patients undergoing external radiotherapy
for intrahepatic carcinoma.
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