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1 | INTRODUCTION

Lung cancer is the leading cause of cancer-related death world-

Abstract

To estimate the lung tumor position from multiple anatomical features on four-dimen-
sional computed tomography (4D-CT) data sets using single regression analysis (SRA)
and multiple regression analysis (MRA) approach and evaluate an impact of the
approach on internal target volume (ITV) for stereotactic body radiotherapy (SBRT) of
the lung. Eleven consecutive lung cancer patients (12 cases) underwent 4D-CT scan-
ning. The three-dimensional (3D) lung tumor motion exceeded 5 mm. The 3D tumor
position and anatomical features, including lung volume, diaphragm, abdominal wall,
and chest wall positions, were measured on 4D-CT images. The tumor position was
estimated by SRA using each anatomical feature and MRA using all anatomical fea-
tures. The difference between the actual and estimated tumor positions was defined
as the root-mean-square error (RMSE). A standard partial regression coefficient for
the MRA was evaluated. The 3D lung tumor position showed a high correlation with
the lung volume (R = 0.92 + 0.10). Additionally, ITVs derived from SRA and MRA
approaches were compared with ITV derived from contouring gross tumor volumes on
all 10 phases of the 4D-CT (conventional ITV). The RMSE of the SRA was within
3.7 mm in all directions. Also, the RMSE of the MRA was within 1.6 mm in all direc-
tions. The standard partial regression coefficient for the lung volume was the largest
and had the most influence on the estimated tumor position. Compared with conven-
tional ITV, average percentage decrease of ITV were 31.9% and 38.3% using SRA and
MRA approaches, respectively. The estimation accuracy of lung tumor position was
improved by the MRA approach, which provided smaller ITV than conventional ITV.
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surgical resection; however, radiotherapy has come to play an
increasingly important role for patients who are unable to undergo

any type of surgery, especially those with early-stage lung

wide! The standard treatment for patients with lung cancer is cancer.?
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When treating lung cancer with radiotherapy, respiratory motion
is one of the factors causing uncertainties during treatment planning
and beam delivery. Without respiratory motion management, larger
margins would be needed to account for respiratory motion, leading
to a larger planning target volume (PTV) size, which, in turn, includes
a larger organ at risk volume. Matsuo et al. examined the relation-
ship between frequency of normal tissue toxicity and PTV size®
showing that the frequency of symptomatic radiation pneumonitis
was significantly lower with a PTV size of <37.7 mL than with a PTV
size of >37.7 mL (11.1% vs. 34.5%) for nonsmall cell lung cancer
with stereotactic body radiotherapy (SBRT). Thus, to reduce the dose
to the normal lung is of clinical importance in terms of toxicity.

The American Association of Physicists in Medicine Task Group
76 has advocated an emphasis on respiratory motion management*
Four-dimensional computed tomography (4D-CT) and 4D radiother-
apy (4D-RT) provide patient-specific radiation treatment, taking res-
piratory-induced anatomical motion into account. Both approaches
frequently require internal and/or external respiratory motion signals.
Generally, image quality of 4D-CT and the advisability of 4D-RT are
dependent on correlations with respiratory motion signals (surrogate
signals)>® That is, whether the surrogate signals represent the target
well is very important in 4D-CT and 4D-RT.

A high correlation between tumor motion and a surrogate signal
such as ventilation volume and abdominal displacement has been
reported from several facilities”® Gianoli et al. used one of multiple
infrared markers placed on the thoracoabdominal surface to obtain
high-quality 4D-CT images and showed that the 4D-CT image qual-
ity was improved, using a multidimensional K-means clustering
method.” Thus, one surrogate signal acquired from one anatomical
feature is frequently used in 4D-CT and 4D-RT. However, no corre-
lation between tumor motion and a surrogate signal for one anatom-
ical feature would cause a decrease in 4D-CT image quality or
erroneous irradiation. Therefore, the use of multiple surrogate signals
for several anatomical features could reduce such risks.

In the current study, we estimated lung tumor position from mul-
tiple anatomical features acquired from 4D-CT image sets, including
the lung volume, the displacement of diaphragm position, abdominal
wall position, and chest wall position, using multiple regression anal-
ysis (MRA) and single regression analysis (SRA) approaches. In addi-
tion, we assessed an impact of these approaches on internal target
volume (ITV) for SBRT of the lung.

2 | METHODS

2.A | Patients and data acquisition

Of the patients who underwent SBRT at Osaka Red Cross Hospital
between November 2011 and April 2015, 11 consecutive lung cancer
patients (12 cases) with three-dimensional (3D) motion ranges greater
than 5 mm were enrolled in this study. There were seven men and
four women with a median age of 76 (range, 67-98) yr. Lung tumors
were located in the right upper lobe (two patients), in the right middle

lobe (two patients), in the right lower lobe (six patients), and in the
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left lower lobe (two patients). 4D-CT data were acquired using the
Discovery CT750HD (GE Medical Systems, Waukesha, WI, USA) and
the Real-time Positioning Management (RPM) system (Varian Medical
Systems, Palo Alto, CA, USA) in axial cine mode for all patients. 4D-
CT was performed under free breathing without audio/visual coach-
ing. The CT slice thickness was 2.5 mm. Cine duration time of the
scan at each couch position was set to 0.5 s, which was more than
the maximum observed respiratory period. The cine interval between
images was 1.3 s. CT data were reconstructed in a field of view of
500 mm on a 512 x 512 grid for the 4D-CT scan. The RPM system
illuminated and tracked an infrared reflective marker placed on the
patient’s abdomen. The RPM software was used to calculate the res-
piratory phase at each instant in time based on modeling the abdomi-
nal motion amplitude. The RPM system was used to calculate a phase
at each point of a respiratory trace, where 0% corresponded to the
inhalation peak and 50% to the midpoint between consecutive
inhalation peaks. All CT slices and the RPM respiratory data file were
transferred to an Advantage 4D workstation (GE). The Advantage 4D
software was used to read all CT slices as well as the corresponding
RPM respiratory data file, to assign a phase to each CT slice, accord-
ing to the temporal correlation between the RPM trace and CT data
acquisition, and to export 10 respiratory phase volumes, evenly dis-
tributed over a respiratory cycle.

2.B | Lung tumor position and anatomical features

Lung tumors were delineated manually by two radiation oncologists
for all phases. Lung tumor positions, defined by the center of vol-
ume, were recorded in left-right (LR), anterior-posterior (AP), and
superior-inferior (Sl) directions. As anatomical features, lung volume
and displacement of the diaphragm, abdominal wall, and chest wall
were extracted from all phases. Lung volume was extracted using
auto-thresholding, and displacement of the diaphragm position in the
Sl direction and of the abdominal and chest wall positions in the AP
direction was determined on the treatment planning system (Eclipse;
Varian). Displacement of the diaphragm, abdominal wall, and chest
wall were measured at the top of the diaphragm in the SI direction,
at the level of the umbilicus in the AP direction, and at the level of
the junctional region between the sternum and the xiphisternum in
the AP direction, respectively.

Then, Pearson’s correlation coefficient (CC) was calculated
between the lung tumor position and the four anatomical features:
lung volume and displacements of the diaphragm, abdominal wall,
and chest wall for each phase in each patient. In addition, the coeffi-
cient of variation (CV) was used to evaluate variation in the gross
tumor volume (GTV) because of motion artifacts and tumor deforma-

tion during respiration.

2.C | Single or multiple regression analysis

Lung tumor positions were estimated from anatomical features using
SRA and MRA approaches. SRA is a statistical approach to estimate
one objective variable from one explanatory variable. The MRA
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approach estimates one objective variable from multiple explanatory
variables. In this study, the lung tumor position was defined as the
objective variable, and lung volume and displacements of the dia-
phragm, abdominal wall, and chest wall were defined as the explana-
tory variables. The estimated lung tumor position (Xg, Yg, Zg) was

calculated from the following equation:

Xe ay, XL + bp,Xp + ca,Xa + de, Xc + €1
Ye | = ap, XL + bDZXD + Ca,Xa + dCZXC + e (1)
Zr ag, X, + ngxD + CaXa + dCBXC +e3

where X, Xp, Xa, and Xc are the explanatory variables of lung volume
and displacements of the diaphragm, abdominal wall, and chest wall,
respectively. The estimated lung tumor position in the Xg, Yg, and Zg
directions indicates the LR, AP, and Sl directions, respectively. The
coefficients of a to d are partial regression coefficients and indepen-
dent of each direction. Also, e;, e, and e; were a constant term.
When performing the SRA approach, lung tumor position was esti-
mated using one explanatory variable. For example, when the lung
tumor position was estimated from the one explanatory variable of
lung volume, a single coefficient of a was used, and other coeffi-
cients of b to d were zero. Consequently, four results of SRA and
one MRA were analyzed for all cases.

To evaluate estimation approaches for SRA and MRA, the follow-
ing three analyses were performed. First, a coefficient of determina-
tion was evaluated to explain how well an explanatory variable fitted
an objective variable. Using a value of O to 1, the coefficient of deter-
mination was calculated as the square of the CC between the lung
tumor position and anatomical features. Adjusted coefficient of deter-
mination was used. Second, the difference between actual and esti-
mated lung tumor position was defined as a root-mean-square error
(RMSE). After measuring the lung tumor position, the difference was
evaluated in an absolute manner and a relative manner. The relative
manner was expressed as a percentage of the displacement of the
actual lung tumor position. Finally, the standard partial regression coef-
ficient was calculated to evaluate the influence of each explanatory
variable on the estimated lung tumor position. The standard partial
regression coefficient is the standardized value of the partial regres-
sion coefficient and denotes the relative importance of an explanatory
variable. The largest magnitude of the standard partial regression coef-
ficient has the most influence on the objective value. The standard par-
tial regression coefficient was calculated using the following equation:

Standard partial regression coefficient = Partial regression coefficient

SDop;
()
SDexp

where SD,y,; is the standard deviation (SD) of the objective variable,
and SD., is the standard deviation of the explanatory variable. The
standard partial regression coefficient refers to a to d obtained from
eq. (1). In this study, the standard partial regression coefficient was
evaluated for four explanatory variables, which were the lung vol-
ume, the displacement of diaphragm, abdominal wall, and chest wall.
Additionally, Student’s t-test was performed to explore the impact of

the standard partial regression coefficient for each anatomical

feature. A difference was considered statistically significant at the
P < 0.05 level.

2.D | Comparison of internal target volumes

ITVs derived from SRA (ITVsga) and MRA (ITVpura) approaches were
compared with gold-marker-based ITV (ITVgm) and ITV derived from
contouring GTVs on all 10 phases of the 4D-CT (ITVon) for real-
time tumor tracking (RTTT) SBRT of the lung. The definitions of

ITVsra, ITVMRra, and ITVgy generated were as follows;

1. ITVsga: The internal margins derived from RMSE of SRA for the
lung volume, the displacement of diaphragm, abdominal wall, and
chest wall were added to the GTV delineated on 50% phase of
4D-CT images. Fifty percent phase was corresponding to the
midpoint between consecutive inhalation peaks.

2. ITVmra: The internal margins derived from RMSE of MRA
were added to the GTV delineated on 50% phase of 4D-CT
images.

3. ITVgm: Based on intrafractional variation between the centroid
of tumor and the centroid of fiducial markers reported by Ueki
et al.,'° the internal margins of 0.6 mm, 0.9 mm, and 0.2 mm in
LR, AP, and SI directions, respectively, were added to the GTV
delineated on 50% phase of 4D-CT images.

A total of seven ITVs, including four ITVsgas, one ITVpgra, One
ITVgm, and one 1TV oy, Were generated for each patient. Student's
t-test was performed and a difference was considered statistically
significant at the P < 0.05 level.

3 | RESULTS

3.A | Correlation between lung tumor position and
anatomical features

The median values of the average displacement of lung tumor
positions were 1.7 mm (range, 0.5-3.4 mm), 3.6 mm (range,
1.8-5.7 mm), 9.5 mm (range, 5.1-16.9 mm), and 10.5 mm (range,
7.0-17.4 mm) in the LR, AP, SI, and 3D directions, respectively. The
median values of the anatomical features were 378.2 mL (range,
234.0-494.7 mL), 12.3 mm (range, 9.0-15.2 mm), 4.9 mm (range,
2.0-7.5 mm), and 1.0 mm (range, 0.3-2.0 mm) for the lung volume
and displacement of the diaphragm, abdominal wall, and chest wall,
respectively.

Table 1 shows the CC between lung tumor position and anatom-
ical features. The CC is shown as the mean + SD for all cases.
Anatomical features had strong correlations with lung tumor position
in the SI and 3D directions, but no correlation in the LR or AP direc-
tions. Among anatomical features, the lung volume had a strong cor-
relation with lung tumor position in the SI and 3D directions. The
median value of the GTV was 3.7 mL (range, 1.0-24.5 mL), and the
median value of the CV in GTV sizes was 7.7% (range, 5.8-16.6%)

for all cases.
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TaeLe 1 Pearson’s correlation coefficient (CC) between lung tumor position and anatomical features. Data are shown as means 4 standard

deviations.
@c
LR Sl 3D
Lung —-0.14 £+ 0.64 —0.24 £ 0.55 —-0.91 £+ 0.09 —-0.92 + 0.10
Diaphragm 0.14 £+ 0.61 0.18 £+ 0.52 0.87 £+ 0.15 0.85 £+ 0.16
Abdominal wall —-0.02 £ 0.57 —0.30 £ 0.47 —0.77 £ 0.30 —0.78 £ 0.29
Chest wall —0.18 £ 0.55 —0.06 + 0.45 —0.55 £+ 0.36 —0.57 + 0.35

LR, left-right direction; AP, anterior-posterior direction; Sl, superior-inferior direction; 3D, three dimensions.

3.B | Difference between actual and estimated lung
tumor position

Figure 1(a) shows the variations in the coefficient of determination
between the lung tumor position and anatomical features using the
SRA and MRA approaches. Potential outliers were defined as data
points falling 1.5-fold the interquartile range above the upper quar-
tile or below the lower quartile in Fig. 1(b). The MRA approach
had a higher correlation with the actual lung tumor position in all
directions compared with the SRA approach. Figure 2 shows varia-
tions in the RMSE between actual and estimated lung tumor posi-
tions using the SRA and MRA approaches as an absolute manner
in Fig. 2(a) and a relative manner in Fig. 2(b). In Fig. 2(a), the
RMSE of the SRA was within 3.7 mm excluding potential outliers
in all directions. Moreover, the RMSE of the MRA was within
1.6 mm in all directions. In both Figs. 2(a) and 2(b), the SRA
approach with the lung volume showed the smallest median RMSE.
The median RMSE of the chest wall had the largest error in all
directions. The MRA approach showed a smaller median RMSE
than did any SRA approach in any direction. Figure 3 shows
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Fic. 1. Variations in the coefficient of determination between the
lung tumor position and anatomical features for the LR, AP, SI, and
3D directions (a). Interpretations of the boxplots are shown in (b).
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variations in the standard partial regression coefficients using the
MRA approach. The standard partial regression coefficient for the
lung volume was the largest in all directions. Table 2 shows P
values of the standard partial regression coefficient. A significant
difference indicates that the corresponding anatomical feature had
a large influence on estimated lung tumor motion compared with
the other anatomical features. Coefficients for the lung volume
had significant differences in the 3D direction, compared with

other anatomical features.

3.C | Comparison of internal target volumes

Table 3 shows sizes of ITVcony, ITVom, [TVsra, and ITVyra. Average
percentage decrease of ITV compared with 1TV, were 21.3%,
31.9%, 31.9%, 29.8%, 25.5%, and 38.3% for ITVgwm, ITVsga derived
from the lung volume, the displacement of diaphragm, abdominal
wall, and chest wall, and ITVpugra, respectively. ITVgm, ITVsra, and
ITVMmRra Were significantly smaller than ITV ., (P < 0.05).

4 | DISCUSSION

Among the anatomical features, such as the lung volume, diaphragm,
abdominal wall, and chest wall, the lung volume showed the highest
correlation with lung tumor position, followed by displacements of
the diaphragm, abdominal wall, and chest wall. This study demon-
strated that internal anatomical signals had a higher correlation with
lung tumor positions than did external anatomical features. Surrogate
signals acquired from multiple anatomical features, as well as the
feasibility of using multiple anatomical signals for 4D-CT or 4D-RT,
were evaluated.

A comparison between the internal and external anatomical sig-
nals has been reported by others. Huguet et al. reported that the
correlation of a biliary stent, fiducial seed, and RPM marker displace-
ments with pancreatic tumor position using 4D-CT and an external

I** They concluded that the biliary stent and fiducial

surrogate signa
seed were better predictors of tumor motion than was the RPM
marker. Additionally, the fiducial stent was slightly better than the
biliary stent in predicting tumor motion in the Sl direction and clearly
better for predicting AP motion. Thus, internal anatomical features
have the potential to improve the estimating accuracy of the lung

tumor position.
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Cervino et al. reported the correlation between lung tumor posi-
tion and the diaphragm position using fluoroscopic images*? They
founded that the error between lung tumor position and diaphragm
position was 2.1 mm in 95% confidence level. In the current study,
it was found that the MRA approach improved estimating accuracy
compared with the SRA approach (Fig. 2). Using the MRA approach,
the RMSE of the lung tumor position was within 1.6 mm, which

enables reducing the internal margin size when applying respiratory

TaBLE 2 P values of the standard partial regression coefficient for
each anatomical feature.

P value
LR AP Sl 3D
Lung Diaphragm 0.71 0.21 0.06 <0.05
Lung Abdominal wall  0.14  <0.05 <0.05 <0.05
Lung Chest wall 0.11 <0.05 <0.05 <0.05
Diaphragm Abdominal wall  0.19 0.33 0.20 0.08
Diaphragm Chest wall 0.14 <0.05 0.15 0.13
Abdominal wall  Chest wall 1.00 <0.05 0.75 0.64

LR, left-right direction; AP, anterior-posterior direction; Sl, superior-infer-
ior direction; 3D, three dimensions.

motion management techniques (see Fig. 2(a)). However, note that
overestimating or underestimating tumor motion is possible using
4D-CT.>'® In an absolute manner, the RMSEs in the Sl and 3D
directions were larger than those in the LR and AP directions
because the average displacements of lung tumor positions were
larger in the S| and 3D directions than in the LR and AP directions.
In the relative evaluation, the RMSEs in the S| and 3D directions
were smaller than those in the LR and AP directions. This implies
that the estimated lung tumor position had a high correlation with
the actual position in the SI and 3D directions. In the explanatory
variables of the MRA approach, the lung volume had a high stan-
dard partial regression coefficient (see Fig. 3). The results in Table 2
show that the explanatory variable of the lung volume had a signifi-
cant difference in the 3D direction compared with the other
explanatory variables, showing that the lung volume had a signifi-
cant influence on the estimated lung tumor position. In current clin-
ical practice, a single anatomical signal and a correspondence model
between a single anatomical signal and a motion of the internal
anatomy are typically used to reconstruct 4D-CT** and to estimate

15-17 respectively. In addition, correspondence mod-

target position,
els have been used to improve image quality in 4D-CT image
reconstruction.’®* From these findings and our results, if the MRA
approach is available, using multiple tools including a spirometer or
infrared camera, the correspondence model will be improved, which
would provide higher accuracy for 4D-RT and higher image quality
for 4D-CT.

Matsuo et al. conducted RTTT using a gimbal mounted linac for
lung cancer and reported that PTV size was reduced by 30.1% com-
pared with conventional PTV.?° The intrafractional variation between
the centroid of tumor and the centroid of fiducial markers was
included in their PTV.1° We also found that MRA approach had a
potential to reduce internal margin in RTTT without fiducial markers.
Currently, markerless tracking technique has been reported by other
facilities. Rottmann et al. reported direct RTTT approach that used
images on an electronic portal imaging devices to track for lung
tumor directly and concluded that the RMSE between tumor and
center of field aperture position was within 1 mm.?! As the other
strategy of markerless tracking, MRA approach would be useful to

reduce internal margin for RTTT.
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TaeLe 3 Comparison of internal target volumes. Values are shown in mean (range).

ITVsga
1TV conv ITVem Lung Diaphragm Abdominal wall Chest wall ITVMra
Volume (mL) 14.1 (3.4-47.6)  11.2 (2.2-35.8) 9.6 (2.0-33.3) 9.6 (2.0-33.3) 9.9 (2.0-33.3) 10.5 (2.0-33.3) 8.7 (1.6-33.3)
Difference (%) - 21.3 31.9 31.9 29.8 25.5 38.3

ITVsgra, the internal margins derived from root-mean-square error (RMSE) of single regression analysis (SRA) for the lung volume, the displacement of
diaphragm, abdominal wall, and chest wall were added to the gross tumor volume (GTV) delineated on 50% phase of four-dimensional computed tomog-
raphy (4D-CT) images; ITVmra, the internal margins derived from RMSE of multiple regression analysis (MRA) were added to the GTV delineated on
50% phase of 4D-CT images; ITVgm, the internal margins of 0.6 mm, 0.9 mm and 0.2 mm in left-right (LR), anterior-posterior (AP) and superior-inferior
(SI) directions, respectively, were added to the GTV delineated on 50% phase of 4D-CT images; ITVon,, target volume derived from contouring GTVs
on all 10 phases of the 4D-CT.

Recently, magnetic resonance (MR)-guided radiotherapy systems, 2. Chi A, Liao Z, Nguyen NP, et al. Systemic review of the patterns of
such as the MRIdian system (ViewRay, Inc., Oakwood Village, OH, failure following stereotactic body radiation therapy in early-stage
. . . -small-cell | . clinical implications. Radioth .

USA) and the MR-linac system using a 6-MV linear accelerator 28205421241‘:; ung  cancer: clinical implications. Radiother Onco
(Elekta, Crawley, UK) and a 1.5-T MRI (Philips, Best, The Nether- 3. Matsuo Y, Shibuya K, Nakamura M, et al. Dose-volume metrics asso-
lands), have been of interest?>?® Using such a system, anatomical ciated with radiation penumonitis after stereotactic body radiation
features are observed in real time without additional imaging doses. therapy for lung cancer. Int J Radiat Oncol Biol Phys. 2012;83:e545~

e549.
4. Keall PJ, Mageras GS, Balter JM, et al. The management of respira-
tory motion in radiation oncology report of AAPM Task Group 76.
thus, the MRA approach can be applied in the estimation of tumor Med Phys. 2006;33:3874-3900.
position. Although some lung tumors can be identified directly on 5. Nakamura M, Narita Y, Sawada A, et al. Impact of motion velocity
on four-dimensional target volumes: a phantom study. Med Phys.
2009;36:1610-1617.

Feng et al. observed anatomy changes using MR images in real

time.2* Several anatomical features can be observed simultaneously;

MR images, it is difficult to identify those with low density. In gen-

eral, ground glass opacity lesions often fail to be detected on MR 6. Malinowski K, McAvoy TJ, George R, et al. Maintaining tumor target-
images.25 Applying the MRA approach to the MR-guided system, ing accuracy in real-time motion compensation systems for respira-
highly accurate predictions of the position of a lung tumor (even tion-induced tumor motion. Med Phys. 2013;40:071709.

7. Hoisak JD, Sixel ES, Tirona R, et al. Correlation of lung tumor motion
with external surrogate indicators of respiration. Int J Radiat Oncol
Biol Phys. 2004;60:1298-1306.

8. lizuka Y, Matsuo Y, Ishihara Y, et al. Dynamic tumor-tracking radio-

5 | CONCLUSIONS therapy with real-time monitoring for liver tumors using a gimbal
mounted linac. Radiother Oncol. 2015;117:496-500.

9. Gianoli C, Riboldi M, Spadea MF, et al. A multiple points method for
4D CT image sorting. Med Phys. 2011;38:656-667.

SRA and MRA approaches and the impact of these approaches on 10. Ueki N, Matsuo Y, Nakamura M, et al. Intra- and interfractional

ITVs were assessed. We confirmed that the variance in lung volume variations in geometric arrangement between lung tumours and

had an influence on the estimated lung tumor position. Moreover, implanted markers. Radiother Oncol. 2014;110:523-528.

11. Huguet F, Yorke ED, Davidson M, et al. Modeling pancreatic tumor
motion using 4-dimensional computed tomography and surrogate

Iung tumor position and reduced the ITV by using MRA and SRA markers. Int J Radiat Oncol Biol Phys. 2015;91:579-587.

approaches, compared with the 1TV gny. 12. Cervino LI, Chao AK, Sandhu A, Jiang SB. The diaphragm as an ana-

tomic surrogate for lung tumor motion. Phys Med Biol. 2019;54:3529.
13. Dou TH, Thomas DH, O’'Connell D, Bradley JD, Lamb JM, Low DA.
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