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ABSTRACT

Introduction: In this study, we aimed to evaluate internal (lung, heart and diaphragm) and external (nine
glass marbles) marker motion in correlation with lung tumor motion and determine potential surrogate for
respiratory gating radiation therapy (RGRT) depending on tumor localization, upper lobe (UL) versus lower
lobe (LL).

Material and Methods: We included 58 patients (34 male and 24 female) with small lung cancer (< 5cm),
who underwent stereotactic body radiation therapy (SBRT). All patients were scanned and contoured in all
ten phases (Varian Eclipse 13.7) after four-dimensional computed tomography simulation (4D-CT). The
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Results: The median (range) values of tumor motion were 3.2 (0.6-11.0) and 8.6 (4.0-24.0) mm in the UL
and LL, respectively. The median (range) values of organs motion and PCC comparing UL vs. LL were 2.0
(0.3-9.1) vs. 6.0 (2.8-13.9) mm and 0.46 (0.30-0.95) vs. 0.79 (0.50-0.94) for the lung, respectively, 11.9 (2.5-
16.3) vs. 12.5 (5.0-22.5) mm and 0.68 (0.11-0.93) vs. 0.89 (0.30-0.99) for the diaphragm, respectively, and
3.9 (2.5-6.3) vs. 7.6 (4.5-8.6) mm and 0.49 (0.20-0.70) vs. 0.59 (0.36-0.83) for the heart, respectively. The
external marker motion and correlation coefficient for UL and LL were 2.5 (0.9-7.4) vs. 2.3 (1.0-5.9) mm
and 0.54 (0.09-0.96) vs. 0.73 (0.27-0.94), respectively.

Conclusion: Lung and diaphragm motion correlate better with tumor motion than the external marker.
Diaphragm motion can be an excellent indicator for treatment based on RGRT.
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Introduction

In modern radiation therapy, lung cancer is treated
with high conformal doses to expose gross tumor
volume (GTV) with steep dose gradients, protecting
surrounding healthy tissues [1]. Precise delivery of
high conformal doses controls tumor progression and
reduces toxicity to the organs at risk (OAR), including
the heart, esophagus, and spinal cord [2]. Better
protection of OARs can be obtained by using an
accelerator equipped with image-guided radiation
therapy (IGRT) and/or using techniques such as
respiratory gating radiation therapy (RGRT) or tumor
tracking [3]. However, the treatment can be impacted
by tumor motion due to respiration, heartbeat, or
movement of the gastrointestinal tract [4].

The tumor in a lung cancer patient is mobile
because of the patient’s respiration, and it can move
up to several centimeters, depending on localization
[5]- Therefore, monitoring of the organs in motion is
facilitated with the development of the image guided
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technique and with the implementation of fiducial
markers in or near the tumor during radiation therapy
[6-8]. Generally, patients refuse the implementation of
fiducial markers because the transthoracic
implementation of fiducials has been associated with
considerable risk of iatrogenic pneumothorax due to
unpleasant experience with biopsy [9, 10].

External and fiducial markers are used in lung
tumor tracking. The model of tumor motion is created
from the correlation of external markers with
orthogonal stereoscopic images of fiducials implanted
in or near the target volume, using the Synchrony
Respiratory Tracking System (Accuray Oncology,
Sunnyvale, CA). This model allows the robotic linear
accelerator Cyber Knife (Accuray Oncology,
Sunnyvale, CA) to follow the target and account for the
movement of tumors or healthy tissue [10].

The amplitude of the tumor and internal and
external markers motion depend on the imaging
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system used, which can be performed in the static
computed tomography (CT), single-photon emission
computed tomography (SPECT), positron emission
tomography (PET), magnetic resonance imaging
(MRI), and dynamic (fluoroscopy, ultrasound, and 4D-
CT) modes. The static imaging mode represents a
snapshot of the patient's anatomy at a specific
moment, while the dynamic imaging mode allows
presentation of tumor and internal (fiducial and
0OARs) and external markers motion within the
respiratory cycle, which can impact on image
reconstruction [11]. To facilitate image
reconstruction, an immobilization system and/or
breathing methods, such as deep inspiration breath
hold (DIBH) or abdominal compression, may be
employed to take into consideration patient motion
and motion induced by respiration[4, 12].

To evaluate the correlation between internal and
external markers motion with tumor motion, different
surrogates, such as diaphragm motion, lung volume,
and external marker, were used [13-16]. The
surrogates were used to investigate tumor motion
prediction to perform the treatment based on RGRT or
tumor tracking.

The aim of this study was to use a non-invasive
method to find the correlation between lung tumor
motion and internal marker motion (lung motion,
diaphragm motion, and heart motion) and external
marker motion (glass marbles) and to evaluate
potential surrogate for treatment based on RGRT for
lung SBRT patients.

Materials and Methods
Patient Selection

Retrospectively, this study was conducted on a
consecutive cohort of patients, between March 2017 and
June 2019, from a single institution. The cohort initially
included 60 lung cancer patients (35 males and 25
females) with a small tumor volume (< 5cm). The
patients’ selection was based on the following inclusion
and exclusion criteria: the general state of the patients,
their respiratory status, and patient body mass, and
unbearable pain in certain positions. Only two patients
from the group of 60 were excluded from this study. One
male patient was excluded due to a respiratory problem
and having a breathing amplitude that was not sufficiently
large to be captured with a charged-couple device (CCD)
camera. One female patient was excluded due to her body
mass (Stereotactic body frame could not be positioned)
and pain in the shoulder when she had arms raised above
the head. The primary analysis was conducted on 58 lung
cancer patients (i.e., 34 males and 24 females).The patient
characteristics are presented in Table 1.

In this patient cohort, we did not have any patients
with cancer localized in the middle lobe.

Data Acquisition

All patients were scanned in supine position with
arms above the head and performed free breathing (FB)
using a GE Light speed CT (General Electric Medical
Systems, Waukesha, WI) equipped with an Real-Time
Position Management system (RPM, Varian Medical
Systems, Palo Alto, CA, USA). Monitoring of the
patients’ breathing was performed using an infrared CCD
camera mounted on the treatment couch, and it captured
motion of the reflective block marker placed over the
xiphoid process.

Table 1. Patients’ main characteristics with number. Percentage, minimum and maximum values were mentioned in parenthesis

Characteristics Number (range or percentage)
Number of patients 58

Age 68 (56 — 90)
Gender

Male 34 (59 %)
Female 24 (41 %)
Tumor location

Upper lobe 35 (60 %)

Left lobe 12 (34 %)
Right lobe 23 (66 %)
Lower lobe 23 (40 %)

Left lobe 5 (22 %)

Right lobe 18 (78 %)
GTV volume

Upper lobe (cc) 2.3(0.4-16.5)
Lower lobe (cc) 24 (0.5-11.9)
Breathing cycle (s) 38(2.1-7.6)
4D-CT scan time (s) 36 (29 - 57)

Abbreviations: GTV — gross tumor volume, 4D-CT four-dimensional computed tomography.
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Figure 2. Simulation of SBRT patient with BlueBag BodyFIX system immobilization and using nine glass marbles (external markers) attached by

adhesive tape to the patient’s thorax and in level with the tumor

The patients were prepared for two helical CTs (with
and without stereotactic body frame) and one 4D-CT
acquisition according to the institutional protocols. Patients
with small tumor volume (< 5¢cm) were immobilized in a
supine position with arms above their head in the
BlueBAG BodyFIX system immobilization (Medical
Intelligence, Schwabmiinchen, Germany).

The acquisition parameters for the helical CTs and the
4D-CT were: 0.7 s/rotation period, 120 kVs, mA ranged
from 10 to 440 mA, automatic exposure control (AEC) was
turned on, 16 slices detector, and slice thickness of 1.25
mm (the beam collimation width was 20 mm).

Internal Marker Motion
Lung Motion

Lung motion caused by respiration depends on the
anatomical structure of the lungs, left versus the right
lung. The right lung (yellow) with three lobes has a
bigger volume than the left lung (cyan) with two lobes
(Figure 1). Since lung cancer is part of the lung, it is
supposed that lung motion causes tumor motion during
respiration. To determine lung motion and its correlation
with tumor motion, the lungs (left and right) were
contoured automatically through all the ten phases of
respiratory cycle, in Varian Eclipse 13.7 version, and the
contours were retouched manually.
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Diaphragm Motion

Diaphragm motion was measured from the coronal
plane, where marker line (red circle) was positioned on
the top of the cupola of the diaphragm (either the right
or the left cupola). The position value of cupola motion
was read on the axial plane (white circle) for all the
phases and for both cupolas (Figure 1). The numerical
difference between the phases, reading on the axial
plane, represents diaphragm motion through the
respiratory cycle.

Heart Motion

Involuntary motion involves movements of the
organs such as those caused by the heart and respiratory
motion. Respiratory-induced heart motion impacts
image acquisition and may greatly degrade the
effectiveness of treatment [17, 18]. Tumor-organ
proximity and tumor motion can increase toxicity,
delivering a higher dose to the heart [19]. Even though
heart motion is poorly evaluated in radiotherapy in
general, the impact of heart contribution on tumor
motion derives the tumor from its main trajectory,
known as the effect of hysteresis [20]. By studying heart
motion, it let us know to what extent the heart can
influence the treatment and if the heart can be used as a
surrogate for lung SBRT treatment. To determine heart
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motion and heartbeat through all the ten phases of the
respiratory cycle, the heart was contoured in Varian
Eclipse 13.7 treatment planning system (TPS). The
contouring of the heart was performed in accordance
with the guidelines published by the Radiation Therapy
Oncology Group (RTOG) consensus guidelines [21].

External Marker Motion

Our study with the external marker was performed
because lung cancer treatment commonly correlates
internal tumor motion with external marker motion
(Varian block marker or Cyber Knife synchrony vest
with fiber optic tracking markers) and/or surface
monitoring [4, 22]. Knowing that lung tumors have a
complex direction of tumor motion (SI direction,
elliptical and hysteresis) induced by respiration (which
includes diaphragm motion and heart contribution), a
larger area of the thorax should be covered with markers
[23]. During simulation, we used glass marbles as the
external marker (Figure 2).

Nine glass marbles, with a diameter of 3 mm, were
attached to the patient’s thorax vertically and
horizontally by using adhesive tape (Figure 2),
depending on tumor localization (UL or LL). For the
vertical axis, we used anatomical lines: the parasternal
line, the midclavicular line, and the anterior axillary
line. The distance between the horizontal lines was 2.5
cm.

Placing several markers on the patient’s thorax
ensured by the close proximity of at least one marker to
the tumor, covering the entire trajectory of tumor
motion, regardless of direction. Also, several external
markers allowed us to evaluate thoracic surface
deformation during patient respiration and determine the
potential correlation between one or more external
markers with internal tumor motion.

Data Analysis

After 4D-CT simulation, contouring was performed
for the tumor structure, lung, heart, and all the nine
external markers in all the ten phases and in the Varian
Eclipse 13.7 treatment planning system (TPS). The
trajectory of each volume of interest contouring in all of
the ten phases was evaluated from the center of mass,
using statistic tools from DICOM (Digital Imaging and
Communications in Medicine) images. The magnitude

of the 3D radius vector ||;|| represents the overall

motion that was calculated from the coordinates in each
direction:

|7|| = Ve +y2+ 72 )

Where x, y, and z are the latero-lateral (LL), anterior-
posterior (AP), and superior-inferior (SI) directions,
respectively.

The data regarding tumor motion, internal markers
(lung, diaphragm and heart) motion and external
markers motion was analyzed depending on tumor
localization (UL vs. LL), taking into consideration that
diaphragmatic motion is higher in the LL than in the
UL. The correlation between lung tumor motion and
internal and external markers motion was analyzed by
the Pearson correlation coefficient (PCC).

Statistical analysis was performed using GraphPad
Prism 7.00 version (SD, California, and USA). Tumor
motion was compared to the internal and external
marker motion between the UL and LL, using unpaired
t-test. Also, PCC was compared between the UL and
LL, using another unpaired t-test. Data was considered
statistically significant at p < 0.05.

The results are presented as median and range values
because large outliers lead to a large skew in mean
values.

The median values and their ranges of tumor motion,
internal markers (the diaphragm, lung, and heart)
motion, and external marker (glass marble) motion,
depending on tumor localization (UL vs. LL) are
presented in Table 2. The PCCs are presented as
correlation of tumor motion with all of the markers.

The overall tumor motion was greater than 10 mm
(ranging from 10.9 mm to 24.0 mm) for eight patients,
greater than 5 mm (ranging from 5.1 mm to 9.2 mm) for
13 patients, and only two patients had a tumor motion
less than 5 mm (4.0 mm and 4.4 mm) in the LL. This is
contrary to the UL, where overall tumor motion was less
than 5 mm (ranging from 0.9 mm to 4.9 mm) for 29
patients, two patients had motion greater than 5 mm (6.1
mm and 7.1 mm), and four patients had motion greater
than 10 mm (ranging from 10.1 mm to 11 mm).

Table 2. Results of tumor motion, lung motion, diaphragm motion, heart motion, and external marker motion, with PCC presented with median

value and their range

Parameters UL (mm) PCC UL LL (mm) PCC LL p* p+
Tumor 3.2 (0.6-11.0) 8.6 (4.0-24.0) <0.001

Lung 2.0(0.39.1) 0.46 (0.30-0.95) 6.0 (2.8-13.9) 0.79(0.50-0.94) <0.001 <0.001
Diaphragm 11.9 (2.5-16.3) 0.68 (0.11-0.93) 12.5 (5.0-22.5) 0.89(0.30-0.99) =0.616 <0.005
Heart 3.9 (2.5-6.3) 0.49 (0.20-0.70) 7.6 (4.5-8.6) 0.59(0.36-0.83) <0.05 =0.736
Ext mar 25(09-74) 0.54 (0.09-0.96) 2.3(1.0-5.9) 0.73(0.27-0.94) =0.403 <0.01

Abbreviations: UL — upper lobe, LL — lower lobe, PCC — Pearson correlation coefficient, p* - p-value calculated for motion between UL and LL,
p+ - p-value calculated for PCC between UL and LL, Ext mar — external marker.
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The amplitude of left lung motion (5.6 [1.2-13.9]
mm) was greater than the amplitude of right lung motion
(2.0 [0.3-9.5] mm) (p<0.05). Lung motion was less than
10 mm in the UL for all the patients, while PCC was
higher than 0.70 for eight patients (ranging from 0.74 to
0.94), of which four patients had PCC (ranging from
0.91 to 0.95) higher than 0.90. Three patients had lung
motion greater than 10 mm (ranged from 10.4 mm to
13.9 mm), whilel6 patients had PCC (ranging from 0.72
to 0.94) higher than 0.70, including seven patients with
PCC (ranging from 0.91 to 0.94) higher than 0.90 in the
LL.

The same median values were obtained for both
cupola of diaphragm motion, 12.5 (2.5-22.5) mm in the
left and 125 mm (6.2-16.3) in the right cupola
(p=0.339). Only one patient had diaphragm motion
greater than 20 mm (22.5 mm). The PCC was (ranging
from 0.71 to 0.99) higher than 0.70 for 18 patients, of
which 11 patients had PCC (ranging from 0.91 to 0.99)
higher than 0.90 in the LL. In detail, eight patients had
PCC (ranged from 0.72 to 0.93) higher than 0.70and
three patients had PCC (ranged from 0.91 to 0.93)
greater than 0.90 in the UL.

Maximum heart motion was 8.6mm in the LL, while
PCC was higher than 0.70 only for four patients (ranged

from 0.71 to 0.83), with maximum PCC of 0.83 for one
patient. Heartbeat was found at every two phases
(variation in x and y components of heart motion up to 2
mm every two phases).

External marker motion was greater than 5 mm for
four patients (ranging from 5.6 mm to 7.4 mm) in the
UL and one patient (5.9 mm) in the LL. Ten patients had
PCC (ranging from 0.71 to 0.96) higher than 0.70 in the
UL (only one patient had PCC [0.96] higher than 0.90),
whilel4 patients had PCC (ranging from 0.72 to 0.94)
higher than 0.70 in the LL (two patients had PCC [0.91
and 0.94] higher than 0.90).

The results of the diaphragm motion are presented in
Table 3. The maximum values of the diaphragm motion
within the respiratory cycle are presented with bold
values.

In six different cases, maximum expansion
immobilized the diaphragm between four to five phases,
depending on the patient’s respiration.

Internal motion of the tumor and external motion of
the external marker are presented in Figure 3 based on
the lobe. The trajectories of tumor motion and external
marker motion are presented in the UL (Figure 3[a] and
[b]) and LL (Figure 3[c] and [d]).

Table 3. Diaphragm motion (mm) within the entire respiratory cycle for six different cases. Bold values correspond to maximum displacement of

the diaphragm.

Phases with maximum diaphragm motion (mm)

Phase (%)
20-50% 30-60% 30-70% 40-70% 50-80% 90-20%
0 9.82 3.60 2.98 775 748 2.70
10 9.70 2.98 248 7.75 7.35 2.70
20 8.82 2.35 223 750 6.85 2.70
30 8.82 1.98 1.48 7.25 5.73 2.08
40 8.82 1.98 1.48 7.00 5.48 1.57
50 8.82 1.98 1.48 7.00 5.35 1.20
60 9.20 1.98 1.48 7.00 5.35 1.95
70 9.33 235 1.48 7.00 5.35 2.33
80 9.70 223 223 7.25 5.35 2.33
90 9.82 3.35 2.98 7.75 6.23 2.70
() ™
=

Figure 3. External marker motion (red line) and internal tumor motion (blue line) were presented depending on the UL (a) and (c) vs. LL (b) and (d)

without and with time shift
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Evaluating tumor and marker motion between
referent scan (helical CT without stereotactic body
frame) and all phases of the respiratory cycle, we found
a time shift in both lobes for 19 patients in the UL
(Figure 3 [b]) and 11 patients in the LL (Figure 3[d]).

Discussion

In this study, 58 lung cancer patients with small
tumor volume underwent SBRT treatment. The authors
examined the correlation between lung tumor motion
and the internal markers motion (i.e., lung, diaphragm,
and heart motion) and external markers motion (nine
glass marbles), depending on the lobe (UL vs. LL).

Comparing median values of tumor motion, we
found that tumor motion was three times greater in the
LL than in the UL (p<0.001). Analyzing the amplitude
of tumor motion between UL vs. LL, we found that
tumors moved more than 5 mm in 6% vs. 57%, while
14% vs. 35% moved more than 10 mm. Similar results
were found in the study of Liu et al., where about 40%
of lung tumors moved more than 5 mm and about 12%
moved more than 10 mm [24].

Better correlation between tumor motion and internal
and external markers was found in the LL rather than in
the UL, while higher PCC occurred for the diaphragm
(0.89), rather than the lung (0.79), external marker
(0.73), and finally, the heart (0.59).

The amplitude of left lung motion was 2.8 times
greater than the amplitude of right lung motion
(p<0.05). Ehrhardt et al. found that motion was 1.2
greater in the right lung than in the left lung [25].
Analyzing lung motion between the UL and LL, we
noted that lung motion was three times larger in the LL
rather than the UL (p<0.001). A greater difference (4.1
times) was found in the Fayad et al. study, performed
with a small patients’ cohort (ten patients) [26].

The results of lung motion may justify the difference
in results of tumor motion according to tumor
localization (UL vs. LL). We found lung motion to be
three times and tumor motion 2.7 times greater in the
LL, rather than in the UL. This can be explained from an
anatomical standpoint, taking into account the
sponginess of lung tissues. In the LL, lung motion was
impacted by diaphragm motion, which is associated
with chest wall expansion in the lower part of the thorax
during free breathing, allowing for larger motion. In the
UL, lung motion was reduced due to the limitation of
the chest wall expansion, which was immobile during
free breathing, while the lungs were compressed by
diaphragm motion, increasing density and decreasing
elasticity in the UL. These effects impacted the tumor
motion in the UL, reducing their amplitude.

With greater tumor motion, we obtained better
correlation (PCC), about 1.7 times higher in the LL
rather than in the UL (p<0.01). In 70% of the patients,
PCC was greater than 0.70, and 30% had a PCC higher
than 0.90 in the LL, comparing to 23% with PCC higher
than 0.70 and 11% higher than 0.90 in the UL. Lung
motion with high PCC value can be used as a surrogate
for tumor motion.
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The diaphragm moves during respiration, like other
organs located in the abdomen. The amplitude of
diaphragm motion was not significant (p=0.339)
between the left and right cupola. A smaller difference
(less than 5% difference) was found comparing
diaphragm motion between lobes (UL and LL)
(p<0.005). Similar results regarding diaphragm motion
(13 mm) were obtained in the Weiss et al. study, using
fluoroscopy imaging (30 patients) and in Korin et al.
study using magnetic resonance imaging (MRI) for
15patients [27, 28].

However, the amplitude of diaphragm motion was
greater than the amplitude of tumor motion in both
lobes, 73% in the UL (p<0.005) and 31% in the LL
(p<0.001), whereas tumor motion had a greater
amplitude than diaphragm motion in 14% of patients
with tumors located in the LL. In the Liu et al. study,
diaphragm displacement (16.5 mm) was greater than
tumor motion (13.6 mm) in the Sl direction, which was
highly correlated with diaphragm motion [24].

A higher PCC was found in the LL (26%) rather than
the UL (<0.005). The PCC was higher than 0.70 for
23% vs. 78% of patients, while 11% vs. 48% of patients
had PCC higher than 0.90, comparing the UL with the
LL.

In the studies of Vedam et al. and Mageras et al.,
diaphragm motion and external marker motion were
used for the potential surrogate for lung tumor motion
[14, 29]. They found a strong correlation (ranging from
0.79 to 0.95) between the external marker motion and
diaphragm motion. Cervino et al. evaluated the
correlation between diaphragm motion and lung tumor
motion in the superior-inferior direction, using
fluoroscopic images from ten patients [30]. They
obtained the strong correlation factors of 0.94 and 0.98
for a simple linear model and a more complex linear
model, respectively. These differences may be due to
different imaging techniques and smaller patient cohorts
in cited studies.

Analyzing diaphragm motion, we found that the
diaphragm was motion less during several phases (4 to 5
phases) within the respiratory cycle, which corresponds
to the stability of tumor motion at end-expiration and
end-inspiration (Table 3) [5]. Diaphragm motion may
confirm the choice of gated window for RGRT
technique, which allows for a reduction in treatment
volume and a better sparing of the OARs from the high
dose delivered during SBRT treatment. It appears that
diaphragm motion (stability) may be used as a surrogate
for treatment based on RGRT.

Greater heart motion (49%) (p<0.05) and higher
PCC (17%) (p=0.736) were found in the LL rather than
in the UL. Comparing median values, we found that the
heart motion amplitude was 18% greater than the
amplitude of tumor motion in the UL, contrary to the LL
where tumor motion was 11% greater than heart motion
amplitude. In the Rasheed et al. study, heart motion was
15% greater than tumor motion [31].

Heartbeat and heart motion affect tumor motion,
creating motion with hysteresis in 32% of patients,
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enlarging treatment volume and decreasing PCC. In the
study of Seppenwoolde et al., 30% of patients had tumor
motion with hysteresis due to heartbeat [20]. These
motions with hysteresis impact on PCC between tumor
motion and internal and external markers. Only 10% of
patients had PCC higher than 0.70 between heart motion
and tumor motion. It is not advisable to use the heart as
a surrogate during treatment delivery due to a lower
PCC and heartbeat contribution within heart motion.

Also, heart motion can impact on simulation and
treatment delivery, escalating the dose to the heart for
treatment based throughout the entire respiratory cycle
(ITV volume). Cardiac toxicity can also be affected by
heart motion, overlapping heart structure with treatment
volume during irradiation and escalating the dose to the
heart. The RGRT technique may be used to reduce heart
volume from treatment volume and spare the heart from
high doses, while the DIBH technique can be used to
freeze heart motion during treatment, reducing the dose
to the heart [32, 33].

The external marker (glass marble) motion was
greater in the UL (10%) than in the LL (p=0.403).
External marker motion was greater than 5 mm in 9% of
patients. The amplitude of tumor motion was higher
than the amplitude of external marker motion in both
lobes, 22% in the UL (p<0.001) vs. 73% in the LL
(p<0.005). On the other hand, a larger PCC (26%) was
found in the LL (p<0.01). The PCC between tumor and
external marker motion was higher than 0.70 for 29% in
the UL vs. 61% in the LL, which means that a difference
in motion amplitude does not affect the PCC between
the tumor and the external marker. Decreased PCC
values were found when trajectories of tumor and
external marker motion mismatched. In Figure 3,
trajectories of tumor motion (blue line) and external
marker motion (red line) are presented within all phases
of the respiratory cycle in the UL (Figure 3[a] and [b])
and the LL (Figure 3[c]and [d]). When the helical CT
scan without stereotactic body frame was acquired
without a time shift, the trajectories of tumor and
external marker motion matched, having the same shape
and increasing PCC (Figure 3[a] and [c]). The PCC
values still depend on amplitude and localization of the
tumor and external marker. In the case of time shift
(Figure 3[b] and [d]), the trajectories of tumor and
external marker motion mismatched, decreasing PCC
values. A better correlation was obtained between the
tumor and the nearest marker to the tumor in all the
patients.

We concluded that the correlation coefficient
strongly depends on the respiratory phase during which
the helical CT scan without stereotactic body frame was
acquired, the shape of tumor motion and external marker
motion, as well as their localization and time shift
(Figure 3). A similar conclusion was found in the study
of Gierga et al.[15]. They found that tumor motion (25
mm) was larger than external marker motion (2 to 9
mm), while correlation depended on the tumor’s
position compared to the external marker position.
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A better correlation with tumor motion may be
obtained using an inserted fiducial marker. When
fiducial markers were inserted near the tumor,
uncertainties due to time shift were excluded. However,
the remaining key problems are localization and
distance between the tumor and fiducial marker. Smith
et al. reported that the correlation coefficient may be
impacted when the distance between tumor motion and
the fiducial marker increases [34]. The use of fiducial
markers is limited because it can lead to complications
such aspneumothorax, focal intrapulmonary
hemorrhage, hemoptysis, mild hemothorax, gas
embolism, and death [8, 35].

The correlation between tumor motion and the
internal and external markers may strongly affect the
imaging technique, which can generate images with
poor quality, polluted by artifacts [11]. Structure
delineation based on poor image quality may
underestimate or overestimate the tumor, internal
(fiducial and OARs) and external marker volumes,
location, and motion, creating overlap between
structures [36]. Using an adequate imaging technique
and/or breathing methods (DIBH and abdominal
compression) may take into consideration or reduce the
motion induced by respiration [4]. On the other hand, an
adequate system immobilization ensures precise and
comfortable patient positioning, reducing inter- and
intra-fraction motion [12].

The best solution was to treat mobile tumors without
surrogates, which can be done by using a recently
developed magnetic resonance imaging-guided linear
accelerator (MRI-LINAC). However, the use of the
MRI-LINAC was limited by the availability of MRI
scanners, limited familiarity with MRI in radiotherapy,
and medical contraindications to MRI [37].

Conclusion

In this study, the correlation between lung tumor
motion and internal (lung, heart and diaphragm) and
external markers was investigated. Better correlation
was found in the LL for all markers, internal and
external.

Lung tumors and internal markers moved without
time shift, which allowed for higher PCC. The
diaphragm had greater motion and higher PCC than the
lung and heart. The diaphragm motion (stability
between phases) can be used as a surrogate to perform
the RGRT technique, which allows for a reduction in
treatment volume and better sparing of the OARSs. Even
though the heart had greater amplitude of motion than
the lung, PCC was higher for the lung. It is not advisable
to use the heart as a surrogate because of a lower PCC
and heartbeat contribution. The lung may be used as a
surrogate, but lung motion strongly depends on the
general state of the patient, the lung physiology, and the
patient’s respiratory problems.

The correlation of tumor motion and external marker
motion depends on the distance between the tumor and
marker, the shape of the tumor and marker motion, time
shift, and the patient's breathing. Also, heartbeat and
heart motion can provide tumor motion with hysteresis,
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which impacts on the correlation coefficient between
tumor motion and external marker motion.
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