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Introduction

Lung cancer is a leading cause of death, common in both males 
and females worldwide [1]. Selecting the treatment of localized 
lung cancer by surgery or radiation therapy mainly depends on 

the stage of the tumor [2, 3]. Radiation therapy has been consistently 
developing to consider as an excellent solution for inoperable patients or 
those who are unwilling or unable to undergo surgery [4].

Lung tumors are mobile, induced by respiration (diaphragm motion 
and lung expansion), the heartbeat, and heart motion [5]. Tumor mo-
tion may cause inadequate dose coverage and an increased risk for local 
failure and/or toxicity to normal tissue [6, 7]. Although the helical CT 
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ABSTRACT
Background: Mobility of lung tumors is induced by respiration and causes inad-
equate dose coverage. 
Objective: This study quantified lung tumor motion, velocity, and stability for small 
(≤5 cm) and large (>5 cm) tumors to adapt radiation therapy techniques for lung cancer 
patients.
Material and Methods: In this retrospective study, 70 patients with lung cancer 
were included that 50 and 20 patients had a small and large gross tumor volume (GTV). 
To quantify the tumor motion and velocity in the upper lobe (UL) and lower lobe (LL) 
for the central region (CR) and a peripheral region (PR), the GTV was contoured in all 
ten respiratory phases, using 4D-CT. 
Results: The amplitude of tumor motion was greater in the LL, with motion in the 
superior-inferior (SI) direction compared to the UL, with an elliptical motion for small 
and large tumors. Tumor motion was greater in the CR, rather than in the PR, by 63% 
and 49% in the UL compared to 50% and 38% in the LL, for the left and right lung. The 
maximum tumor velocity for a small GTV was 44.1 mm/s in the LL (CR), decreased to 4 
mm/s for both ULs (PR), and a large GTV ranged from 0.4 to 9.4 mm/s.  
Conclusion: The tumor motion and velocity depend on the tumor localization and 
the greater motion was in the CR for both lobes due to heart contribution. The tumor 
velocity and stability can help select the best technique for motion management during 
radiation therapy.
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scan acquired during free breathing provides 
instantaneous anatomical images (screenshot), 
it can often distort the real tumor volume and 
the positions of the organs at risk (OARs)  
[8, 9]. Using a 4D-CT scan for lung cancer pa-
tients, overall tumor motion and the anatomi-
cal localization of the OARs can be evaluated 
within the respiratory cycle [10, 11]. For large 
tumor motion, some techniques were devel-
oped based on the patient participation, the 
deep inspiration breath-hold (DIBH), utiliza-
tion of accessories (abdominal compression), 
and free-breathing (respiratory gating (RGRT) 
or tumor tracking) to decrease tumor motion, 
treatment volume, and consequently sparing 
the OARs [12].

Free-breathing techniques result in reducing 
the number of patient participation and treat-
ment performed with RGRT and tumor track-
ing can theoretically decrease treatment vol-
ume and spare healthy tissues more effectively 
[13, 14]. RGRT causes the irradiation of the 
tumor in certain phases of the respiratory cy-
cle, at end-expiration or end-inspiration. The 
treatment volume will decrease, limiting geo-
metrical uncertainty due to tumor motion and 
reducing toxicity. Tumor tracking can be per-
formed during tumor motion through the re-
spiratory cycle, keeping the tumor within the 
path of the radiation beam. With tracking, the 
planning target volume (PTV) and dose to the 
OARs can be reduced, respecting tumor ve-
locity and the limitation of the multi-leaf col-
limator (MLC) velocity, uncertainties in organ 
motion, and set-up errors for moving tumors 
[15]. Selecting the motion management strat-
egy (gating or tracking) may be influenced by 
tumor size, tumor localization, and tumor mo-
tion [16].

Lung tumor motion has been previously in-
vestigated in some studies where the use of 
different imaging techniques showed a large 
spread in the amplitudes of tumor motion 
[5]. Two studies used 4D-CT scans to evalu-
ate three-dimensional (3D) tumor motion, 
depending on tumor volume and localization 

on the lobe [17, 18]. Quantifying these lung 
tumor characteristics could reduce treatment 
volume and better spare healthy tissues, lead-
ing to more appropriate and personalized treat-
ment for lung cancer patients.

The aim of this study was to quantify lung 
tumor motion for both small and large tumors, 
depending on the tumor localization, and to 
determine tumor velocity and stability be-
tween respiratory phases.

Material and Methods

Population
The retrospective study was conducted on a 

cohort of 70 consecutive patients treated be-
tween March 2017 and October 2018 in Tenon 
University Hospital. Out of these 70 patients, 
50 patients (28 males and 22 females) with 
small tumors underwent Stereotactic Body 
Radiation Therapy (SBRT), and 20 male pa-
tients with large tumors underwent Intensity 
Modulated Radiation Therapy (IMRT) treat-
ment. All of the patients included in this study 
were current or former tobacco smokers who 
were defined as more than 10 pack-years in a 
lifetime.

In this study, lung cancer patients received 
different treatment modalities according to 
their tumor volume. According to institution-
al practices, patients with small tumor sizes  
(≤5 cm) were treated with SBRT, while pa-
tients with large tumor sizes (>5 cm) were 
treated with conventionally fractionated treat-
ment using IMRT.

Data acquisition
All patients were scanned on a GE Light 

speed 16 slice CT (General Electric Medical 
Systems, Waukesha, WI), equipped with the 
Real-Time Positioning Management system 
(RPM, Varian Medical Systems, Palo Alto, 
CA, USA). For 4D-CT simulation, an infra-
red Charged-Couple Device (CCD) camera, 
mounted on the treatment couch, was used 
in conjunction with a reflective block marker 
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(with two reflecting dots) placed over the xi-
phoid process to track breathing motion dur-
ing the respiratory cycle. The RPM system 
enables the correlation of the target’s position 
with the patient’s respiratory cycle [5].

Patients who underwent a conventionally 
fractionated regimen were immobilized in the 
supine position, with arms above their head, in 
the CIVCO immobilization system (CIVCO 
Medical Solutions, Orange City, IA, USA). 
Using Institutional protocol for IMRT treat-
ment, two CT scans (with and without contrast 
injection) and one 4D-CT were performed.

Patients qualified for SBRT were immobi-
lized in the supine position with arms above 
their head, using the BlueBAG BodyFIX im-
mobilization system (Medical Intelligence, 
Schwabmünchen, Germany). The comfortable 
position of patients and vacuum-molded bags 
can reduce potential inter and intra-fraction 
motion [19]. Using an institutional protocol 
for SBRT treatment, two CT scans (with and 
without a stereotactic body frame) and one 
4D-CT were performed. 

All scans, CT and 4D-CT were performed 
with a 0.7 s/rotation period, 120 kV, mA rang-
ing from 10 to 440 mA, and tube current mod-
ulation (TCM) was turned on with a field of 
view (FOV) of 55 cm. The only differences in 
the parameters were the slice thickness (1.25 
mm for small and 2.5 mm for large tumors) 
and slice detector number (16 for small and 8 
for large tumors), for the same beam collima-
tion width (20 mm).

Delineation
To determine the amplitude of tumor motion 

and The Varian Eclipse 13.7 treatment plan-
ning system (TPS) is used to determine the 
amplitude of tumor motion and quantify its 
trajectory [20]. The CT scans were delineated 
without a stereotactic body frame (SBRT) and 
with injection (IMRT), for all ten phases of the 
respiratory cycle (eleven phases for each of 
the 70 patients, 770 contoured phases in total).

To compare the treatment volumes based on 

the tumor motion, the internal target volume 
(ITV) was generated from the entire respira-
tory cycle versus the internal GTV (IGTV) 
created from stable phases only, where GTV 
motion can be impacted by tumor deformation 
or residual motion.

Data analysis
The tumor motion was analyzed and repre-

sented according to the tumor volume. The tu-
mor trajectories were represented in statistical 
software Origin Pro version 8.6 (Northamp-
ton, MA, USA). The tumor motion was evalu-
ated from the center of mass, using statistic 
tools from DICOM images (Digital Imaging 
and Communications in Medicine), calculated 
from the magnitude of 3D vector coordinates 
in each direction by equations (1, 2):

2 2 2r x y z= + +
                                      (1)

where x, y, and z were the left-right (LR), 
the anterior-posterior (AP), and the superior-
inferior (SI) direction. 

To calculate tumor velocity, the time neces-
sary for the 4D-CT acquisition was also con-
sidered:

( )10

1 ii
T t BC Tr

=
= = +∑                                 (2)

where BC is the breathing cycle and Tr is the 
tube rotation time. The time between phases 
was calculated using the equation (3):

( )
10 10

BC TrTt
+

≥ =                                       (3)

From the third equation (3), the tumor veloc-
ity is computed based on equation (4):

i
i

i

sv
t

=                                                        (4)

where si represents the distance and ti the 
time between adjacent phases. The lung tumor 
motion, velocity, and stability were quantified 
based on the tumor’s localization in the region 
(central region (CR) ≤2 cm from mediastinum 
or peripheral region (PR)>2 cm from medias-
tinum), lobe (upper or lower), and lung (left 

67



J Biomed Phys Eng 2023; 13(1)

Milovan Savanović, et al

or right). 
Median values were compared using a mul-

tivariable test (significance level: P<0.05) and 
statistical analysis was done using the statis-
tical software SEM (SILEX Development, 
Mirefleurs, France).

Results

Patients’ characteristics
The characteristics of the patients are pre-

sented in Table 1. Among the patients includ-
ed in this study, 61.5% had a tumor located in 
the UL, and 38.5% in the LL. 58% and 42% 
of patients with small tumors, the tumor was 
located in the UL and the LL, respectively; 
while for 65% and 35% of patients with large 
tumors, the tumor was located in the UL and 
the LL.

Tumor motion
The motion and trajectory of tumors are pre-

sented below, depending on tumor localization 
in the lung.

Figure 1 shows the tumor motion in the UL 

can be complex. For small tumors, the tumor’s 
motion with its trajectory was presented in 
different forms of tumor motion, where 94% 
of the motion was elliptical (presented for six 
patients), 4% was diagonal (two patients) and 
2% was anterior-posterior (one patient).

For small tumors, Figure 2 reveals the tumor 
motion in the LL, performed in the SI direc-
tion for five patients with (44%) and without 
hysteresis (56%), for both regions, CR and PR. 

The results of the tumor motion were pre-
sented in the UL and LL, depending on the 
lung (left vs. right) and region of the tumor’s 
localization (CR vs. PR), for small tumors and 
also depending on the lung (left vs. right), for 
large tumors (Table 2).

The tumor motion was greater in the CR 
rather than in the PR, by 63% in the UL and 
50% in the LL for the right lung, and by 49% 
in the UL and 38% in the LL for the left lung. 
A greater amplitude of tumor motion was in 

Patient characteristics

Age (years old)
Median 67
Range 38-90

Sex (n; %)
Male 48 (68.5)

Female 22 (31.5)

Tumor localization (n; %)

Right lung 38 (54)
Upper lobe 26 (68)
Lower lobe 12 (32)
Left lung 32 (46)

Upper lobe 15 (47)
Lower lobe 17 (53)

Tumor size (n; %)
≤ 5 cm 50 (71.5)
> 5 cm 20 (28.5)

Treatment technique (n; %)
SBRT 50 (71.5)
IMRT 20 (28.5)

SBRT: Stereotactic body radiation therapy, IMRT: Intensity 
modulated radiation therapy

Table 1: Patient characteristics.

Figure 1: Tumor motion through all ten phas­
es with tumor trajectory in the upper lobe 
for small tumors presented elliptical motion 
(a), diagonal motion (b) and motion in the 
antero-posterior (AP) direction (c). 
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the LL (ranged from 2.1 to 3.5 times) rather 
than in the UL, for both small and large tu-
mors.

In multivariable analysis, small tumors 
moved differently between the CR and PR in 
the x-direction (P<0.0001) and y-direction 
(P<0.0001). The difference in the z-direction 
was significant when comparing the left ver-
sus the right lung P=0.001, the UL versus the 
LL P=0.0001, and small versus large tumors 
P=0.036. The factor related to r  was signifi-
cantly different between central versus periph-
eral tumors P<0.0001, the left versus the right 
lung P=0.003, the UL versus the LL P<0.0001, 
and small versus large tumors P=0.031.

The overall tumor motion r  and tumor 
volume for small tumors is shown for the UL 
and LL depending on the region of the tumor’s 
localization (CR versus PR) (Figure 3). 

Based on this, the limit of the overall tumor 
motion is distinguished between the CR and 
PR in the UL (3 mm) and LL (10 mm). For 

the UL, the median and maximum overall mo-
tion were 2 mm and 3 mm, respectively, in the 
PR and were also 6 mm and 10 mm in the CR 
respectively. In the LL, the median and the 
maximum overall motion were 6 mm and 9.2 
mm in the PR, respectively, and 15 mm and 24 
mm in the CR respectively.

Heart contribution in tumor motion was pre-
sented with the distance between heart and tu-
mor, in the UL and LL (Figure 4).

Tumor velocity
Table 3 shows the tumor’s velocity that for 

small tumors was evaluated depending on the 
lobe (UL versus LL), lung (left versus right), 
and region (CR versus PR). The velocity for 
large tumors was evaluated depending on the 
lobe (UL versus LL) and lung (left versus 
right).

Tumor velocity was significantly different 
when comparing the left versus the right lung 
P=0.006, the UL versus the LL (P<0.0001), 
and small versus large tumors P=0.031, using 

Figure 2: The tumor motion and trajectory of tumor motion presented for five patients in the 
superior-inferior direction without hysteresis (a) and for five patients in the superior-inferior 
direction with hysteresis (b), in the lower lobe, for small tumors.
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Lobe
Small tumors

Large tumors
Central Peripheral

Left Right Left Right Left Right
Upper lobe

x (mm) 2.3 (0.5-7.5) 2.9 (0.6-4.4) 0.7 (0.5-1.1) 0.7 (0.5-1.5) 2.3 (0.9-2.6) 1.1 (0.1-3.3)
y (mm) 2.7 (1.8-4.2) 3.8 (1.6-9.8) 1.6 (0.6-2.4) 1.2 (0.3-2.3) 1.4 (0.7-2.4) 1.8 (0.2-3.6)
z (mm) 3.1 (1.5-5.4) 2.8 (0.1-3.7) 1.2 (1.1-1.3) 1.3 (0.4-2.8) 0.4 (0.3-2.4) 1.4 (0.2-3.5)

r  (mm) 4.3 (3.2-10.0) 5.4 (3.5-10.1) 2.2 (1.2-2.5) 2.0 (0.6-2.8) 2.7 (1.2-3.6) 2.5 (0.2-4.8)

Volume (cc) 3.6 (0.9-8.1) 3.7 (0.7-8.6) 2.3 (0.7-9.3) 2.4 (0.4-16.5) 96.8 (41.5-119.7) 94.3 (11.2-479.3)
Lower lobe

x (mm) 2.1 (1.2-3.0) 2.5 (1.2-3.8) 0.8 (0.4-2.2) 1.0 (0.6-1.3) 1.7 (0.7-2.6) 1.0 (0.5-2.0)
y (mm) 2.1 (0.8-10.3) 3.8 (2.5-5.0) 1.8 (0.5-2.7) 1.0 (0.9-1.2) 2.1 (1.8-2.4) 1.2 (0.7-2.9)
z (mm) 12.3 (10.7-21.7) 10.8 (5.6-15.9) 6.5 (0.4-8.9) 6.5 (3.8-8.7) 6.5 (6.2-6.7) 4.5 (1.5-6.5)

r  (mm) 12.5 (10.9-24.0) 11.3 (10.0-16.6) 7.7 (1.9-9.2) 6.6 (4.0-8.6) 7.0 (6.4-7.3) 4.8 (2.5-6.5)

Volume (cc) 3.4 (1.3-6.2) 1.2 (0.5-1.8) 1.6 (0.6-9.3) 5.0 (3.5-11.9) 298.6 (14.6-582.6) 98.2 (44.4-194.0)

Table 2: Tumor motion (in all directions with a radius vector) and tumor volume presented with 
median values and ranges, for both small and large tumors, in the upper and lower lobes, de­
pending on the region of the tumor’s localization (central versus peripheral).

Figure 3: The overall tumor motion r  and 
tumor volume presented in the upper lobe 
(up) and lower lobe (down), depending on 
the region of the tumor’s localization (cen­
tral versus peripheral), for small tumors.

Figure 4: Decrease in tumor motion with dis­
tance from the heart in the upper lobe (a) 
and lower lobe (b) for small tumors.
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multivariable analysis.
The tumor’s velocity depends on the phases 

through the respiratory cycle for each phase 
and three different cases as seen in Figure 5.

The tumor’s velocity varies and depends on 
phases that in some phases, the tumor velocity 
is constant (30-60% phases, 30-70% phases, 
and 40-70% phases) with a small residual tu-
mor motion, named “tumor stability”. The ve-
locity between stable phases varies from 0.3 to 
4.1 mm/s. This residual motion was less than 3 
mm between stable phases.

Tumor stability
For both small and large tumors, the char-

acteristics of tumor stability in the UL and LL 
are represented in Table 4. The difference in 
the volumes was represented using the ITV for 
the entire respiratory cycle and the IGTV for 
stable phases.

Comparing the ITV versus IGTV volumes, 
significant results were P<0.001, UL versus 
LL (P<0.0001), and small versus large tumors 
P<0.0001.

Discussion
In this study, tumor motion was evaluated 

in different localizations depending on the re-
gions (CR versus PR), lungs’ side (left versus 
right), and lobes (UL versus LL), in all direc-
tions, based on the overall tumor motion. The 
amplitude of overall tumor motion decreased 
by a factor of about 2 in the PR compared to 
the CR, for both lungs and lobes. In the UL, 
larger tumor motion was in all directions in the 

Lobe
SBRT IMRT

Central Peripheral Large tumor
Left Right Left Right Left Right

UL (mm/s) 6.8 (1.2-11.0) 4.3 (0.9-10.0) 1.4 (0.3-3.6) 3.1 (0.3-4.3) 1.4 (0.4-3.6) 3.3 (0.4-6.7)
LL (mm/s) 18.5 (1.8-44.1) 3.4 (1.7-20.2) 9.1 (0.7-15.0) 6.0 (0.4-10.9) 3.2 (0.4-6.3) 4.9 (0.6-9.4)

SBRT: Stereotactic body radiation therapy, IMRT: Intensity modulated radiation therapy, UL: Upper lobe, LL: lower lobe

Table 3: Results of the tumor’s velocity for small and large tumors, depending on the lobe and 
region.

Figure 5: Tumor velocity with tumor stability 
between 30-60% phase, in the peripheral re­
gion for left lower lobe (a), the highest tumor 
velocity and tumor stability between 30-70% 
phases in the central region for the left lower 
lobe (b), and tumor velocity with tumor sta­
bility between 40-70% phases, in the central 
region for the right lower lobe (c).
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CR rather than in the PR, i.e. 4.3 times in the 
x-direction, 3.2 times in the y-direction, and 
2.6 times in the z-direction. In the LL, these 
factors decreased in the x-direction (2.5 times) 
and z-direction (1.9 times), with the same fac-
tor value (3.2 times) in the y-direction, com-
paring the CR versus the PR. Based on some 
studies, the amplitude of tumor motion de-
pends on the localization of tumors, increasing 
when the tumor approaches the diaphragm, 
especially in the SI direction [17, 21-23]. In 
this study, the median values of tumor motion 
were greater than in previously cited studies.

For small tumors, heart contribution was 
more pronounced in the CR rather than in the 
PR, by 2.7 times in the UL and 1.7 times in the 
LL for the right lung, and by 2 times in the UL 
and 1.6 times in the LL for the left lung. These 
results (Table 2) confirm that heart contribu-
tion depends on the distance from the heart 
and not the lungs’ side (left versus right) and 
the amplitude of tumor motion decreases with 
increasing the distance from the heart.

Large tumors move with similar amplitudes 
to small tumors located in the PR, performing 
elliptical motion in the UL and SI motion in 
the LL that larger tumor motion was in the LL 

rather than in the UL, by 62% in the left lung 
and 48% in the right lung.

By observing the trajectories of tumor mo-
tion, lung tumors have an elliptical motion, 
regardless of the lobe or region. The ampli-
tude, orientation, and shape of the tumor mo-
tion depend on the localization of the tumor in 
the lungs due to different contributions of the 
heartbeat and heart motion, diaphragm mo-
tion, and lung expansion. Elliptical motion can 
be presented using the equation (5):

2 2 2

2 2 2 1x y z
h l d

+ + =                                        (5)

where x, y, and z are coordinates and h rep-
resents heartbeat contribution during motion. 
Also, l and d represent lung expansion during 
respiration and the contribution of the dia-
phragm motion.

The heart contribution was more pronounced 
in the UL, especially in the CR that the heart-
beat and heart motion creates a complex tu-
mor motion (Figure 1). Tumors located in the 
UL of either the left or right lung, moved with 
an amplitude larger than 10 mm in 38% of el-
liptical motion (a), due to contribution by all 
of the parameters from the equation (5). The 
amplitude and orientation of the elliptical mo-

Volume Lobe Patient (%) Phase (%) ITV (cc) IGTV (cc) (ITV-IGTV)/ITVx100 (%)

Small 
tumor

UL
52 30 – 60 4.3 2.1 51
25 30 – 70 2.1 1.5 29
23 40 – 70 11.2 7.9 29

LL
33 30 – 60 14.6 2.5 83
22 30 – 70 1.8 0.9 50
45 40 – 70 11.6 6.4 49

Large 
tumor

UL
80 30 – 60 248.5 82.8 67
20 30 – 70 317.1 99.1 69

LL
43 30 – 60 195.1 45.6 77
57 30 – 70 59.0 19.4 67

ITV: Internal target volume, IGTV: Nternal gross tumor volume, UL: Upper lobe, LL: Lower lobe

Table 4: Comparison of the internal target volume (ITV) volume from total motion and internal 
gross tumor volume (IGTV) volume from stable phases, for small and large tumors, depending 
on tumor localization on the lobe (upper versus lower).
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tion depend on tumor localization and dis-
tance from the heart, represented with a range 
of motion in the x (from 0.5 mm to 7.5 mm) 
and y (from 1.8 to 4.2 mm) directions in the 
left lung, and x (from 0.6 mm to 4.4 mm) and 
y (from 1.6 to 9.8 mm) directions in the right 
lung (Table 2).

However, in the second case, tumors located 
in the lower part of the UL moved in a diago-
nal direction (b), a direct consequence of the 
resultant forces of the diaphragm’s and heart 
movements (without significant lung expan-
sion in the y-direction), where h d l= 

 
(equation (6)).

2 2

2 2 1x z
h d

+ =                                                  (6)

In the third case, small tumors located in the 
UL near the upper portion of the heart, conse-
quently, move in the antero-posterior direction 
by lung expansion (c), i.e. h=d<l due to the 
equal forces between the heartbeat and dia-
phragm motions (equation (7)). 

2 2

2 2 1x y
h l

+ =                                                  (7)

According to the motions in the UL, the tra-
jectory of tumor motion was quasi symmetri-
cal in all directions (x, y, and z), extending the 
PTV with a uniform margin.

For tumors located in the LL, the predomi-
nant direction of motion was the SI, due to 
diaphragm motion, i.e. ,d h l  (without sig-
nificant lung expansion in the y-direction), re-
gardless of tumor size (equation (8)). 

2 2

2 2 1y z
l d

+ =                                                   (8)

In the CR, the motion in the SI direction 
was impacted by the heartbeat and heart mo-
tion and tumors moved with hysteresis (b), i.e.  
h,l <d for h,l≠0 (equation (6)).

Motion with hysteresis increases the ampli-
tude of tumor motion, increasing the treatment 
volume and geographic misses during treat-
ment [23]. Due to tumor motion in the SI di-

rection, the PTV margin will extend in the ver-
tical direction, for tumors located in the LL.

In the current study, greater velocity was in 
the LL rather than in the UL after analyzing 
the results of tumor velocity for both (small 
and large) tumors with greater tumor velocity 
in the CR, especially in the left lung. In some 
cases, tumor velocity could predetermine the 
treatment technique. If the tumor velocity was 
not constant and very fast >25 mm/s, the treat-
ment solution is based on ITV according to 
overall tumor motion through all ten phases. 
The results of this study show that tumor ve-
locity changed during the respiratory cycle 
and depended on the phase. In some phases, 
the tumor velocity could be greater than the 
velocity of an MLC, and also, in turn, intro-
duce additional geometric uncertainty during 
treatment delivery. In this study, 10% of the 
patients had tumor velocity greater than the 
MLC velocity (25 mm/s, TrueBeam Novalis 
STx, in our institution), with tumors located in 
the left lower lobe, in the CR. In the Shirato et 
al. study, 29% of patients had a maximum ve-
locity of 33 mm/s, evaluating the tumor veloc-
ity from the velocity of fiducial markers [24]. 
The tumor tracking can be used only with an 
MLC velocity superior to 45 mm/s.

In the case of constant and smaller velocity 
(<5 mm/s), stable phases can be determined 
between several phases, where velocity de-
creases and acceleration is also reduced to 
zero. For 98% and 2% of our patients with 
small tumors, tumor stability was at end-expi-
ration and end-inspiration, respectively. 

With 85% of our patients, tumor stabil-
ity was during 4 phases. In the right lung (23 
patients – 46%), tumors were more stable in 
the UL (70% of tumors) rather than in the LL 
(30% of tumors). Whereas, tumors located in 
the left lung (27 patients – 54%) were more 
stable in the LL (56% of tumors) rather than in 
the UL (44% of tumors). In the UL, stability 
was between 30% to 60% phases, shifting to 
40% to 70% phases, depending on the tumor 
localization (oblique fissure – limit between 
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the UL and LL). Generally, tumors located in 
the upper portion of the LL are stable between 
30–60%. In the lower part of the LL, the sta-
bility of phases decreased from 30-70% to 
40–70% with irregular patient respiration. Lee 
et al. generally used a duty cycle of 40%-60% 
phases, shifting to 30%-70% phases for regu-
lar and stable respiration [25].

Variations in the stable phases came from 
tumor deformation, changing volumes and 
the isocenter of the GTV in DICOM images, 
creating a small shift between phases (residu-
al motion) that occurs between stable phases 
from residual motion (less than 3 mm), i.e. 
decreasing the residual motion between stable 
phases, decreasing velocity. The RGRT tech-
nique would be the best solution using a gat-
ing window on stable phases. Regarding the 
residual motion on stable phases, the margin 
inside the gating window can be calculated 
from the tumor velocity:

10 min
T nx v×∆

∆ = ×                                          (9)

where ∆x is the calculated margin, T is the 
time of the breathing cycle, ∆n – the number 
of the stable phases and vmin – the minimum 
tumor velocity. 

Figure 6 shows velocity and localization, 
depending on patient respiration (regular vs 
irregular) and the organizational chart of the 
treatment in the lung cancer tumors.

According to the American Association of 
Physics in Medicine (AAPM) task group 76 

report, the RGRT technique can be employed 
when tumor motion exceeds 5 mm [5]. In this 
study, only 22% of tumors moved more than 
10 mm, while 32% of tumors moved more 
than 5 mm, for patients with small tumors, 
whereas 20% of the patients with large tumors 
had tumor motion greater than 5 mm. Liu et al. 
found that 39.2% of tumors move more than 
5 mm and 10.8% of tumors move more than 
10 mm [18]. Sarudis et al. reported that tumor 
motion ≥1 cm was in 46.3% of tumors located 
in the LL and 6.7% of the tumors in the UL 
[17].

Using the RGRT technique on 4 or 5 stable 
phases, the significant difference (P<0.001) 
was compared to the volume from the stable 
phases (IGTV) to the volume from the entire 
respiratory cycle (ITV). The better result was 
in the LL due to a larger ITV, provided from 
a larger amplitude of tumor motion. An im-
portant reduction in treatment volume was for 
both small and large tumors, using treatment 
based on the stable phases (Table 4), decreas-
ing treatment volume. In the Underberg et al. 
study, the PTV volume gain obtained between 
the PTV volume from an entire respiratory 
cycle and the PTV volume from stable phas-
es was more than 30% in 38% of tumors and 
more than 50% in 15% of tumors [26]. 

The current study has some limitations, such 
as a small patient’s cohort, manual contouring 
of tumor volumes, and retrospective calcu-
lation of the tumor motion and velocity and 

Milovan Savanović, et al

Figure 6: Organizational chart of lung cancer treatment depending on tumor motion, tumor localization 
in the lung (upper lobe and lower lobe) and region (central vs peripheral), and patient respiration.
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some comparisons were limited due to geo-
metrical and volumetric differences between 
the lungs and lobes.

Conclusion
In this study, the quantification of lung tu-

mor motion and optimization of their treat-
ment were investigated. Tumor motion was 
predominant elliptical in the UL and the SI 
direction in the LL and greater tumor motion 
was in the CR, for both lobes and lungs with 
differences in motion between the tumors lo-
cated in the CR and PR, for both lungs from 
heart contribution, while the amplitude of tu-
mor motion depends on the distance from the 
heart. The results of tumor motion can be used 
to predict the ITV and determine the shape and 
direction of the PTV margin. Due to the dif-
ferent shapes of tumor motion, we can expect 
PTV expansion in the vertical direction for the 
LL and a uniform expansion in the UL.

The selection of treatment can be based on 
tumor stability and tumor velocity, influenced 
by the tumor’s localization and the phase of 
the respiratory cycle. When the velocity de-
creases in a certain phase, the tumor becomes 
stable due to a constant velocity, allowing for 
an important reduction in the treatment vol-
ume, which can decrease the dose received 
by the surrounding healthy tissues, using the 
RGRT technique. For tumors that do not have 
stable phases, the treatment of choice could be 
tumor tracking, if tumor velocity does not ex-
ceed the MLC velocity.
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