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Background: The management of breath-induced tumor motion is a major challenge for

lung  stereotactic body radiation therapy (SBRT). Three techniques are currently available

for  these treatments: tracking (T), gating (G) and free-breathing (FB).

Aim: To evaluate the dosimetric differences between these three treatment techniques for

lung SBRT.

Materials and methods: Pretreatment 4DCT data were acquired for 10 patients and sorted

into  10 phases of a breathing cycle, such as 0% and 50% phases defined respectively as the

inhalation and exhalation maximum. GTVph, PTVph (=GTVph + 3 mm) and the ipsilateral lung

were  contoured on each phase.

For the tracking technique, 9 fixed fields were adjusted to each PTVph for the 10 phases.

The  gating technique was studied with 3 exhalation phases (40%, 50% and 60%). For the

free-breathing technique, ITVFB was created from a sum of all GTVph and a 3 mm margin

was  added to define a PTVFB. Fields were adjusted to PTVFB and dose distributions were

calculated on the average intensity projection (AIP) CT. Then, the beam arrangement with

the  same monitor units was planned on each CT phase.

The 3 modalities were evaluated using DVHs of each GTVph, the homogeneity index and

the  volume of the ipsilateral lung receiving 20 Gy (V20Gy).

Results: The FB system improved the target coverage by increasing Dmean

(75.87(T)–76.08(G)–77.49(FB)Gy). Target coverage was slightly more homogeneous, too

(HI: 0.17(T and G)–0.15(FB)). But the lung was better protected with the tracking system (V20Gy:

3.82(T)–4.96(G)–6.34(FB)%).
Conclusions: Every technique provides plans with a good target coverage and lung protection.

While irradiation with free-breathing increases doses to GTV, irradiation with the tracking
technique spares better th
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1.  Background

Radiation therapy is a reference treatment for non-operable
lung cancers. Several studies showed encouraging results with
low toxicity rates and a good local control for stereotactic
body radiation therapy (SBRT).1–4 With an ablative dose deliv-
ered in a few fractions, the major challenge of SBRT now is
the management of breath-induced tumor motion. The aver-
age tumor motion in the superoinferior direction was shown
to be up to 1 cm,  especially for the lesions localized in the
lower lobe.5–8 Seppenwoolde et al.5 studied the lesion trajec-
tory using dual real-time fluoroscopic imaging and a fiducial
marker implanted in or near the tumor in 20 patients. In 50%
of cases, they reported a hysteresis trajectory from 1 to 5 mm
during the inhalation and exhalation phases. From these
observations, the report of the American Association of Physi-
cists in Medicine (AAPM) Task group 769 recommended the
management of respiratory techniques when tumor motion
was greater than 5 mm in any direction or when normal tis-
sue sparing was significant. With the improvements of the
delivery and imaging techniques, several approaches are now
available such as the free-breathing, the gating and the track-
ing techniques.

The free-breathing technique consists in the irradiation
of the tumor for every possible position during the respira-
tory cycle. A solution to provide accurate information about
the movement  of the target and of the organs at risk is the
use of 4D-computed tomography (4D-CT) developed by Saito
et al. in the early 2000s.10–12 Synchronizing the breathing sig-
nal and image  datasets, a 3D-CT volume containing a moving
structure is imaged over a period of time, creating a dynamic
volume dataset.13,14 An individualized internal target volume
(ITV) can be delineated,15–18 thus minimizing the target mar-
gins.

With the gating technique, the irradiation is limited to a
specific respiratory phase (called a gate) during which the
target motions are reduced. A mask is used to check ventila-
tion and airbags to measure the thoracoabdominal pressure,
Ohara et al.19 were the first team to develop a respiratory
gating technique in 1990. In the early 2000s, the technique
was improved in particular with the development of real time
monitoring free-breathing system.20–23 For example, Varian
Medical System (Palo Alto, USA) developed the Real-time Posi-
tion management (RPM) system. With a reflective external
marker placed on the patient and an infrared tracking cam-
era, the tumor position can be correlated with the patient’s
respiratory cycle.24–27

The last innovative strategy is real time tracking during
which the irradiation continuously follows the tumor motion.
Murphy et al.28 described three options to perform this tech-
nique in the case of a photon beam. The first is to shift the
patient during treatment using a remotely-controlled couch as
developed by Bel et al.29 They demonstrated that the method
was technically feasible but the continuous motion of the
couch was uncomfortable for the patient. The second option

is to compensate for the tumor motion with a dynamic multi-
leaf collimator (DMLC) as proposed by Keall et al.30 in 2001.
Several studies investigated this strategy31–36 and Poulsen
et al.37 were the first to perform an in-vivo DMLC tracking
diotherapy 2 4 ( 2 0 1 9 ) 97–104

in a porcine model on a linear accelerator. This technique is
not used clinically for lung lesions yet. Tumor motion can be
compensated with a third option using a robotically-mounted
lightweight linear accelerator as investigated by Schweikard
et al.38 With the development of the Synchrony Respiratory
Tracking System, the Cyberknife (Accuray Incorporated, Sun-
nyvale, CA) is the first of these robotic linear accelerators
to be coupled with an imaging system through a real-time
control loop to monitor the tumor position following the
external surrogate.39 It can be used either with implanted
markers40–42 or with the fiducial-free Xsight Lung Tracking
System.43,44

The purpose of the present work was to compare these
three techniques and their dosimetric advantages.

2.  Materials  and  methods

The study was conducted in ten patients previously treated
with a linac-based SBRT. They were selected if they presented
an amplitude of target motion larger than 5 mm (AAPM rec-
ommendations [9]). All patients had one lesion distant from
the organs at risk.

Patient’s positioning was performed with a personalized
foam in a supine position with both arms raised. 4D-CT
datasets (CT-General Electric) were acquired for each patient
with a 2.5 mm spacing and using a respiratory positioning
management device (RPM, Varian Medical Systems, Palo Alto,
CA). The images were split into 10 phases during the breath-
ing cycle such that the 0% and 50% phases defined the
maximum inhalation and exhalation, respectively. Datasets
were then imported into the Eclipse Treatment Planning
System (Varian Medical Systems, Palo Alto, CA). For each
treatment plan, a 3D conformal SBRT with 9 coplanar fields
was used. The dose distributions were calculated using an
anisotropic analytical algorithm (AAA, v10.0.28, Varian Med-
ical Systems, Helsinki, Finland) on a Novalis TrueBeam STx
linear accelerator equipped with a Varian High Definition 120
multileaf-collimator (MLC). The prescribed dose was 60 Gy in 4
fractions. Treatment plans were normalized such that 99% of
the prescribed dose covered at least 99% of the planning target
volume (PTV), as clinically used in the department, and such
that it respected dose constraints of the ROSEL study (dose and
quality indexes).45

For each patient, the free-breathing technique (FB), which is
the standard in our institution, was compared with the gating
(G) and tracking (T) techniques (Fig. 1).

For the free-breathing technique, a GTVph was delineated
on each breathing phase CT. An internal target volume (ITVFB)
was created from the sum of the 10 GTVph delineated. Three
millimeter margin was added to the ITVFB to define a PTVFB.
The 3D conformal SBRT with 9 fields was adjusted to the
PTVFB and the dose distribution was calculated on the aver-
age intensity projection (AIP) CT images as recommended
by Tian et al.46 When the treatment plan was considered
satisfactory (i.e. when all constraints of the ROSEL study45
were respected), the beam arrangement with the same MLC
shape was transferred to all respiratory phases. The moni-
tor units were divided by the number of the phases for each
plan.

https://doi.org/10.1016/j.rpor.2018.11.003
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Fig. 1 – Description of the analysis process for the comparison of the free-breathing, tracking and gating techniques.
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The gating technique was analyzed during 3 exhalation
hases (40%, 50% and 60% phases) because of a smaller
esidual motion and a higher duty cycle. An ITVG was cre-
ted from the sum of the GTVph40, GTVph50 and GTVph60. A

 mm-margin was added to the ITVG to generate the PTVG.
he 9 fields were adjusted to the PTVG and the dose distribu-

ion was calculated on the AIP CT images of the 40%, 50% and
0% phases. The same planning parameters with the divided
onitor units were reported on the 3 individual respiratory

hases.
For the tracking technique, a treatment plan with 9 static

elds was adjusted to each PTVph corresponding to the stud-
ed breathing phase. Consequently, 10 treatment plans were
reated and analyzed.

The nonrigid registration between the respiratory phases
as not used because 3D doses to the GTV are a good

pproximation of the 4D dose calculations according to the
uckenberger et al.47 Moreover, they showed minor differ-
nces for the doses to the GTV and the lung throughout the
espiratory phases. Thus, for each technique, the dose volume
istograms (DVH) of each GTVph and the ipsilateral lung were
veraged and evaluated. Dosimetric parameter, such as the
ean dose Dmean for GTVph, was identified. The volume of
he ipsilateral lung receiving 20 Gy (V20Gy) was investigated,
oo. Furthermore, the dose homogeneity within the GTVph

as analyzed using the homogeneity index (HI). The HI was
efined as the ratio of the difference between the maximum
and minimum doses to the mean dose for the target vol-
ume:

HI = Dmax − Dmin

Dmean
(A)

For a homogeneous treatment plan, HI approached 0.

3.  Results

Three tumors were located in the left lung and 7 in the right
one. The mean gross tumor volume (GTV) was 2.71 cm3 [range
0.19–8.53 cm3]. The mean motion in the superoinferior direc-
tion was 0.93 cm [range 0.51–1.56 cm]. Patients were divided in
two groups according to the target motion with a cut off value
of 1 cm.  Patient characteristics are summarized in Table 1.

The PTV volume was evaluated for each technique (PTVFB,
PTVG and PTVT) and for each patient (Table 2). The PTVFB was
the highest one with a mean of 12.43 ± 9.35 cm3 compared
with a PTVG and a PTVT of 8.11 ± 6.9 cm3 and 6.85 ± 6.0 cm3,
respectively.

The global DVHs for the GTVph and the ipsilateral lung are
shown in Fig. 2.
Mean doses (Dmean) received by the target volume, and the
HI are summarized in Table 3. The target motion had no sig-
nificant impact on the GTV coverage. More  precisely, the FB
technique increased the Dmean of the GTV by 1.65 Gy (1.52 Gy

https://doi.org/10.1016/j.rpor.2018.11.003
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Table 1 – Patient characteristics.

Patient
number

Tumor
position

Volume GTVph (cm3) Motion SI
(cm)

Mean SD

1 LML 0.19 0.06 0.51
2 RLL 0.57 0.14 0.54
3 RLL 0.37 0.16 0.58
4 RLL 1.60 0.14 0.62
5 RML 8.53 1.06 0.86

6 RLL 8.05 1.20 1.00
7 LLL 1.22 0.27 1.08
8 RML 3.70 0.82 1.17
9 RLL 2.18 0.37 1.42
10 LLL 0.72 0.11 1.56

GTV: gross tumor volume; SD: standard deviation; SI: superoinferior
direction; RML: right middle lobe; LLL: left lower lobe; RLL: right
lower lobe; LML: left middle lobe.

Table 2 – Planning target volumes (PTVFB, PTVG and
PTVT) for the three techniques for each patient.

Patient number PTV volume (cm3)

FB T G

1 2.66 1.38 1.8
2 4.41 2.57 2.58
3 4.47 2.14 3.03
4 7.83 5 5.11
5 27.79 17.3 20.44

6 27.61 17.19 19.4
7 9.14 4.33 4.95
8 19.2 9.91 12.49
9 13.12 6.01 6.61
10 8.08 2.64 4.65

Mean ± SD 12.43 ± 9.35 6.85 ± 6.0 8.11 ± 6.90

PTV: planning target volume; FB: free-breathing technique; T: track-
ing technique; G: gating technique.

Table 3 – Mean doses received by the GTV. and HI of the GTV.

Patient number Dmean (Gy) 

FB T 

1 81.54 78.01 78.2
2 77.82 76.49 77.8
3 79.67 77.66 75.9
4 77.64 76.23 76.7
5 76.8 77.73 77.3

6 77.96 76.8 76.9
7 73.97 71.82 73.5
8 74.85 73.54 73.6
9 79.02 76.47 74.8
10 75.64 73.97 75.7

M < 1 cm
Mean ± SD 78.70 ± 1.90 77.22 ± 0.80 77.2

M ≥ 1 cm
Mean ± SD 76.29 ± 2.13 74.52 ± 2.09 74.9

M: motion.
diotherapy 2 4 ( 2 0 1 9 ) 97–104

for motion <1 cm,  1.77 Gy otherwise) compared with the T
technique. The gating technique provided similar Dmean as the
tracking one. Also, the dose to GTV was slightly more  homo-
geneous with the FB technique (0.15 ± 0.04).

The dose to the ipsilateral lung is shown in Table 4. The
volume of the lung receiving 20 Gy (V20Gy) was always lower
than 10% and, consequently, respected the ROSEL constraints.
Nevertheless, the lung was more  protected with the tracking
technique. Considering the FB to be the reference technique,
the decrease with the T technique was 34% when the target
motion was inferior to 1 cm and 44% when the motion was
larger. Concerning the G technique, V20Gy was  lower by 17.5%
(motion ≤ 1 cm)  and 33% than the FB technique.

4.  Discussion

In this study, all treatment plans respected the ROSEL study
constraints and were clinically viable whatever the technique
used.

Our study shows that the free-breathing technique
increased the target coverage with a higher reported Dmean

whatever the target motion. This difference may be due to
a bigger PTVFB compared with the PTVG and PTVT. Indeed,
the PTV volume was increased by 45% and 35% compared
with the PTVT and PTVG, respectively. This ratio was con-
sistent with the one published by Underberg et al.48 In their
study, they evaluated the reduction between the gating vol-
ume  (derived from the ITV generated from three consecutive
expiration phases with a 3-mm margin) and a volume with a
standard margin (derived from the addition of a 10-mm mar-
gin to the most central GTVs in the three phases selected
for the gating technique) and found it to be 33.3%. Yet, the
more  important the PTVFB volumes were, the larger the beam

apertures, and if the build-up was reached easily, the dose
profiles were flattened. The doses within the GTV were thus
higher and more  homogeneous. As regards the distribution
homogeneity, a slightly stronger homogeneity was observed

HI

G FB T G

4 0.11 0.13 0.17
9 0.16 0.19 0.18

 0.11 0.14 0.17
1 0.2 0.2 0.19
3 0.16 0.18 0.2

7 0.2 0.23 0.21
7 0.08 0.11 0.11
1 0.13 0.15 0.14
4 0.16 0.18 0.13
6 0.15 0.17 0.16

1 ± 0.94 0.15 ± 0.04 0.17 ± 0.03 0.18 ± 0.01

5 ± 1.45 0.14 ± 0.04 0.17 ± 0.04 0.15 ± 0.04

https://doi.org/10.1016/j.rpor.2018.11.003
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Fig. 2 – Dose volume histograms comparing the gross tumor volume (GTV), the planning tumor volume (PTV) and the normal lung volume for the free-breathing (FB),
tracking (T) and gating (G) techniques.
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Table 4 – V20Gy received by the ipsilateral lung.

Patient number V20Gy (%)

FB T G

1 3.58 1.95 2.72
2 3.15 1.96 1.54
3 2.86 1.63 3.24
4 8.67 6.32 7.09
5 8.31 5.63 7.35

6 8.97 6.35 6.83
7 4.82 2.86 4.10
8 7.59 4.21 5.04
9 8.79 4.61 6.18
10 6.64 2.66 2.51

M < 1 cm
Mean ± SD 5.32 ± 2.91 3.50 ± 2.28 4.39 ± 2.66

M ≥ 1 cm
Mean ± SD 7.36 ± 1.70 4.14 ± 1.50 4.93 ± 1.71

r

M: motion.

for the free-breathing technique. Ding et al.49 reached the
same conclusion comparing the dosimetric characteristics of
the Cyberknife and of the conventional linac-based SBRT with
a 4D dose calculation methodology. Moreover, this homogene-
ity gap was increased by the use of unflattened beams with the
Cyberknife technique.

The tracking and gating techniques provided a better pro-
tection of the lung with a correlation with the target motion.
Our V20Gy results were of the same order of magnitude as those
of the Ding et al. study.49 Thus, they had no statistically sig-
nificant difference between free-breathing and tracking. This
similarity may be due to the use of an abdominal compression
which limited target motion. Several teams reported these
results with more  modest benefits according to the target
motion and location.48–52 Radiation pneumonitis is the main
risk of complication in lung SBRT. Most studies found a cor-
relation between the pulmonary toxicities and the dosimetric
parameters, especially with V20Gy.53–55 However, there was no
clear conclusion when V20Gy was below 10%. For example,
in the Mahowald et al. study,56 the rate of grade 2/3 radia-
tion pneumonitis was 4.5% when the ROSEL constraints were
respected versus 21% in the contrary cases. But no conclu-
sion was drawn regarding the V20Gy reported much lower than
10%.

Treatment time is another parameter which should be
taken into account for lung SBRT. Indeed, Fox et al.57 showed
the time required for a gated 3D treatment was 5.5 times
longer than without gating. Yet, an increase of the treatment
duration may lead to intra-fraction motions58 and shifts in
the patient’s position.59 As regards the tracking system, Chan
et al.60 compared the Cyberknife (with real-time tracking) and
the VMAT  (with 4D cone beam computed tomography) with 4D
dose calculations. Among other dosimetric parameters, they
showed that the beam-on time for Cyberknife was 22.3 min
compared with 10.8 min  for VMAT.

Our study showed the advantages and disadvantages of

each of the three, free-breathing, tracking, and gating, tech-
niques regarding the dosimetric parameters. However, the
complexity of each technique should be taken into account,
diotherapy 2 4 ( 2 0 1 9 ) 97–104

too. Indeed, the gating and tracking techniques are more  com-
plex than the free-breathing technique and could result in
additional potential errors. Muirhead et al.61 compared the
potential clinical benefit of respiratory gated radiotherapy
from continuous irradiation. With some disadvantages, such
as the low correlation between internal and external motion,
the treatment time, or the choice of the gate (end-inspiration
or end-expiration), they concluded that gating should be used
when a likely clinical benefit was confirmed. Concerning the
tracking technique, all patients are not eligible. Indeed, the
tracking modality currently needs fiducials implanted dur-
ing a transthoracic intervention. The transthoracic needle
biopsy is not without a risk and leads to a 20% average of
pneumothorax.62 Without these markers, the tumor can be
tracked statically using spine for alignment. But, in this case,
Descovich et al.63 demonstrated that a uniform margin of
4.5 mm around the ITV was necessary to ensure a 95% tar-
get coverage for 95% of the fractions included in the analysis.
For James et al.,64 the set-up margin should be 10 mm.  Conse-
quently, for these patients, the tracking interest could be put
into question.

5.  Conclusions

The free-breathing, tracking and gating techniques all pro-
vided acceptable treatment plans with good target coverage
and healthy lung protection. While an irradiation with the
free-breathing technique increases doses to GTV, an irradia-
tion with the tracking system better spares the lung but can
dramatically increase the treatment complexity.
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