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ABSTRACT
Background: Respiratory-induced lung tumor motion may affect the delivered dose in stereotactic
body radiation therapy (SBRT). Previous studies are often based on phantom studies for one specific
treatment technique. In this study, the dosimetric effect of tumor motion was quantified in real patient
geometries for different modulated treatments and tumor motion amplitudes for lung-SBRT.
Material and Methods: A simulation method using deformable image registrations and 4-dimensional
computed tomographies (4DCT) was developed to assess the dosimetric effects of tumor motion. The
method was evaluated with ionization chamber and Gafchromic film measurements in a thorax phan-
tom and used to simulate the effect for 15 patients with lung tumors moving 7.3–27.4mm. Four treat-
ment plans with different complexities were created for each patient and the motion-induced
dosimetric effect to the gross tumor volume (GTV) was simulated. The difference between the planned
dose to the static tumor and the simulated delivered dose to the moving tumor was quantified for
the near minimum (D98%), near maximum (D2%) and mean dose (Dmean) to the GTV as well as the larg-
est observed local difference within the GTV (Maxdiff).
Results: No correlation was found between the dose differences and the tumor motion amplitude or
plan complexity. However, the largest deviations were observed for tumors moving >15.0mm. The
simulated delivered dose was within 2.5% from the planned dose for D98% (tumors moving <15mm)
and within 3.3% (tumors moving >15mm). The corresponding values were 1.7% vs. 6.4% (D2%); 1.7%
vs. 2.4% (Dmean) and 8.9% vs. 35.2% (Maxdiff). Using less complex treatment techniques minimized
Maxdiff for tumors moving >15.0mm.
Conclusion: The dosimetric effects of respiratory-induced motion during lung SBRT are patient and
plan specific. The magnitude of the dosimetric effect cannot be assessed solely based upon tumor
motion amplitude or plan complexity.
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Introduction

Stereotactic body radiation therapy (SBRT) is an effective
treatment method for early stage non-small cell lung cancer
(NSCLC) with demonstrated local control rates of 90%, which
are comparable to surgery [1–6]. With estimated overall sur-
vival rates of 90% and 60% at follow-up times of 1 and
3 years respectively [7,8] and observed increase in local
tumor control without increasing the toxicity levels com-
pared to 3-dimensional conformal radiation therapy (3DCRT)
[7], SBRT is the recommended treatment for early-stage inop-
erable NSCLC [9]. SBRT is usually delivered in few fractions
[1–8] with high doses per fraction (7–20 Gy). Such fraction
doses are more detrimental to the surrounding healthy tissue
than conventional fractionation schemes of 2 Gy and may
limit the possibilities of choosing SBRT for tumors located

close to organs at risk (OAR) [10]. Avoiding high doses to
adjacent OARs can be done effectively using modulated
treatment techniques such as volumetric modulated arc ther-
apy (VMAT). These techniques have the potential to deliver
dose distributions with higher dose conformity to the target
volume than conventional treatment plans. The disadvantage
is that the dynamic nature of the dose delivery for modu-
lated treatment techniques can interplay with patient
motions, e.g., tumor motions during the treatment delivery,
causing undesirable effects on the delivered dose to both
target and OARs [11–17]. This concern is especially important
for treatments in the thorax region where lung tumors some-
times can move several cm as the patient breaths [18,19]. If
these effects are not accounted for, the accuracy, precision,
and robustness of the treatment could be demoted.
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Previous studies have shown that the impact of tumor
motion during the delivery of VMAT tends to average out in
most cases if the treatment is given with at least three frac-
tions that are delivered with two or more arcs
[11,13,15,17,20–22]. However, even if the total dose to the
tumor may average out in some circumstances, the delivered
dose per fraction within the tumor can deviate from what
was planned. Differences of up to 25% have been reported
in phantom studies [23–25]. The radiobiological effect of
such fractional dose deviations is today not yet clear. It is
therefore important to be able to predict the motion effects
for modulated treatment techniques when they are used for
treatments of moving targets. This knowledge would facili-
tate the selection of the most optimal and robust treatment
for each individual patient and can assist in the decision
whether a breathing adaptation technique should be used to
restrict the tumor motion during the treatment delivery or if
the tumor can be treated with the patient in free breathing.
Most of the previous results on this topic are based on only
phantom studies. In the current study, the results have been
investigated on real patient geometries and the accuracy of
the simulation model has been evaluated with measure-
ments. Furthermore, previous studies were most often
focused on one specific treatment technique or beam
energy, i.e., VMAT, IMRT, or CA, making the differences
between the techniques difficult to compare.

In this study, a method to simulate the dosimetric effects
of respiratory motions during SBRT of tumors in the lung has
been developed and evaluated. The simulation results were
evaluated by comparisons with two different types of meas-
urements in a phantom geometry. The simulation method
was used on patient data to quantify the effects of tumor
motion on the delivered dose to lung tumors that move dur-
ing the treatment delivery for modulated SBRT with different
treatment techniques and energies.

Material and methods

This report was written as a quality improvement study using
the SQUIRE checklist [26].

I. Simulation method

The dosimetric impact of respiratory-induced tumor motion
was simulated using 4-dimensional computed tomography
(4DCT) image series of a patient or a phantom in combin-
ation with deformable image registration (DIR) and dose
tracking in Raystation 9B-R research version 8.99.100.3
(RaySearch Laboratories, Stockholm, Sweden). The dose track-
ing capability in Raystation allows the calculated dose for
each voxel in a deformed image to be tracked back to the
corresponding voxel in the original un-deformed image. In
this way, the spatial dose distribution within structures that
have changed their volume or position in-between two
image series can be summarized and visualized. All deforma-
tions were performed using the hybrid intensity and struc-
ture-based DIR registration option in Raystation. This DIR
approach uses the anatomically constrained deformation

algorithm (ANACONDA) which combines image similarity
terms with grid regularization terms, to keep the deformed
image grid smooth, and anatomical penalty terms, in order
to maintain the integrity of anatomical structures [27,28]. The
weights of the individual terms have been optimized by
Raysearch Laboratories to perform well on large data sets,
but can be changed by the user. In this work, the original
weights have been used for all the deformations.

For each simulation, a time-correlation was established
between every beam-sub-segment of a treatment plan and
the respiratory phase of the acquired 4DCT for the specific
case. Ten equidistant time phases were used to create the
4DCT-sequences. The delivery time for each sub-segment of
a treatment field was extracted from the field properties
stored in the digital imaging and communications in medi-
cine (DICOM) file. This information was used to calculate
which sub-segments that were delivered during each specific
4DCT-phase for a given starting point, i.e., beam-on time
relative to the breathing phase.

The dose contribution from each sub-segment was calcu-
lated in the corresponding 4DCT phase image according to
the established time-correlation. To assess the delivered dose
to the moving tumor, a DIR was performed between the ori-
ginal treatment planning CT and each specific 4DCT phase
image. The DIR was used in combination with an in-house
developed script in Raystation to track the dose for every
voxel within the 4DCT image series back to the correspond-
ing voxel in the original treatment planning CT where the
total dose was summed and visualized.

II. Evaluation of the simulation method

The simulation method was evaluated with ionization cham-
ber and Gafchromic film measurements in a dynamic thorax
phantom. The phantom (CIRS model 008 A) consists of an
interchangeable lung equivalent rod with the possibility of
using different lung tumor inserts, e.g., one for ionization
chamber measurements and one for film measurements. The
lung equivalent rod was set in motion with predefined
motion amplitudes of 10 or 30 mm in the inferior-superior
(IS) direction and a trigonometric motion pattern of the type
A � cos4ðtÞ, where A is the amplitude and t is the time after
starting the motion. The cycle time (i.e., breath rate) of the
motion was 5.0 s. The ionization chamber (Pinpoint 3D,
0.016 cm3, PTW GmbH, Freiburg, Germany) was placed with
its sensitive volume at the geometrical center of the tumor
when moving 10 and 30 mm, and the film sheets
(Gafchromic EBT-XD, Ashland Advanced Materials Inc.,
Bridgewater, NJ, USA) were placed in two perpendicular
planes (the sagittal plane and the transversal plane) inter-
secting the geometrical center of the tumor when moving
30 mm. The film measurements were done separately, i.e.,
measuring one plane at a time. The diameter of the artificial
tumor was 3 cm for the ionization chamber measurements
and 2.54 cm (1 inch) for the film measurements.

For evaluation purposes, eight different modulated treat-
ment plans were created using different delivery techniques
(VMAT, conformal arc (CA)) and energies (6X, 6FFF). Six of
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the plans were created using the optimization algorithm in
Eclipse (Varian Medical Systems Inc., Palo Alto, CA, USA)
using either a VMAT technique or a conformal arc technique.
The photon energy for these plans was either 6 MV or 6FFF.
Two of the plans were created using the optimization algo-
rithm in Raystation (RaySearch Laboratories, Stockholm,
Sweden) and a VMAT technique with the photon energy of
6 MV. The characteristics of the treatment plans are tabu-
lated in Supplementary Table A in the supplemen-
tary materials.

The plans, consisting of five half arcs (0�180�), were cre-
ated for a TrueBeam accelerator with a 120 leaves high def-
inition multi leaf collimator (Varian Medical Systems Inc., Palo
Alto, CA, USA) and optimized following local clinical guide-
lines for SBRT of lung tumors. The prescription dose of 15 Gy
per fraction was optimized to encompass at least 98% of the
planning target volume (PTV) while giving as large volume
as possible of the internal target volume (ITV) 140% of the
prescribed dose and restricting the maximal dose to <160%
of the prescribed dose. The PTV was created using a 5 mm
symmetrical margin around the ITV which in turn was set
equal to the gross tumor volume (GTV) including motions, as
seen in the maximum intensity projection (MIP) of the recon-
structed 4DCT phases. Four plans were optimized for a
tumor motion of 10 mm in the IS direction and four plans
were optimized for a tumor motion of 30 mm. The plans
were optimized for the CIRS phantom with a spherical homo-
geneous tumor with a diameter of 30 mm and then recalcu-
lated with pre-set monitor units (MU) on the artificial tumor
inserts used for the ionization chamber and film measure-
ments. The complexity of the plans was scored using the
edge area metric (EAM) [29,30].

The ionization chamber measurements were performed
repeatedly on three different occasions for each plan, both
for a static tumor, located in the same position as in the
treatment planning CT and verified using cone beam com-
puted tomography (CBCT), and for a tumor in motion. The
relative difference between the measurement performed in
the static tumor and the measurement performed in the
moving tumor was calculated, and the mean difference from
the three different measurement occasions was compared to
the corresponding calculated difference using the simulation
method described in Section I. The film measurements were
performed accordingly, but they were only performed once.

For all measurements with the tumor in motion, the
beam for each specific treatment arc was manually turned
on when the tumor was located in the most caudal position
of its trajectory in order to synchronize the beam delivery
with the simulated dose delivery.

The films were scanned and analyzed using the red color
channel approximately 36 h after exposure using an Epson
12000 XL flatbed scanner in combination with the FilmQA
Pro software (Ashland Advanced Materials Inc., Bridgewater,
NJ, USA). An averaging filter within the FilmQA Pro software
was applied to decrease the noise. The results were eval-
uated in central profiles along the anterior-posterior (AP) and
left-right (LR) directions for the films placed in the transversal
plane and in the IS direction for the films placed in the

sagittal plane. The film profiles for the static tumors were
normalized at the central axis. The film profiles for the
tumors in motion were normalized at the central axis in such
a way that the difference relative to the static tumors was
the same as the measured difference with the ionization
chamber, i.e., if the measured ionization chamber dose at
the central axis was 2.6% higher for the tumor in motion
than the measured dose for the static tumor, the film profiles
for the corresponding case were normalized to 1 for the
static measurement and 1.026 for the moving tumor. The
profiles were truncated at least 3 mm from the nearest film
edge to avoid uncertainties caused by any potential damage
to the film sheet edges.

III. Simulations on patient data

15 patients were selected from a cohort of 126 patients with
lung tumors that had previously been analyzed to assess typ-
ical tumor motion during SBRT [19]. The GTV volumes ranged
from 0.7�64.7 cm3 and the tumor motion ranged between
7.3�27.4 mm (Supplementary Table B, supplementary sec-
tion). The selection was done to include a variety of tumor
motion amplitudes and GTV volumes. The same type of
plans that were created for evaluation of the simulation
method were created for the patients, i.e., four treatment
plans per patient. Each treatment plan was optimized
according to the clinical guidelines described in Section II.
The plan complexity was calculated according to EAM
[29,30]. The EAM ranged between 0.30–0.54 for the CA plans,
0.50–0.76 for the VMAT plans created in Raystation and
0.70–0.89 for the VMAT plans created in Eclipse. The detailed
plan-, patient- and tumor motion characteristics are summar-
ized in Supplementary Table B in the supplementary materi-
als. For each patient, the simulation method described in
Section I was used to simulate the motion effects on the
delivered dose for the four different treatment plans. The
cycle time for the tumor motion was set according to the
patient’s actual cycle time (2.7�4.6 s), except for seven of
the patients where the cycle time was set to 4.0 s because
the actual cycle time was not available (Supplementary Table
B, supplementary materials). For each plan, the dose differ-
ence in the GTV between calculations for a static tumor and
calculations simulating breathing motions was compared.
The difference in the near minimum dose (D98%), the near
maximum dose (D2%), the mean dose (Dmean) as well as the
largest observed local difference within the GTV (Maxdiff)
were studied. The use of the radiotherapy database for this
retrospective research was approved by the regional ethical
review board in Gothenburg (No.110-15).

Results

I. Evaluation of the simulation method

The ionization chamber measurements were reproducible
with a maximal variation of 0.8 percentage points (p.p.)
between the different measurements. The difference
between the measured values differed �0.7 p.p. from the
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calculated values based on the simulation method for all the
measurements (Table 1). For the film measurements, the
shape of the measured profiles with Gafchromic film coin-
cided with the corresponding shape of the calculated profiles
(Figure 1).

II. Simulations on patient data

There was no correlation between tumor motion amplitude
and the magnitude of the observed dose differences
between planned dose, i.e., for a static tumor, and the simu-
lated dose delivery during tumor motion for any of the treat-
ment techniques (Figure 2). The R2-values were �0.086 for
D98%, �0.313 for D2%, �0.325 for Dmean, �0.578 for the max-
imum underdosage and �0.326 for the maximum

overdosage. However, the largest deviations for the D98%,
D2%, Dmean and Maxdiff were in all cases found for tumors
moving >15.0 mm. For tumors moving < 15 mm, the dose
differences were �2.5%, �1.7%, �1.7% and �8.9% for D98%,
D2%, Dmean, and Maxdiff respectively.

The overall spread of the dose difference for D98%, D2%

and Dmean was smaller for tumors moving <15 mm than for
tumors moving >15 mm (Figure 3).

The dose difference within the GTV is visualized in
selected coronal slices that whenever possible included
regions of dose deviations exceeding 5% for patients with
tumor motion amplitudes >15 mm (Figure 4).

Discussion

The simulation method that was developed in this study was
shown to agree with ionization chamber and Gafchromic
film measurements for similar treatment techniques and
tumor motion amplitudes as the scenarios that were eval-
uated on patient data. The uncertainty of the simulations on
the patient data should thus be of the same magnitude as in
the evaluated phantom cases with the exemption that the
results have only been evaluated along two perpendicular
planes intersecting the geometrical center of the tumor and
not in the entire 3D volume. The simulation process is how-
ever the same throughout the entire tumor volume and the
accuracy should therefore not be dependent on the location
within the tumor.

Earlier studies conclude that the dosimetric effects aver-
age out if the treatment is given in several fractions and
multiple arcs. However, since stereotactic body radiation
therapy (SBRT) is often given in 3–4 fractions, the averaging

Table 1. The measured and calculated difference of the isocenter dose
between the moving and the static tumor.

Meas [%] Calc [%] Diff [p.p]

Motion 10mm
CA6FFF 0.0 �0.4 0.3
VMAT6X_RS �0.2 �0.3 0.1
VMAT6FFF 2.6 2.3 0.3
VMAT6X 0.7 0.4 0.3

Motion 30mm
CA6FFF �1.7 �2.4 0.7
VMAT6X_RS 2.5 1.8 0.7
VMAT6FFF 1.8 1.6 0.2
VMAT6X 3.4 3.6 0.2

“Meas” is based on the mean value of the three individual ionization chamber
measurements and “Calc” is based on dose calculations with our simulation
method. “Diff” is the difference between the measured value and the calcu-
lated value expressed in percentage points (p.p). The characteristics of the
treatment plans are listed in supplementary Table A in the supplemen-
tary materials.

Figure 1. The relative dose profiles in the anterior-posterior, left-right and inferior-superior directions of the tumor insert for tumors that were irradiated without
any tumor motion (blue) and with a tumor motion of 30 mm in the inferior-superior direction (green). The dots and crosses indicate the measured profiles and the
lines indicate the calculated profiles. The blue profiles for static tumors were normalized to 1 at the central axis and green profiles for the tumors in motion were
normalized according to the corresponding ionization chamber measurements at the central axis.
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effect might be compromised. Moreover, due to situations
like the COVID-19 pandemic, strategies like single-fraction
SBRT have been endorsed by organizations such as the
European Society for Radiotherapy and Oncology-American
Society for Radiation Oncology (ESTRO-ASTRO) [31,32]. For
such single-fraction treatments the averaging effect is not
valid. Furthermore, even if the total dose to the GTV is in
agreement with the planned dose due to the averaging
effect over multiple fractions, there is no data to confirm
how the potential under- or overdosage regions that occur
within the GTV in specific fractions affect the total biological
effect of the treatment. Studies like Gauer et al. [25],
Edvardsson et al. [23] and Archibald et al. [24] have shown
that dose differences up to 25% may occur within the target
volume when tumors move during irradiation. In our study
the maximal observed difference was even higher, up to
35%. Many of the previous results on this topic

[12,13,15–17,20,21,25,33,34] are based upon phantom meas-
urements only or theoretical simulations that have not been
affirmed with measurements. The experimental evaluation of
the theoretical simulation model used in this study strength-
ens the obtained results compared to other studies where
the simulation models have not been affirmed with measure-
ments. Furthermore, the evaluation of the model has been
done in a tissue equivalent lung tumor which was located
within a thorax phantom that resembles the human body,
instead of cubical or cylindrical phantoms that are commonly
used for QA of modulated treatment plans.

The magnitude of the dosimetric effect of tumor motion
did not correlate with the magnitude of the tumor motion
amplitude or the complexity of the treatment technique, i.e.,
EAM score, for any of the evaluated parameters (D98%, D2%,
Dmean, Maxdiff). On several occasions, the observed differen-
ces for the more complex treatment plans (i.e., VMAT-plans
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Figure 2. The relative difference between the simulated delivered dose and the planned dose as a function of tumor motion for (A) D98%, (B) D2% and (C) Dmean

for the GTV for all the performed simulations. Negative values indicate that delivering the dose while the tumor is in motion resulted in lower doses to the GTV
than if the dose was delivered while the tumor was not moving. The difference in Maxdiff is presented in % of the prescribed dose and separately for the maximum
overdosage (D) and maximum underdosage (E).
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with higher EAM) were smaller than for a less complex plan
(i.e., CA). On the other hand, if the tumors were evaluated as
two different groups, one with smaller tumor motions
(<15 mm) and one with larger tumor motions (>15 mm) as
in Figure 3, the maximum deviations in D98%, D2%, Dmean and
Maxdiff all increased for tumors moving >15 mm compared
to tumors moving <15 mm. This suggests that the respira-
tory-induced dosimetric effect in the GTV is individual for
each specific case, but the risk of larger dosimetric effects
increases for larger tumor motions. For the cases included in
this study, differences in Maxdiff were <8.9% in all cases for
tumor motions <15 mm. Patients with tumor motions
>15 mm treated using the CA technique resulted in max-
imum dose differences �11.6%. If a more complex technique
like VMAT was used, the observed dose differences were up
to 35.2%. This suggests that the complexity of the treatment
plan might have larger impact for larger tumor motions. For
patients with large tumor motions it might therefore be
advisable to evaluate the potential dosimetric effect

beforehand, for example with an approach as the one used
in this study. If an individual evaluation of the motion effects
is not possible and if the tumor motion during treatment
cannot be restricted, it might be preferable to use a treat-
ment technique with low complexity, such as CA, to minim-
ize the magnitude of the potential motion effect on the
delivered dose. However, it is important to stress that regard-
less of treatment technique and tumor motion amplitude, all
treatment deliveries were susceptible to respiratory-induced
motion effects with associated risks of under- or overdosages
within the treatment volume.

In this study, the respiratory-induced motion effects have
only been studied for one starting point of the beam deliv-
ery in relation to the breathing cycle for each patient.
Different starting points might affect the interplay between
the tumor motion and the VMAT delivery and thereby the
delivered dose to the tumor differently. In order to fully char-
acterize the dosimetric effects, simulations with alternate
cycle times and starting positions of the beam delivery are
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Figure 3. The overall spread of the difference in D98%, D2% and Dmean for tumors moving <15mm (A) and >15mm (B) including all different treatment techni-
ques. The points indicate the mean difference, and the error bars indicate the maximum and minimum difference that was observed for each parameter.

Figure 4. Coronal views showing the dose difference between simulated delivery for tumors in motion and static tumors for all the tumors with motion amplitudes
>15mm. Negative values indicate that delivering the dose while the tumor was moving resulted in lower doses to the region than if the dose was delivered while
the tumor was static. The dose differences are presented as % of the prescribed dose. Regions with no color indicate that the dose difference was within ±5%.
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needed. Furthermore, there are uncertainties in the tumor
trajectory that may influence the results in real patients. In
this study we have only used the tumor trajectory as it was
observed in the collected 4DCT for each patient and
assumed that the tumor moves like that during the entire
fraction. In reality this is not the case. Seppenwoolde et al.
[35] showed that the tumor trajectory can be highly irregular
during multiple breaths and even exhibit hysteresis. Variable
tumor trajectories during a fraction may affect the delivered
dose. The results from this study are therefore limited and
represent a selection of possible scenarios. However, by hav-
ing selected tumors with different sizes and motion ampli-
tudes, and using different treatment techniques, the
observed dose differences in this study represent a reason-
able overview of the possible motion-induced effects that
may be encountered when treating lung tumors with SBRT.

Conclusions

A simulation model that could simulate respiratory-induced
motion effects on the delivered dose within 0.7 p. p. from
ionization chamber measurements in the center of a moving
lung tumor was developed and evaluated. Theoretical simu-
lations performed with this model showed that the dosimet-
ric effects of respiratory motion during SBRT of lung tumors
were patient and plan specific, but the incidence of dosimet-
ric effects >10% of the prescribed dose occurred more fre-
quently for tumor motion amplitudes >15 mm. For tumors
moving >15 mm the maximum observed deviation was
smaller with CA than with VMAT. However, the magnitude of
the dosimetric effects could not be assessed solely based
upon the tumor motion and/or the complexity of the treat-
ment technique that was used for treatment delivery.
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