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Background and purpose: In lung Stereotactic Body Radiotherapy (SBRT) respiratory management is used to
reduce target motion due to respiration. This study aimed (1) to estimate intrafraction shifts through a Cone
Beam Computed Tomography (CBCT) acquired during the first treatment arc when deep inspiration breath-hold
(DIBH) was performed using spirometry-based (SB) or surface-guidance (SG) systems and (2) to analyze the
obtained results depending on lesion localization.

Material and methods: A sample of 157 patients with 243 lesions was analyzed. A total of 860 and 410 fractions
were treated using SB and SG. Averaged intrafraction shifts were estimated by the offsets obtained when
registering a CBCT acquired during the first treatment arc with the planning CT. Offsets were recorded in
superior-inferior (SI), left-right (LR) and anterior-posterior (AP). Significance tests were applied to account for
differences in average offsets and variances between DIBH systems. Systematic and random errors were
computed.

Results: Average offset moduli were 2.4 + 2.2 mm and 3.5 + 2.6 mm for SB and SG treatments (p < 0.001). When
comparing SB and SG offset distributions in each direction no differences were found in average values (p > 0.3).
However, variances were statistically smaller for SB than for SG (p < 0.001). The number of vector moduli offsets
greater than 5 mm was 2.1 times higher for SG. Compared to other locations, lower lobe lesions moduli were at
least 2.3 times higher.

Conclusions: Both systems were accuracy-equivalent but not precision-equivalent systems. Furthermore, the SB
system was more precise than the SG one. Despite DIBH, patients with lower lobe lesions had larger offsets than
superior lobe ones, mainly in SI.

1. Introduction

In Stereotactic Body Radiation Therapy (SBRT), high doses in a
reduced number of fractions are imparted to the target [1]. Hence, steep
dose gradients must be achieved to spare as much normal tissue as
possible. Respiratory motion is one of the major uncertainty sources in
lung treatments [2]. The current practice to account for respiratory
motion uncertainties is to increase Planning Target Volume (PTV)
margins, thus ensuring the prescribed dose delivery [3]. However, the
volume of normal tissue is increased, which might increase the risk of

radiation-related toxicity [4,5]. Dose delivery accuracy can be
augmented by the use of respiratory management techniques such as
abdominal compression [6], 4-dimensional Computed Tomography
(4DCT) [7], Deep Inspiration Breath-Hold (DIBH) [8] and real-time
tumor tracking [9,10].

Through the introduction of DIBH for lung SBRT, the patients might
benefit from two effects: (1) the mitigation of the respiratory motion
that might lead to PTV margins reduction [11] and (2) lung inflation,
which decreases both irradiated lung volume and potential side effects
[11]. Moreover, DIBH also reduces interplay effect, improves plan
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robustness [8] and enhance Cone Beam Computed Tomography (CBCT)
image quality compared to free breathing [12].

Several studies have reported the feasibility, reproducibility and
compliance of DIBH treatments [13-15]. DIBH can be performed using a
spirometer-based system (SB) that measures the breathing volume
[11,14,16,17], an optical surface tracking systems with external
markers [9], an infrared tracking block [18] or a surface-guidance sys-
tems (SG) [8,19]. DIBH is considered a reliable and effective technique
to reduce highly-moving target motion, such as lung lesions in free
breathing conditions [8].

The election of the motion management system would affect intra-
and inter-fractional errors and PTV margins that should be applied [3].
With the introduction of daily CBCT, imaging with soft-tissue registra-
tion the inter-fractional uncertainties can be reduced [12,16,20,21].
Regarding DIBH intrafraction shift estimations several methodologies
have been reported: differences between CBCTs acquired before and
after treatment delivery [16,19,22,23] and shifts obtained when regis-
tering the planning CT and an intrafraction CBCT performed during a
treatment arc [20,24]. A more detailed estimation is shown by real-time
tumor monitoring methods [9,10,25,26], which provide a complete
picture of the intrafraction motion of lung lesions. By using DIBH
intrafraction motion is mitigated, but not completely eradicated [9]. The
main causes might be the imperfect breath-hold reproducibility [27] and
the influence of heartbeat on tumor motion [25,26].

Lung tumor motion in free-breathing conditions has been addressed
by several authors [25,28]. However, the number of studies when DIBH
lung SBRT was performed is still low, as well as the number of patients
included [20,27,29]. Furthermore, a comparison of intrafraction shifts
estimated with the same procedure when using SB or SG systems to
perform lung SBRT has not been published yet.

The purpose of this work was (1) to estimate intrafraction shifts
through a CBCT acquired during the first treatment arc when DIBH was
performed using SB or SG systems and (2) to analyze intrafraction shift
results depending on lesion localization.

2. Material and methods
2.1. Patient selection

From January 2018 to June 2021, 157 patients with lung lesions
treated with SBRT were retrospectively analyzed. The number of targets
per patient ranged from 1 to 5, and a total of 243 lesions were treated
using daily image guidance (CBCT). For each lesion one isocenter was
utilized. From this sample, 78 lesions corresponding to 55 patients were
treated using Catalyst-DIBH (CRAD, AB Sweden), which is a SG system.
The remaining 165 lesions, related to 102 patients, were treated
employing the Active Breathing Coordinator (Elekta, AB Sweden),
which is a SB system. A total of 1270 DIBH treatment fractions were
analyzed. Local approval was granted for this work and written
informed consent was obtained from all patients.

2.2. Simulation and DIBH procedures

Both patient groups were simulated in supine position, with their
arms abducted above the head. A BlueBag BodyFix evacuated cushion
(Elekta AB, Sweden) adapted to patient anatomy along with a C-Qual
Breastboard (Civco Radiotherapy, USA) were utilized for immobiliza-
tion purposes for both SB and SG patients. For every patient a CT scan
with a 2 mm slice separation was performed using a Toshiba Aquilion CT
(Canon Medical Systems, Japan).

For SB treatments patients were required to use a mouthpiece con-
nected to a spirometer, which measured the volume of air inhaled. Pa-
tients were trained to perform a DIBH for at least 20 s. The volume of air
inhaled was recorded and the threshold value was adjusted to 80% of
maximum inhaled volume. By means of goggles, the patients were
instructed to perform a DIBH to exceed the threshold level. Once
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exceeded the air flow was cut and the patients were not able to inhale or
exhale until they stopped pressing a control switch.

For SG treatments, a region of the patient’s surface located under the
xiphoid was selected to monitor the respiratory cycle. Once this region
was located, the respiratory base line (BL) was extracted from the free-
breathing pattern. With the aid of goggles, the patient was able to
visualize its own respiratory cycle and was instructed to perform a DIBH
for at least 20 s. A 4 mm gating window (GW) was employed and the BL-
GW distance was adapted to ensure patient’s comfort during treatment.
The BL-GW distance was kept constant through the entire treatment for
every patient.

For both patient groups only one CT in DIBH conditions was
acquired.

2.3. Planning and treatment.

Patients were prescribed 60 Gy in 3 or 5 fractions. At least 95% of the
PTV should be covered by the prescription dose while no more than
120% of the prescribed dose was allowed. Treatment plans were
calculated in RayStation 10B (RaySearch, AB Sweden) with the
collapsed cone algorithm using a 2 mm grid size. Treatments were
delivered in a Versa HD linac (Elekta AB, Sweden) with a flattening-
filter-free (FFF) 6 MV energy photon beam. The treatment beam ar-
rangements were composed of two arcs with gantry angles ranging from
180.5° to 30° (right lobe) and from 179.5° to 330° (left lobe).

In the treatment room, the patients were aligned by using tattoos (SB
treatments) or by means of surface guidance (SG treatments). During
treatment, both patient groups used visual guidance by means of gog-
gles. After patient alignment, a set-up CBCT was performed in DIBH to
correct for patient positioning for both SB and SG treatments. To
perform a full CBCT between 2 and 3 DIBHs were needed. Once the
corrections were applied, the treatment started when the patient respi-
ratory cycle exceeded the predefined threshold level associated with the
amount of air inhaled (SB treatments) or it moved inside the GW (SG
treatments). For both patient groups a second CBCT was acquired during
the first treatment arc. The offsets obtained through this second CBCT
were applied before the second treatment arc was delivered. From the
offsets yielded by the second CBCT, an estimation of the averaged
intrafraction shift [20,24] during the first treatment arc for each treat-
ment fraction was obtained in superior-inferior (SI), left-right (LR) and
anterior-posterior (AP) directions.

2.4. Set-up and intrafraction CBCT registrations

The registration procedure for both SB and SG patients was the same.
The set-up CBCT was registered to the planning CT using soft tissue
registration and focusing on the lesion. Only three-dimensional (3D)
deviations from the planning CT were corrected. Regarding the CBCT
acquired during the first treatment arc, the registration procedure was
the same as for the set-up CBCT. Offsets were defined as the shifts ob-
tained when registering the planning CT with the CBCT acquired during
the first treatment arc.

2.5. Data analysis

A total of 860 and 410 fractions were analyzed for SB and SG
treatments, respectively. The offsets obtained were recorded in SI, LR
and AP directions. The vector modulus (M) was calculated. For each
patient between 3 and 5 sets of data were obtained, depending on the
number of fractions treated.

Average offsets, standard deviations (cstp), ranges and histograms
were computed for both patient groups. Moreover, data were analyzed
considering the full data set (FDS) and lesion localization: right upper
lobe (RUL), right lower lobe (RLL), right middle lobe (RML), left upper
lobe (LUL) and left lower lobe (LLL).

The percentage of offsets greater than 5 mm (O-5) and 8 mm (O-g)
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were obtained for SB and SG treatments, as well as the percentage of
offsets lower than 3 mm (O.3). O3, O-5 and O-g values were computed
for each spatial direction and for M. Moreover, this analysis was per-
formed for the FDS and for the five lesion locations.

For patients treated with SB and SG, respectively, systematic (X) and
random (o) errors were computed using the offsets obtained from the
registration of the CBCT acquired during the first arc with the planning
CT for every treatment fraction. Furthermore, these errors were ob-
tained for each lesion localization and for the full data set (FDS). The
methodology employed to calculate X and o is described in van Herk [3].

To evaluate if differences in average offsets corresponding to distinct
DIBH systems were significant a two-tailed Student t-test was employed.
To account for significant differences in distribution variances a Fisher-
Snedecor F-test was utilized. To properly use these tests normal distri-
bution of the data were confirmed by Normal Q-Q plots. For the M
distribution comparison, which was not normal, a Mann-Whitney U test
was employed. P-values were recorded and a significance level of 0.01
was used after Bonferroni correction. R version 4.1.2 was employed for
statistical analysis.

3. Results

Average offset values in SI, LR and AP directions for both FDS and
lesion localization analyses were below 1.4 mm (Table 1). Differences
between SB and SG average offsets were lower than 0.4 mm, except for 3
cases. P-values obtained from the Student t-test yielded that average
offset differences were not significant when considering both FDS and
lesion localization analyses (Table 2).

The widths of the distributions of offsets were wider for SG than for
SB treatments (Fig. 1). Furthermore, standard deviations were higher for
SG than for SB treatments for the same lesion localization and spatial
direction considered (Table 1). The FDS Fischer-Snedecor F-test yielded
p-values lower than 0.001 in the three spatial directions, which implied
statistical significance. When lesion localization was accounted for, p-
values were lower than 0.01 for right lobe lesions (SI, LR and AP), LUL
lesions in AP and LLL lesions in LR (Table 2).

The FDS vector modulus analysis yielded 2.4 + 2.2 mm and 3.5 +

Table 1
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2.6 mm for SB and SG treatments, respectively (Table 1). The difference
was 1.1 mm higher for SG than for SB treatments and p-values obtained
were statistically significant (Table 2). Regarding lesion localization
analysis, vector moduli were higher for SG than for SB treatments.
However, the Mann-Whitney U test yielded significant p-values only for
RUL and RLL lesions (Table 2). Data analysis showed that the largest
shifts were not concentrated in the same patients but were randomly
distributed between them.

Table 3 shows the offset percentage analysis. Considering the three
directions and the FDS, O_3 values were higher for SB than for SG
treatments. The differences ranged from 3.5% (in LR) to 5% (in AP).
Regarding vector moduli, the O3 value was 12% higher for SB than for
SG treatments. When considering lesion localization for SB treatments
O3 values were higher than for SG treatments except for RML lesions.
These results were found in SI, LR, AP directions and for the vector
modulus. Moreover, vector modulus O3 values were higher for upper
lobe lesions than for lower lobe lesions.

For the FDS analysis O- 5 values were higher for SG treatments than
for SB treatments in SI and AP directions (2.6% and 3.4% differences,
respectively). For SG treatments vector modulus O-5 value was 10%
higher than for SB treatments. Regarding lesion localization, lower lobe
lesions O- 5 values in SI were the highest for both SB and SG treatments.
Moreover, the vector modulus O- 5 values were also the highest for lower
lobe lesions.

For the FDS analysis O-.g values were higher in SI for both SB and SG
treatments. Lower lobe lesions O-g values in SI were the highest. The
highest vector modulus O-g values were found for RLL lesions, which
were 12.5% and 6.9% for SG and SB treatments, respectively.

Table 4 shows the systematic and random errors obtained. The X
values were higher for SG treatments than for SB treatments considering
both FDS and lesion localization analyses. However, X differences be-
tween DIBH systems were lower than 0.6 mm. The highest ¢ values were
found for lower lobe lesions in SI and for SG treatments.

4. Discussion

In this study, we have shown that the averaged intrafraction shift

Number of treatment fractions, average offsets, standard deviations (6stp) and ranges associated with the averaged intrafraction shifts estimated by a CBCT acquired
during the first treatment arc when spirometry-based (SB) or surface-guidance (SG) systems were used to perform DIBH. Results were arranged by lesion localization
and for the full data set. SI (superior-inferior), LR (left-right), AP (anterior-posterior), M (vector modulus), RUL (right upper lobe), RLL (right lower lobe), RML (right

middle lobe), LUL (left upper lobe), LLL (left lower lobe) and FDS (full data set).

SG SB
Localization Offset direction # fractions Average (mm) ostp (mm) Range (mm) # fractions Average (mm) osrp (mm) Range (mm)
RUL SI 125 —0,4 2,2 13,0 206 -0,8 1,6 10,0
LR 0,2 1,8 8,0 -0,2 1,1 9,0
AP -0,1 2,4 15,0 -0,5 1,4 10,0
M 3,1 2,1 9,5 1,9 1,7 11,1
RLL SI 84 -0,5 4,5 27,0 209 -1,0 2,7 5,0
LR 0,5 2,4 9,0 0,1 1,4 10,0
AP -0,3 2,7 10,0 -0,3 1,5 12,0
M 4,8 3,3 17,3 2,8 2,3 11,6
RML SI 56 -1,4 3,2 14,0 115 -0,6 2,5 18,0
LR 0,0 1,3 5,0 -0,1 1,1 7,0
AP -0,5 1,3 6,0 -0,1 2,0 15,0
M 2,9 2,7 11,0 2,5 2,3 13,2
LUL SI 61 -0,8 1,6 7,0 153 -0,5 1,2 7,0
LR -0,2 1,6 9,0 0,1 1,5 14,0
AP -0,4 2,4 15,0 -0,4 1,5 9,0
M 3,0 1,8 10,2 2,1 1,5 9,3
LLL SI 84 -1,0 3,4 19,0 177 -0,2 3,3 25,0
LR -0,4 1,7 11,0 -0,1 1,1 7,0
AP -0,4 2,1 10,0 -0,3 1,8 13,0
M 3,6 2,6 10,0 2,8 2,7 14,4
SI -0,7 3,1 29,0 -0,6 2,4 25,0
FDS LR 410 0,1 1,9 15,0 860 0,0 1,4 19,0
AP -0,2 2,4 16,0 -0,3 1,7 20,0
M 3,5 2,6 18,2 2,4 2,2 14,4
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Table 2
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p-Values obtained from the comparison between spirometry-based (SB) and surface-guidance (SG) distribution average offsets (Student t-test) and variances (Fisher-
Snedecor F-test) for each spatial direction. A Mann Whitney U test was employed for the comparison between SB and SG vector modulus distributions. Results were
arranged by lesion localization and for the full data set. A significance level of 0.01 was utilized. SI (superior-inferior), LR (left-right), AP (anterior-posterior), M
(vector modulus), RUL (right upper lobe), RLL (right lower lobe), RML (right middle lobe), LUL (left upper lobe), LLL (left lower lobe) and FDS (full data set).

Student T-test

Fischer-Snedecor F-test

Mann Whitney U test

Localization SI LR AP SI LR AP M

RUL 0,159 0,164 0,151 < 0,001* < 0,001* < 0,001* <0,001*
RLL 0,254 0,220 0,967 < 0,001* < 0,001* < 0,001* <0,001*
RML 0,206 0,899 0,394 0,043 0,171 0,017 0,511
LUL 0,134 0,407 0,800 0,018 0,311 < 0,001* 0,011
LLL 0,125 0,144 0,662 0,288 0,001* 0,111 0,047
FDS 0,709 0,297 0,492 < 0,001* < 0,001* < 0,001* < 0,001*

" Statistically significant.

Sl offset distribution

—Surface-Guidance

——Spirometry-Based

Normalized frequency
Normalized frequency

LR offset distribution

AP offset distribution

—Surface-Guidance —Surface-Guidance

—Spirometry-Based —Spirometry-Based

Normalized frequency

SI(mm)

LR (mm)

AP (mm)

Fig. 1. Intrafraction offset distribution comparison between spirometry-based (SB) treatments (red), and surface-guidance (SG) treatments (blue), in superior-
inferior (SI), left-right (LR) and anterior-posterior (AP) directions. The vertical axis represents the frequency and was normalized to 1.

estimated through a CBCT acquired during the first treatment arc was
significantly higher for SG treatments, as yielded by the FDS vector
modulus results. In addition, we have found that, for patients with right
lobe lesions, vector moduli obtained were significantly higher for SG
treatments. Moreover, intrafraction shifts were greater for patients with
lower lobe lesions than for patients with upper lobe ones, mainly in SI.

The offset distribution analysis in SI, LR and AP directions showed
that both DIBH systems could be considered as accuracy-equivalent, as
averages were not statistically different when considering both FDS and
lesion localization analyses. However, distribution widths (standard
deviations) comparison yielded significant differences for the FDS
analysis. Hence, SB was considered to be more precise than SG due to the
smaller distribution widths obtained.

Wong YV et al. [9] studied tumor shifts based on a correlation model
between external and internal markers for 14 patients. To perform DIBH
authors utilized an SG system. The average shifts reported were 0.2 mm,
0.3 mm and 0.7 mm in LR, AP and SI, respectively. These results were
quite similar to our average shift results for both SB and SG systems. In
addition, their SI average results were at least two times higher than
their AP and LR results, as well as we found. Lu et al. [29] studied GTV
centroid shifts between three consecutive CTs performed using a SB
system for 15 patients. Average shift reported were 2.9 mm, 0.6 mm and
1.5 mm, in SI, LR and AP directions, respectively. Their SI average offset
was higher than both their LR and AP offsets, as we have obtained.
However, their average shift results were higher than our values.

In den Otter et al. authors found that intrafraction motion was higher
for inferior lobe lesions than superior lobe ones when using a SB system
[301, which agreed with our SB and SG results.

Although DIBH clearly reduced lung tumor motion [8,11,31],
intrafraction motion was still present [9,29]. Intrafraction tumor motion
during DIBH might be dependent on the DIBH system used and might be
caused by a quiet excursion of the diaphragm, an imperfect breath-hold
or heartbeat influence.

RUL and RLL lesions might be less affected by the heartbeat due to
their higher distance from the heart and the aortic arch. Hence, the in-
fluence of cardiac motion for right lobe lesions might be of less

60

importance. However, RML lesions can be close to the heart. In Chen
et al. [26] the authors showed that heartbeat influence was increased as
overall tumor motion was decreased. In DIBH treatments, respiratory
motion is reduced and the influence of heartbeat becomes more pro-
nounced. Compared to SG, SB reduced the intrafraction shift. However,
there were several cases for which distribution widths between SG and
SB were not statistically distinct (Table 2). These results could be
partially explained considering that heartbeat could influence SB
treatments more. Tumor motion estimations due to heartbeat have been
reported mainly in SI, but also in LR and AP [25,26]. Consequently,
heartbeat might have increased SB distribution widths, moving them
closer to SG ones. Therefore, F-tests yielded non-significant results
(Table 2). Influence of heartbeat might be enhanced for RML lesions
located near the heart. The presence of both heart and aortic arch near
LUL lesions might also increase the SI and LR values [25]. Seppenwoolde
et al. [25] investigated real-time intrafractional lung tumor motion
using internal markers and fluoroscopy. The amplitude of tumor motion
induced by heartbeat was addressed as well, being of 1-4 mm in LR and
1-2 mm in SI. These results might have been responsible for the increase
in SB distribution widths, therefore inducing non-significant differences
between SB and SG results for RML and LUL lesions (Table 2). LLL le-
sions are usually located at an inferior level than the heart. Hence,
heartbeat influence in LR might be of less importance than in SI or AP. In
Chen et al. the authors found that heartbeat influenced lung tumor
motion in both SI and LR. This might explain the non-significant p-value
obtained for LLL lesions when comparing SB and SG treatments in SI, but
not in AP.

In Wang et al. [16], authors used a SB-system and reported system-
atic and random intrafraction errors obtained with two distinct
methods: bony alignment and soft tissue registration. X ranged between
1 and 2 mm (SI), 0.9-1.1 (LR) and 1.8-1.9 mm (AP), and o between 1.7
and 2.2 mm (SI), 1.5 (LR) and 2.9-4.1 mm (AP) for 19 patients. Our X
results for SG and SB do concur (Table 4) with Wang et al. results.
Regarding o, AP values reported in Wang et al. were higher than ours for
both systems. Our LR ¢ values were similar and our SI ¢ values were
higher for SG, but similar for SB (Table 4). As interfractional errors in
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Table 3

Percentages of offsets lower than 3 mm (O_3) and>5 (0O-5) and 8 mm (O-g),
respectively. Values were presented for spirometry-based (SB) and surface-
guidance (SG) treatments and were arranged by lesion localization and spatial
direction. SI (superior-inferior), LR (left-right), AP (anterior-posterior), M
(vector modulus), RUL (right upper lobe), RLL (right lower lobe), RML (right
middle lobe), LUL (left upper lobe), LLL (left lower lobe) and FDS (full data set).

O<3 (%)

SG SB

SI LR AP M SI LR AP M
RUL 91,4 96,2 91,4 72,4 95,2 98,8 95,2 83,7
RLL 78,1 89,1 89,1 45,3 83,4 94,9 96,0 65,1
RML 93,5 100,0 97,8 89,1 89,9 97,8 92,1 71,9
LUL 96,0 94,0 92,0 74,0 98,4 96,9 97,7 80,6
LLL 78,1 94,5 93,2 58,9 78,7 98,7 93,3 64,0
FDS 85,4 93,7 90,5 63,0 90,0 97,2 95,5 75,0
0.5 (%)

SG SB

SI LR AP M SI LR AP M
RUL 1,9 0,0 4,8 11,4 2,4 0,6 1,2 4,2
RLL 12,5 0,0 7,8 26,6 7,4 0,6 0,6 13,7
RML 4,3 0,0 0,0 6,5 6,7 0,0 3,3 9,0
LUL 0,0 0,0 6,0 8,0 0,0 0,8 1,6 3,9
LLL 11,0 1,4 2,7 23,3 8,0 0,0 2,7 18,0
FDS 6,8 0,7 4,9 19,0 4,2 0,6 1,5 9,0
0.5 (%)

SG SB

SI LR AP M SI LR AP M
RUL 0,0 0,0 1,9 5,7 0,0 0,0 0,0 1,2
RLL 6,3 0,0 0,0 12,5 2,9 0,0 0,0 6,9
RML 2,2 0,0 0,0 1,1 1,1 0,0 1,0 3,4
LUL 0,0 0,0 2,0 0,0 0,0 0,8 0,0 1,6
LLL 4,1 0,0 0,0 3,3 3,3 0,0 0,0 5,3
FDS 2,2 0,0 0,7 1,3 1,3 0,2 0,2 3,0

Table 4

Systematic () and random (o) errors from spirometry-based (SB) and surface-
guidance (SG) treatments associated with the averaged intrafraction shift esti-
mated by a CBCT acquired during the first treatment arc. Data were arranged by
lesion localization and spatial direction. SI (superior-inferior), LR (left-right),
AP (anterior-posterior), RUL (right upper lobe), RLL (right lower lobe), RML
(right middle lobe), LUL (left upper lobe), LLL (left lower lobe) and FDS (full
data set).

X (mm)
RUL RLL RML LUL LLL FDS
SG SI 1,2 2,3 1,8 1,2 1,7 1,8
LR 1,2 0,9 0,8 1,0 0,7 1,1
AP 1,1 1,5 0,7 0,9 1,2 1,3
SB SI 1,2 2,0 1,5 0,8 1,6 1,5
LR 0,6 0,9 0,6 1,1 0,5 0,9
AP 0,8 1,0 1,3 1,0 1,1 1,0

6 (mm)
RUL RLL RML LUL LLL FDS
SG SI 2,1 4,7 3,0 1,4 3,8 3,1
LR 1,6 2,8 1,4 1,4 1,8 1,9
AP 2,3 2,4 1,8 2,6 2,2 2,2
SB SI 1,3 2,2 2,1 1,1 3,2 2,1
LR 1,0 1,3 1,1 1,4 1,1 1,3
AP 1,3 1,4 1,8 1,3 1,6 1,5
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lung SBRT should be corrected by the use of daily IGRT, intrafraction X
and o should be used to calculate PTV margins instead. In this sense,
each center should be responsible to study their uncertainties based on
their intrafraction shift estimation procedures and DIBH systems uti-
lized, as a similar analysis using different DIBH systems or intrafraction
shift estimation methods might not result in similar findings.

In this study, the number of sessions analyzed has been higher
compared to similar publications on lung tumor motion [20,32,33].
Consequently, a lesion localization analysis with a sufficient number of
fractions per localization has been possible. The majority of studies
addressing intrafractional lung motion in DIBH conditions utilize SB
systems [16,17,27,29]. Nevertheless, this is the first study in which SB
and SG systems are compared using as intrafraction shift estimation
procedure a CBCT acquired during treatment arcs.

Regarding the limitations of our study, it is worth mentioning that
the intrafraction shift estimation method utilized did not provide in-
formation for the complete fraction, but only during the first treatment
arc. Furthermore, the intrafraction data recorded was averaged during
the 2-3 DIBHs needed to deliver the first treatment arc. This effect might
slightly deteriorate CBCT image quality compared to a CBCT acquisition
in one DIBH. In this regard, DIBH CBCTs image quality was still superior
to free-breathing CBCTs, even considering the imperfect DIBH repro-
ducibility [12].

The election of the registration method utilized implied two limita-
tions. On one side, we were not able to distinguish whether a measured
shift was due to a tumor shift relative to bony anatomy (pure tumor
shift) or due to a shift of the whole patient. On the other side, the
coherence in the registration between a CT and a CBCT is not perfect,
therefore introducing new uncertainties. However, we decided to use
the planning CT as the reference image, thus registering both the setup
and the intrafraction CBCTs to it. This study was performed retrospec-
tively and all shifts were acquired using the usual clinical workflows,
which implies considering the planning CT as the reference image.
Furthermore, if we had decided to register the intrafraction CBCT with a
pre-treatment CBCT we would have needed to perform an extra CBCT
immediately after the corrections were applied. This would have
increased the number of images needed, therefore increasing the dose
received by the patients.

With regard to the clinical importance of our study, we lack enough
data to state which system is clinically superior for DIBH lung SBRT
treatments. Although we have found statistically significant differences
in our results, the clinical relevance associated to using one system or the
other might be negligible. Further investigation should be performed so
as to elucidate whether differences obtained are clinically relevant or
not.

In this study, the intrafraction shift in 157 lung SBRT patients was
addressed when using two distinct systems to perform DIBH. SB and SG
can be considered as accuracy-equivalent systems. However, SB was
more precise than SG. Lesion location influenced intrafraction motion as
inferior lobe lesions offsets were larger in SI and superior lobe lesions
offsets were higher in AP. Further efforts should be made to quantify and
isolate possible sources of intrafraction motion in lung tumors and find
mechanisms to overcome them.
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