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Abstract
Purpose: In patients undergoing stereotactic body radiation therapy (SBRT) for pancreatic adenocarcinoma, the reproducibility of tumor
positioning between deep-inspiration breath holds is unclear. We characterized this variation with fiducials at simulation and treatment
and investigated whether a patient-specific breath-hold (PSBH) margin would help account for intrafraction variation at treatment.
Methods and Materials: We analyzed 20 consecutive patients with pancreatic cancer who underwent SBRT with deep-inspiration
breath holds. At simulation, 3 additional breath-hold scans were acquired immediately after the contrast-enhanced planning computed
tomography (CT) scan and used to quantify the mean and maximum variations in the simulation fiducial position (Sim_Varavg and
Sim_Varmax), as well as to design the internal target volume (ITV) incorporating a PSBH margin.
Results: At treatment, a mean of 5 breath-hold cone beam CT (CBCT) scans were acquired per fraction for each patient to quantify the
mean and maximum variations in the treatment fiducial position (Tx_Varavg and Tx_Varmax). Various planning target volume (PTV)
margins on the gross tumor volume (GTV) versus ITV were evaluated using CBCT scans, with the goal of >95% of fiducials
being covered at treatment. The Sim_Varavg and Sim_Varmax were 0.9 � 0.5 mm and 1.5 � 0.8 mm in the left-right (LR) direction,
0.9 � 0.4 mm and 1.4 � 0.4 mm in the anteroposterior (AP) direction, and 1.5 � 0.9 mm and 2.1 � 1.0 mm in the superoinferior
(SI) direction, respectively. The Tx_Varavg and Tx_Varmax were 1.2 � 0.4 mm and 2.0 � 0.7 mm in the LR direction, 1.1 � 0.4
mm and 1.8 � 0.6 mm in the AP direction, and 1.9 � 1.0 mm and 3.1 � 1.4 mm in the SI direction, respectively. The ITV was
increased by 21.0% � 8.6% compared with the GTV alone. The PTV margin necessary to encompass >95% of the fiducial
locations was 2 mm versus 4 mm in both LR and AP and 4 mm versus 6 mm in SI for the ITV and the GTV, respectively.
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Conclusions: The interbreath-hold variation is not insignificant, especially in the SI direction. Acquiring multiple breath-hold CT scans
at simulation can help quantify the reproducibility of the interbreath hold and design a PSBH margin for treatment.
� 2021 The Author(s). Published by Elsevier Inc. on behalf of American Society for Radiation Oncology. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Tumors located in the abdominothoracic area, such as
the lung, liver, or pancreas, are highly susceptible to
clinically significant respiratory motion during radiation
therapy (RT).1-6 Many investigators have reported that
tumor motion can range from 0 to 40 mm under shallow
free breathing.7 The internal target volume (ITV) is an
effective measure to account for tumor motion by
encompassing the motion range as a margin. With the
present use of cone beam computed tomography (CBCT)
for effective patient setup, the ITV often contributes to the
largest portion of the total margin, and the resultant
abutment or overlap with an organ at risk (OAR) signif-
icantly compromises the ability to deliver the therapeutic
radiation dose safely without inflicting deleterious
toxicity. Therefore, use of tumor-motion management is
imperative for safe delivery of stereotactic body radiation
therapy (SBRT) to these sites, especially for pancreatic
tumors, given the proximity of highly radiosensitive or-
gans such as the duodenum and stomach.

Among various motion-mitigation techniques,
including breath-hold,8 beam gating,9 and real-time
tumor-motion compensation using a multileaf collimator
or couch,10-12 the deep-inspiration breath hold (DIBH)
prevents tumor motion by asking patients to hold their
breath after taking deep inspiration. The effectiveness of
the DIBH largely depends on achieving consistent
reproducibility of tumor positioning with each breath hold
(interbreath-hold variation), especially because multiple
breath holds are typically needed to complete delivery of
the treatment fraction. Extensive studies in lung and liver
tumors with DIBH have reported interbreath-hold varia-
tion of less than 2 mm on average, regardless of various
breath-hold techniques.13-19 However, interbreath-hold
reproducibility when treating pancreatic tumors with
DIBH presents unique challenges because it is influenced
by both the diaphragm and abutting abdominal soft tis-
sues and has not been well characterized in a robust
manner.

Three studies have reported on this subject matter, but
with significant limitations. Murphy et al20 reported that
the 3-dimensional (3D) pancreas tumor position is
reproducible within 2.5 mm, but this conclusion was
based on data from only 4 patients. Nakamura et al21

showed that in the treatment of pancreatic tumors, the
reproducibility of exhalation breath hold was 0.0 � 1.1
mm in the left-right (LR) direction, 0.1 � 1.2 mm in the
anteroposterior (AP) direction, and 0.1 � 1.0 mm in the
superoinferior (SI) direction, but exhalation breath-hold
can be highly challenging for patients compared with
inspiratory breath-hold, particularly because pancreatic
cancer is a disease of the elderly. Teboh et al22 analyzed
19 patients with pancreatic cancer and reported that the
intrafraction DIBH variation was contained within the 2-
mm fiducial planning target volume (PTV), but this study
used kV projection images at each beam angle, compared
with 3D quantitative analysis based on volumetric
imaging.

In the current study, we characterized the DIBH vari-
ation of pancreas tumor positioning at the time of CT
simulation and RT treatment from a cohort of 20 patients.
In addition, we investigated whether a patient-specific,
“personalized” margin designed from the DIBH variation
of tumor positioning measured at simulation can account
for intrafraction variation at treatment. We also explored
whether the patient-specific margin, compared with the
PTV generated by a direct uniform expansion on the gross
tumor volume (GTV), would achieve more optimal target
and fiducial coverage during RT.
Methods and Materials

All imaging scans at simulation and treatment were
acquired as part of the clinical workflow of the standard of
care.

Patient selection and breath-hold coaching at
simulation

We selected 20 consecutive patients who underwent
SBRT using the DIBH technique for pancreatic cancer at
our institution. Patients were treated with the DIBH
technique if they could inhale and hold greater than 1 L of
air for more than 20 seconds consistently, per our in-
stitution’s protocol. In the calendar year during which
these patients were treated, 81.3% of the patients were
treated with the DIBH technique, suggesting that this
analysis may be applicable to the vast majority of patients
eligible for pancreatic SBRT. Patients were asked to fast 3
to 5 hours before both the simulation and the treatment to
provide reproducible gastric organ positioning. Patients
were immobilized with a wing-board (CIVCO Medical
Solutions, Coralville, IA) and either an alpha cradle
(Smithers Medical Products Inc, North Canton, OH) or a
Vac-Lok (CIVCO Medical Solutions). Active Breathing
Coordinator 3.0 (ABC, Elekta, Stockholm, Sweden) was
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used to assist patients’ breath hold without visual feed-
back of the breathing traces. We coached the patients to
take air in while minimizing their physical body move-
ment, such as arching of the spine. After the successful
breathing coaching, a treatment planning CT was ac-
quired after intravenous contrast injection (Omnipaque
100 mL, GE Healthcare, Chicago, IL), usually at 70
seconds after injection, to highlight the portal venous
phase. Subsequently, 3 additional breath-hold CT sets
were acquired. No specific timing was mandated for these
3 CT sets. Instead, the CT scans were acquired when the
patient had recovered from the prior breath hold, to mimic
the treatment process. Each CT set was acquired in the
range of 15 to less than 20 seconds in 1 breath hold with
the CT scan parameters of 120 kVp and 2-mm slice
thickness.

Treatment planning and fiducial marker
contouring

Each patient had 2 or 3 fiducial markers implanted
endoscopically into the tumor; these were used as the
tumor position surrogates. All fiducial markers were
contoured on the planning CT in addition to the tumor
and OAR structures. The rigid image registration was
performed in Velocity (Varian Medical Systems, Inc, Palo
Alto, CA) to propagate the fiducial contours from the
planning CT to the additional 3 CT sets. Each fiducial
contour was fine-tuned to confirm to the corresponding
fiducial location. The centroid of each fiducial marker was
calculated from the contours. To accommodate 2 intra-
fraction breath-hold CBCT scans, a single 360-degree
sweep volumetric modulated arc therapy (VMAT)
divided into 3 partial arcs was planned with a prescription
of 660 cGy x 5 fractions in Pinnacle 9.2 (Philips
Healthcare, Amsterdam, Netherlands).

Patient setup and fiducial contouring on breath-
hold CBCT at treatment

Before treatment started, multiple breath-hold CBCT
scans were acquired using Elekta XVI 5.2 to set up the
patient to the treatment position with a rescanning toler-
ance of 1.5 mm in any anatomic direction. During treat-
ment, 2 breath-hold CBCT scans were acquired between
the partial VMAT arcs. An additional CBCT scan was
acquired if the table shift exceeded the rescanning toler-
ance. Each CBCT scan was acquired in 1 to 2 breath
holds with a fast partial arc (200-degree sweep) and a
segmental VolumeView license (Elekta). The CBCT
scans were aligned to the planning CT with a 2-step rigid
image registration process and aligned to the spine, fol-
lowed by the fiducial markers. The propagated fiducial
contours on the CBCT scan were used to calculate the
centroids of the fiducial markers.
Quantification of interbreath-hold variation

The interbreath-hold variation at simulation and treat-
ment as calculated for an individual patient is described
below.

Variation at CT simulation

Each simulation CT acquired with 1 breath hold had
multiple fiducial markers. The centroids of the individual
fiducials from the planning CT were used as the reference
and were compared with those from the subsequent CT
sets to quantify the interbreath-hold variation. The varia-
tion at CT simulation was measured within the same
session and was categorized as intrafractional variation.
For the CT set i, the positional variation of the fiducial j,
Dxi,j

SIM, was calculated by subtracting the centroid in the
reference CT, x0,j

SIM, from that of the same fiducial in the
image i, xi,j

SIM, using Eq 1. The reference CT was labeled
as i Z 0 The average difference of all fiducials calculated
by Eq 2 was defined as the interbreath-hold variation for
the CT set i.
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where Dx
SIM

i is the average variation of all fiducial
markers in the given CT set i and Nfdl is the number of the
implanted fiducial markers.

To represent interbreath-hold variation at simulation
for each patient, the average and maximum variations
from all 3 CT sets, SIM_Varavg and SIM_Varmax, were
calculated using Eqs 3 and 4:
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where Nl is the number of the CT sets, which was 3 for
each patient.

The calculations defined in Eqs 1 to 4 were performed
for each anatomic direction: LR, AP, and SI.

Variation at treatment

We acquired, on average, 5.0 � 0.7 breath-hold CBCT
scans per fraction for each patient, totaling 25.0 � 3.3
images for 5 fractions, as summarized in Table 1. The
interbreath-hold variation at treatment was calculated
using the same method as described in the previous sec-
tion, using the first CBCT scan for that fraction as the



Table 1 Patients’ demographics and breath-hold characteristics

Patient Age, y Sex No. of fiducial
markers

Breath hold parameters Breath hold
simulation
CT sets, No.

No. of breath hold CBCT scans

Threshold, L Duration, s FX 1 FX 2 FX 3 FX 4 FX 5

1 71 M 3 4.0 60 4 5 4 6 4 7
2 52 M 3 2.0 40 4 3 8 5 5 4
3 66 F 3 1.8 30 4 6 7 5 8 3
4 72 M 3 2.6 40 4 4 4 5 4 4
5 56 M 3 1.7 30 4 4 4 5 5 4
6 53 F 3 1.0 25 4 6 6 6 5 5
7 75 M 3 2.1 35 4 6 6 7 4 6
8 61 M 2 1.8 35 4 5 4 4 4 5
9 63 F 3 1.2 25 4 4 4 4 5 6
10 69 M 3 1.9 30 4 5 4 4 4 4
11 78 M 3 1.9 35 4 7 4 4 4 6
12 58 F 3 1.0 18 4 9 5 4 6 4
13 63 M 3 1.8 30 4 5 4 4 6 4
14 68 F 3 1.0 30 4 4 4 4 4 4
15 65 M 3 2.0 30 4 6 5 5 5 5
16 69 F 3 1.0 25 4 4 5 5 8 5
17 72 F 3 1.8 30 4 7 5 5 4 6
18 79 F 3 1.3 30 4 6 4 4 5 5
19 69 F 3 1.5 30 4 5 4 5 4 4
20 53 F 3 1.3 30 4 7 5 8 8 4

Abbreviations: CBCT Z cone beam computed tomography; CT Z computed tomography; FX Z fraction.
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reference and using similar metrics to characterize fiducial
position variation, as shown in Eqs 5 to 7:
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where xk0,j and xki,j are the centroids of the fiducial j in the
first CBCT scan (i Z 0) and the CBCT set i acquired at
treatment fraction k, respectively; Dx

k

i is the average
variation of all fiducial markers in the CBCT set i at
treatment fraction k; Nfdl is the number of implanted
fiducial markers; and Dxmax

k is the maximum variation for
fraction k. The shift to the fiducial markers calculated in
the first CBCT scan, defined as interfraction variation,
was not included in the analysis.

To quantify the variation at the course of treatment, 2
metrics were defined using Eqs 8 and 9: the average
variation, TX_Varavg, from all CBCT sets acquired from 5
fractions and the average maximum, TX_Varmax, of all 5
maximum values from 5 fractions.
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where NI
k is the number of the CBCT sets acquired at

fraction k and NFX is the number of fractions, which was
5. The variations were calculated for each anatomic di-
rection: LR, AP, and SI.

Usefulness of a patient-specific breath-hold
margin design

The ITV incorporating a patient-specific interbreath-
hold variation was designed by combining all 4 sets of
tumor contours from the 4 simulation CT sets and
comparing them with the GTV contoured from the plan-
ning CT only. A ratio of ITV to GTV was calculated to
indicate a volume increase with a patient-specific breath-
hold margin. The ITVfiducial j for the fiducial marker j was
also generated by combining all 4 fiducial contours from
the repeated CT sets. The fiducial contour in the planning
CT only was defined as GTVfiducial j. We expanded the
fiducial GTV and ITV with an isotropic PTV margin. For
each fiducial, 6 PTVs were generated, with expansions
ranging from 1 mm to 6 mm in 1-mm increments. From



Figure 1 Sagittal view of interbreath-hold variations of patient 17 at simulation and 5 treatment fractions: A, simulation; B, fraction 1;
C, fraction 2; D, fraction 3; E, fraction 4; and F, fraction 5. The red, green, and blue colors are fiducial locations overlaid from all breath
holds for each fraction. The interbreath-hold variation is clearly shown with a varying amount for each fraction.
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the breath-hold CBCT sets, we quantified the percentage
of the fiducial locations within each PTV to evaluate the
usefulness of a patient-specific breath-hold margin design
to account for the variation at treatment.
Statistical analysis

A Student t test was performed to assess statistical
significance in the differences; significance was set at P <
.05.
Results

Interbreath hold variation at simulation and
treatment

Table 1 summarizes patients’ demographics and
breath-hold parameters. The median age of the selected
patients was 67 years, ranging from 52 to 79 years, with
an equal male-to-female ratio. The mean air-volume
threshold and duration of breath hold were 1.7 � 0.7 L



Figure 2 Interbreath-hold variation from 4 simulation
computed tomography sets for individual patients. The square
represents average variation; the error bar shows the range of the
data (minimum to maximum).

Figure 3 Interbreath-hold variation measured from multiple
breath-hold cone beam computed tomography sets at treatment.
The diamond represents the average variation; the red line rep-
resents the median value; the box represents the range from the
25th to 75th quartile; and the whisker represents the range
(minimum to maximum). Patients 1 and 8 showed reproducible
interbreath-hold variation at both computed tomography simu-
lation and treatment, whereas patient 11 showed increased
variation at treatment compared with at computed tomography
simulation.
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(range, 1.0-4.0 L) and 31.9 � 8.3 seconds (range, 18.0-
60.0 seconds).

Figure 1 shows the extreme interbreath-hold variations
of patient 17 at CT simulation and treatment. The patient
showed Sim_Varavg and Sim_Varmax values of 2.4 � 0.7
mm and 3.2 mm in LR, 1.5 � 0.3 mm and 1.8 mm in AP,
and 3.3 � 0.7 mm and 4.0 mm in SI. The Tx_Varavg and
Tx_Varmax values, averaged over all 5 fractions, were 1.4
� 0.4 mm and 2.5 � 1.8 mm in the LR direction, 1.6 �
0.4 mm and 2.8 � 0.9 mm in the AP direction, and 2.4 �
1.7 mm and 3.6 � 2.7 mm in the SI direction.

Figures 2 and 3 show interbreath-hold variations of the
20 individual patients at simulation and treatment. The
variation in the SI direction was significantly larger than
in the LR and AP directions at both CT simulation and
treatment (P < .05). There was no significant difference
between the LR and AP directions (P > .05). Some pa-
tients, such as patients 1 and 8, showed reproducible
variations at both simulation and treatment, whereas pa-
tient 11 showed a larger variation at treatment than at CT
simulation. The reproducibility of breath hold between
CT simulation and treatment was also highly patient-
dependent.

Table 2 summarizes the variations at CT simulation
and treatment, averaged over all 20 patients. The



Table 2 The mean (�1 standard deviation) of interbreath-
hold variations averaged over all 20 patients at computed
tomography simulation and treatment

Sim_Varavg (mm) Tx_Varavg (mm) P value

LR 0.9 � 0.5 1.2 � 0.4 .069
AP 0.9 � 0.4 1.1 � 0.4 .057
SI 1.5 � 0.9 1.9 � 1.0 .099

Sim_Varmax (mm) Tx_Varmax (mm) P value

LR 1.5 � 0.8 2.0 � 0.7 .057
AP 1.4 � 0.4 1.8 � 0.6 .028
SI 2.1 � 1.0 3.1 � 1.4 .016

Abbreviations: AP Z anteroposterior; LR Z left-right; SI Z
superoinferior; Sim_Varavg Z average variation in the simulation
fiducial position; Tx_Varavg Z average variation in the treatment
fiducial position.
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Tx_Varavg values were not significantly different than the
Sim_Varavg values, but the Tx_Varmax values increased
significantly in the AP and SI directions (P < .05). The
Sim_Varmax and Tx_Varmax values showed a moderate
positive linear relationship with a correlation coefficient
of 0.343 (P Z .007). The Tx_Varmax value was within the
95% prediction interval of Sim_Varmax, which indicated
that the Sim_Varmax value was a predictive metric for
treatment variation. The Tx_Varmax value was not
significantly correlated to the breath-hold air-volume
threshold in the patient cohort (P > .05).
Usefulness of a patient-specific breath-hold
margin design

The ITV was increased by 21.0% � 8.6% compared
with the GTV. The mean percentage of fiducial location
within the various PTV margins is shown in Table 3. The
2-mm uniform margin added to the GTV covers 83.2% �
12.5% in the LR direction, 84.5% � 11.3% in the AP
direction, and 69.2% � 24.1% in the SI direction. To
cover 95% of the fiducial locations at treatment, an
asymmetrical margin design measuring 4 mm in both the
Table 3 Percentage of the fiducial location within the PTV at trea

PTV
margin (mm)

LR AP

Single BH GTV Multiple BH ITV Single BH G

1 56.7 � 14.4 90.8 � 10.5 55.3 � 20.0
2 83.2 � 12.5 97.1 � 7.0* 84.5 � 11.3
3 92.6 � 10.7 98.7 � 4.1 93.1 � 18.6
4 98.2 � 4.2* 99.3 � 2.1 98.8 � 2.7*
5 98.8 � 3.1 100.0 � 0.0 99.3 � 1.8
6 99.4 � 2.6 100.0 � 0.0 100.0 � 0.0

Abbreviations: AP Z anteroposterior; BH Z breath hold; GTV Z gross tu
planning target volume; SI Z superoinferior.

* The smallest margins providing greater than 95% coverage for the app
LR and AP directions and 6 mm in the SI direction was
necessary for the GTV. With the patient-specific breath-
hold margin design, the 2-mm margin was enough for
both the AP and LR directions, but 4 mm was necessary
in the SI direction. When applying the suggested asym-
metrical margin to each approach, the PTV was increased
by 67.5% � 12.5% for the GTV and 60.2% � 16.7% for
the ITV (P < .05) compared with the 2-mm uniform PTV
margin expansion from the GTV. This shows the use-
fulness of the patient-specific margin design. In compar-
ison, the uniform margin expansion, 6 mm on the GTV
and 4 mm on the ITV, increased the PTV by 92.4% �
19.4% and 81.5% � 22.7%, respectively.
Discussion

Deep-inspiration breath hold is a widely used motion
management technique in clinic. Understanding of the
interbreath-hold reproducibility in tumor positioning is
important to achieve an intended target coverage and
normal tissue sparing during radiation treatment, espe-
cially for pancreas tumors that are closely surrounded by
OARs, including the small bowel and stomach. The po-
sitional reproducibility of pancreas tumors between breath
holds has not been well elucidated compared with other
disease sites, such as the lungs or liver. In this study, we
calculated that the pancreas tumor position is reproducible
to less than 3 mm, on average, in all 3 anatomic directions
at both simulation and treatment. However, the variation
is highly patient-dependent, and the range of the variation
is large among patients. The mean variation is slightly
larger than the reported values for lung or liver tumors but
comparable with results reported for the pancreas.20

Regardless of the disease site, the variation is the largest
in the SI direction, which suggests the necessity of
asymmetrical margin design. The margin may be able to
be reduced when real-time intrafractional imaging, such
as kV fluoroscopy, ultrasound, electromagnetic tracking,
or a magnetic resonance linear accelerator, is used for
tumor-position verification for each breath hold.
tment, averaged over all 20 patients

SI

TV Multiple BH ITV Single BH GTV Multiple BH ITV

90.2 � 10.9 38.9 � 24.2 82.0 � 23.7
95.6 � 7.0* 69.2 � 24.1 89.0 � 21.5
99.0 � 2.1 81.8 � 19.4 92.4 � 17.2
99.7 � 1.2 90.8 � 14.9 95.4 � 13.5*
100.0 � 0.0 93.7 � 11.4 97.1 � 10.1
100.0 � 0.0 96.9 � 6.1* 98.6 � 4.8

mor volume; ITV Z internal target volume; LR Z left-right; PTV Z

roach.
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The study’s results show that the uniform 2-mm
expansion directly from the GTV contoured from a sin-
gle CT set, which was our institution’s approach, is not
enough to provide tumor coverage greater than 95%. We
suggest an asymmetrical PTV margin of 4 mm in both the
LR and AP directions and 6 mm in the SI direction when
a single CT set is used to design the PTV. The benefit of
using multiple breath-hold CT scans is to quantify patient-
specific breath-hold uncertainty and incorporate it into a
PTV margin design. Additionally, the multiple CT scans
can be used to screen out patients ineligible for breath-
hold treatment by quantifying the maximum variation as a
good indicator of a possible large variation at treatment.
The patient-specific margin would be desirable over the
population-averaged margin, especially for a pancreatic
tumor closely abutting OARs, because the population-
averaged margin might be too large for certain patients
with reproducible breath hold. Because interbreath-hold
variation tends to increase at treatment, the union of
multiple GTVs contoured from the multiple CT sets
would provide better tumor/fiducial coverage, compared
with using an average variation. The suggested PTV
margin for the breath-hold ITV approach is 2 mm in both
the LR and AP directions and 4 mm in the SI direction.

The acquisition of multiple simulation CT sets in-
creases the imaging dose. However, when patient-specific
interbreath-hold uncertainty is not considered at the
treatment planning stage, multiple CBCT scans are likely
acquired to set up a patient. As a result, the cumulative
imaging dose for an entire treatment course can be more
than a few additional simulation CT sets. For example, 2
additional CBCT scans acquired at each fraction can be
summed up to 10 CBCT scans for 5-fraction treatment,
which can result in a higher imaging dose compared with
3 additional simulation CT sets. Thus, we argue that the
multiple simulation CT sets are beneficial to account for
interbreath-hold variation with a modest increase in im-
aging dose.

The interbreath-hold variation in this study did not
show a strong correlation with the breath-hold threshold
of the patient cohort we analyzed. In addition, the varia-
tion did not show a significant increase as the number of
acquired CBCT scans was increased during treatment (P
> .05). We hypothesize that a change in breathing tech-
nique between diaphragmatic and chest breathing can be a
major contributing factor to tumor-position variation,
even though the inspiration air volume is reproducibly cut
off by a spirometer. The same hypothesis was mentioned
by Mittauer et al.23

In this study, the patients received no audiovisual
feedback of their breathing traces at either simulation or
treatment. The maximum variation of the tumor position
in both the AP and SI directions was increased at treat-
ment compared with simulation. One possible reason is
that the planning CT was acquired right after breathing
coaching, whereas neither extra breathing training nor a
practice session was provided for treatment. Provision of
audiovisual feedback of the breathing traces to patients
might help reduce the variation during treatment.

A limitation of this study was that the interbreath-hold
variation was quantified using breath-hold CBCT scans
acquired before and between turning on the treatment
beam. The variation during treatment-beam delivery can
be different from that acquired at the pretreatment imag-
ing for patient setup. Intrafractional imaging acquired
simultaneously during the treatment beam deliverydfor
example, simultaneous CBCT scan acquisition during
VMAT delivery or biplane kV fluoroscopydis a future
step to quantify interbreath-hold variation and an
adequate breath-hold margin design.

The current study focused on the geometric variation
of tumor positioning between breath holds. The OARs
can also show variations in their positioning, owing to
both breathing uncertainty and peristalsis. Topics for
future study include quantification of this motion; a
dosimetric consequence of the interbreath-hold variations
in tumor and OAR locations, especially for SBRT scans
requiring a steep dose gradient outside the PTV to reduce
a high dose to the duodenum and stomach; and proton
treatment, which is sensitive to anatomic variations.
Conclusion

We quantified interbreath-hold variation in pancreas-
tumor positioning at simulation and treatment. The vari-
ation was patient-specific and asymmetrical in the
anatomic directions, and it increased at treatment. The
variation in the SI direction was larger than in the other
anatomic directions. An asymmetrical PTV margin
greater than 4 mm was necessary to better account for
interbreath-hold variability and resulted in better disease/
fiducial coverage during treatment when a single CT set
was used. The multiple CT sets acquired at simulation
would be beneficial in designing a patient-specific breath-
hold margin, especially for situations in which intra-
fraction imaging is not readily available. Additionally,
some patients who show reduced interbreath-hold varia-
tion may benefit from a smaller overall expansion,
whereas the population-averaged margin may be unnec-
essarily generous.
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