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ABSTRACT

Purpose: Pelvic target dose from intensity-modulated proton therapy (IMPT) is sensitive to patient
bowel motion. Robustly optimized plans in regard to bowel filling may improve the dose coverage in
the treatment course. Our purpose is to investigate the effect of air volume in large and small bowel
and rectum on target dose from IMPT plans.

Methods and material: Data from 17 cancer patients (11 prostate, 3 gynecologic, 2 colon, and 1
embryonal rhabdomyosarcoma) with planning CT (pCT) and weekly or biweekly scanned quality assur-
ance CTs (QACTs; 82 QACT scans total) were studied. Air in bowels and rectum traversed by proton
pencil beams was contoured. The robust treatment plan was made by using 3 CT sets: the pCT set
and 2 virtual CT sets that were copies of pCT but in which the fillings of bowels and rectum were
overridden to be either air or muscle. Each plan had 2-5 beams with a mean of 3 beams. Targets in
the pCT were mapped to the QACTs by deformable image registration, and the dose in QACTs was
calculated. Dose coverage (D99 and D95) and correlations between dose coverage and changes in air
volume were analyzed. The significance of the correlation was analyzed by t test.

Results: Mean changes of D99 in QACTs were within 3% of those in the pCT for all prostate and colon
cases but >3% in 2 of the 3 gynecologic cases and in the embryonal rhabdomyosarcoma case. Of
these three cases with mean change of D99 > 3%, air volume may be the main cause in 2. For the
prostate cases, correlation coefficients were <0.7 between change in air volume and change in D99
and D95, because other anatomy changes also contributed to dose deviation. Correlation coefficients
in the non-prostate cases were >0.9 between D99 change and rectum and between D95 change and
small bowel, indicating a greater effect of the air volume on target dose.

Conclusion: The air volume may still have an important effect on target dose coverage in treatment
plans using 3 CT sets, particularly when the air is traversed by multiple beams.
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Introduction bladder. Hematologic, gastrointestinal, and genitourinary tox-
icities were within acceptable tolerances. These and other
studies show similar or slightly better treatment outcomes
with proton therapy than IMRT [3,4]. The dosimetric advan-
tage in proton plans is not fully transferred to outcomes
because of essential uncertainties in proton therapy, includ-
ing proton range uncertainty and relative biologic effective-
ness. In addition, proton range is sensitive to patient
anatomy change in the proton beam path. In the pelvis, in
addition to patient weight change, air in bowels and rectum,
bladder filling, and femoral bone rotation can significantly
affect proton range [5,6].

Proton radiation therapy is increasingly used to treat a range
of disease sites. The integral dose in the patient’s body is
lower with proton plans than with photon plans, and the
dose beyond the proton beam range decreases dramatically
to a negligible level. For prostate and other cancers in the
pelvic region, low doses to organs at risk (OARs) may reduce
dose toxicity. In a study comparing dose toxicity outcomes
from proton therapy and intensity-modulated radiation ther-
apy (IMRT), Fang et al. showed by univariate analysis that
43% and 13.8% of acute gastrointestinal toxicities were

grade >2 for proton therapy and IMRT, respectively, with
corresponding genitourinary findings of 21.3% and 28.7% [1].
This suggested that fewer patients would have medium- and
high-grade toxicities with proton treatment than with IMRT.
Lin et al. reported acute toxicities in 11 patients with post-
hysterectomy gynecologic cancer treated with proton pencil-
beam scanning [2]. Compared with IMRT plans, the proton
plans reduced dose to bone marrow, rectum, bowels, and

Robust planning techniques are used in proton treatment
planning to mitigate CT number-stopping power conversion
uncertainty and translational setup uncertainty. The
RayStation (RaySearch Laboratories AB; Stockholm, Sweden)
treatment planning system (TPS) can generate robust plans
from multiple CT image sets. Our institute uses 3 CT image
sets to reduce the potential effect of air in bowels and rec-
tum on dose in daily treatment: the original CT set and 2
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virtual CT sets that are the same as the original, except that
the large and small bowels and rectum are filled with either
air or muscle [7]. Thus we consider the extreme cases for
potential filling in the CT. One might think that the plan
would be robust against fillings during the course of treat-
ment and that no further bowel motion assessment is
needed. However, if, during treatment, air in the rectum or
bowels is significantly more than that during the CT scan (so
that the volume of the rectum or bowels is larger than that
during the CT scan), the virtual CT sets might not be suffi-
cient. To address these concerns, we report our investigation
on the effect of air in rectum and bowels on target dose by
utilizing planning CTs (pCTs) and regularly scanned quality
assurance CTs (QACTs).

Material and methods

Data from 17 cases of prostate cancer and other cancers in
the pelvis were randomly selected for this retrospective,
Internal Review Board-approved study. Patients were treated
at Maryland Proton Treatment Center at University of
Maryland School of Medicine with Varian ProBeam (Varian
Medical Systems; Palo Alto, CA) intensity-modulated proton
therapy (IMPT) in the last 2years. The selection criteria
included that the treatment plans were made in RayStation
TPS, and the QACTs were regularly scanned. Treatment diag-
noses included two prostate bed-only, nine prostate with
lymph nodes, three gynecologic, and two colon cancers and
one embryonal rhabdomyosarcoma. Table 1 lists the informa-
tion on beam arrangement, prescription dose, and adaptive
planning for each case. OARs were contoured in the region
of the target plus a 2-cm extension in the inferior and super-
ior directions. Treatment plans were created in RayStation 7
and 8. Robust planning techniques were used. A 3.5% range
uncertainty and 5-mm setup uncertainty were added to the
target. In addition to the pCT set, 2 CT sets (both copied
from the pCT set) were used in robust planning. The density
of filling in bowels and rectum was overridden to that of air
in 1 CT set and muscle in the other CT set. For the prostate
bed boost plans, two single-field optimized lateral parallel
opposite pair (POP) beams were used and delivered on
either the same day or alternative days. For prostate cancer
with lymph nodes, three multifield optimized beams were
used, two lateral and one posterior, except in one case in
which a synthetic implant was on the left. Virtual blocks
were contoured in regard to the target geometry (see, for
example, Figure S1 in Supplementary Materials) and used to
block unexpected pencil beams entering defined regions in
all investigated cases. (See the RayStation user manual for
details on virtual blocks.) The TPS prevents any pencil beam
from stopping at or passing through the virtual block. For
cases using posterior beams, a virtual block (rectum block)
was used to avoid pencil beams in the rectum and tissues
posterior to the rectum. For cases with targets involving
bilateral lymph nodes, a virtual block (mid-block) was used
to prevent beams from reaching the contralateral nodes,
thus reducing dose to the bladder and bowels between the
nodes (Figure S1 in Supplementary Materials). The planning
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goal was to cover 100% of the gross tumor volume (GTV)
and at least 95% of the clinical tumor volume (CTV) prescrip-
tion doses and to meanwhile limit dose to OARs per
Radiation Therapy Oncology Group guidelines [8]. With range
and setup uncertainties, the planning goal of the worst-case
scenario was 95% of CTV covered by 95% of prescription
dose. The pencil-beam convolution superposition algorithm
was used to calculate dose.

In the treatment room, the patient was set up on a 6°-of-
freedom robotic couch and positioned by onboard cone
beam CT (CBCT) or orthogonal kV planar images. CBCTs were
acquired in the first 3 fractions and then weekly or biweekly,
and kV images were acquired in each fraction. The image
guidance used bony structure for patient positioning. For
patients with fiducial markers in the prostate (all prostate
cases had fiducial markers except cases 7 and 8), the location
of the markers on treatment day had to be within 3mm of
that in the pCT. Bowel and rectum filling were assessed
by CBCT.

Anatomy changes were monitored by weekly or biweekly
QACTs that were scanned in the same region as the pCTs.
Dose deviations on the target and OARs were obtained by
performing dose calculation in the registered QACTs with
treatment plan beamline data. Rigid registration was used
for dose calculation in QACTs, and deformable image regis-
tration (DIR) was performed to transform the contours of tar-
gets and OARs from the pCTs to QACTs. The deformed
contours were not manually edited, but the deformation was
checked. In the clinic, when the dose deviation was out of
the tolerance range, an adaptive process was triggered. The
new plan was then used as the reference for the QACTs that
followed. In total, 82 QACTs were acquired in these
17 patients.

In this retrospective study, we contoured air in the large
and small bowels and the rectum in all the pCTs and QACTs.
Because the dose contribution from the air out of the beam
path is negligible, we focused on air in the target and in the
entire proximal region of the target in the beam path. The
change in air volume between the pCT and a QACT is
expressed as the symmetric difference:

AVair = (VPET 1y VOACT )\ (VPCT  yACT) )

air alr alr air

We investigated AD99 and AD95, the deviations of target
dose at 99% and 95% of the volume, and the correlation
between AVair and AD99 (AD95). To express the deviation
from the prescription dose, we used the relative difference
AD% = 100(Dyct — Dqact)/Dx of D99 and D95, where Dycr
and Dgact are the doses in the pCT and QACT, respectively,
and Dx is the prescription dose. We checked whether the
deviation of target dose was >5% and/or >3%. These num-
bers were adopted according to International Commission
on Radiation Units and Measurements Report No. 24 [9], in
which an uncertainty of 5% of dose was tolerable and the
tolerance for patient setup, including the anatomy change,
was 3%. To compare the robustness of plans with and with-
out using the 3 CT-set technique on AVair, we reoptimized
plans in the pCT only and performed dose calculation in the


https://doi.org/10.1080/0284186X.2020.1769859
https://doi.org/10.1080/0284186X.2020.1769859
https://doi.org/10.1080/0284186X.2020.1769859
https://doi.org/10.1080/0284186X.2020.1769859

1188 W. YAO ET AL.

Table 1. Information on investigated cases.

Case index Site Beams Prescription dose (Gy [RBE]) on CTV (GTV) Adaptive plan
1 Prostate 90,180,270 2 x 28 (2 x 36) No
2 Prostate 145,180,205 (2 x 36) No
3 Prostate 90,180,270 2 x 28 (2 x 36) No
4 Prostate 90,180,270 2 x 28 (2 x 36) No
5 Prostate 90,180,270 2 x 28 (2 x 36) No
6 Prostate 90,180,270 2x 28 (2 x36) No
7 Prostate 90,345 (2 x 36) No
8 Prostate 90,180,270 2 x 28 (2 x 36) No
9 Prostate 90,180,270 2 x 28 (2 x 36) No
10 Prostate 90,180,270 2% 28 (2 x36) Yes
1 Prostate 90,270 (2 x 36) No
12 Gyn 0,75,285 (HFP) 25,55_15,80 (boost) 1.8 x 25 (1.8 x 33) Yes
13 Gyn 0,70,180 (SIB) 1.8 x 25 (1.8 x 33) Yes
14 Gyn 90,150,180, 210,270 1.8 x 25 (1.8 x 33) Yes
15 Colon 100,150,205 2x15 No
16 Colon 90,160,220 2x22 No
17 Embryonal rhabdomyo-sarcoma 0,120,230,270 (init) 0,90,180,270 (boost) 1.8 x 20 (1.8 x 28) Yes

Patient orientation was head-first supine, except for case 12, which was head-first prone (HFP). Case 2 had implants in both hips, and case 7 had an implant in
the right hip. In the other 9 prostate cases the boost plans used lateral beams only. Cases 2, 7 and 11 were prostate-only cases. For those non-prostate cases,
initial and boost beam data are listed separately. Gy [RBE]: Gray [relative biological effectiveness—weighted]; init: initial treatment; SIB: simultaneous inte-

grated boost.

QACTs with the replanned beamline data. Results were ana-
lyzed by the Student’s t-test in Microsoft Excel.

Results

The mean and standard deviation (SD) of AVair in the rec-
tum, small bowel, and large bowel are displayed in Figure
1(a-c), respectively. Figure 1(d) shows total AVair in the rec-
tum, small, and large bowels. For each case, air volume in
the pCT is displayed before the mean and SD of AVair in the
QACTs. The SD in the pCT was zero, because only 1 pCT was
used. From Figure 1, AVair in rectum and small bowel in the
QACTs was larger than or similar to air volume in the pCT.
This was also true for air in the large bowel, except for case
12. This may indicate that for a majority of the treatment
course, the air volume change during treatment was larger
than the air volume during pCT scanning.

Figure 2 shows the relative dose difference. Out of all 17
cases, the mean of AD99% was >5% in 1 case (14) and >3%
in 2 cases (12 and 17) (Figure 2(a)). No cases had AD95%
>3% (Figure 2(b)). When the boost plans were applied to
the QACTs in the prostate bed cases, air in bowels and rec-
tum was not in the lateral POP beam paths, and the means
of AD99% and AD95% were <1.5% (Figure 2(c)) and <0.5%
(Figure 2(d)), respectively.

For plans without virtual CTs, 1 case (12) had a mean of
AD99% >5%, 2 cases (10 and 15) >3%, and no case with a
mean of AD95% >3% in the QACTs of the initial plans
(Figure 2). Interestingly, for case 14, the mean of AD99% was
12.5% from the plan with virtual CTs but decreased to 1.5%
from the plan without virtual CTs. It was found that the plan
without virtual CTs had more POP component (beams with
90° and 270°; see Figure S2 in Supplementary Materials for
more detail). The difference in AD99% (AD95%) from the
plans with and without virtual CTs was within 1%, except in
cases 5, 10, 12, and 15, in which the means of AD99% or/
and AD95% improved >1% (the maximum improvement
was 2.8% in AD99% in case 15, and 1.4% in AD95% in case

10) by using the virtual CT sets, and in case 14, where the
mean of AD99% decreased by 11%.

To determine whether air volume was the main cause of
the large deviation in D99 in cases 12, 14, and 17, we
checked the registered images and the dose differences. The
top row in Figure 3 shows the DIR of the pCT and the third
QACT of case 12, with dose and dose difference distributions.
Air in the large bowel was in the target, and the locations of
air were different in the pCT and QACT, resulting in accumu-
lated AD99%. In addition, patient body anatomy change fur-
ther increased the difference. For case 17, as shown in the
middle row in Figure 3, the locations of air were quite differ-
ent in the pCT and QACT, and air was in the beam paths,
resulting in proton beam range deviation and dose change.
In the displayed slice, the dose was from the anterior-poste-
rior beams only, because the lateral beams were blocked.
For case 14, as shown in the bottom row in Figure 3, from
the registered pCT and QACTs, the anatomy change in the
beam paths was obvious, especially bony structure displace-
ment. Thus, the main cause of the large AD99% in case 14
was patient body anatomy change, although the air volume
change might contribute to AD99%. For this case, adaptive
plans were created from QACTs, but the AD99%%
remained >5%.

The correlation coefficients and t-test p values between
AD99%, AD95%, and AVair in rectum, small and large bowel,
as well as total AVair are listed in Table 2. In general, the cor-
relation coefficients were larger in the non-prostate cases
than those in the prostate cases, but the P values were less
in the prostate cases except the p values in small bowel. The
positive correlation coefficient indicates that dose decreases
as volume difference increases. For the prostate bed, the cor-
relation (p) between AD99% and AVair in the rectum was
-0.34 (0.01) and that between AD95% and AVair in the rec-
tum was -0.46 (0.01).

We also checked the effect of AVair on the target dose
coverage in QACTs. In these 17 cases, 2 (cases 13 and 16)
had CTV D99 < 95% of Dx and D95 < 95% of Dx in the ori-
ginal plan, whereas 5 (cases 12, 13, 14, 16, and 17) had
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Figure 1. AVair extracted from the pCT and QACT in: (a) rectum; (b) small bowel; and (c) large bowel for the 17 cases. Total AVair is displayed in (d). Cases 1-11
are prostate cancer (prostate bed—only in cases 7 and 11); cases 12-14 are gynecologic cancer; cases 15 and 16 are colon cancer; and case 17 is embryonal rhabdo-
myosarcoma. For each case, air volume in the pCT is displayed in blue before the mean and SD of AVair in the QACTs.

means of D99 <95% of Dx and 2 (cases 13 and 16) had
D95 < 95% of Dx in QACTs (see Figure S3 in Supplementary
Materials for more details).

Discussion

We retrospectively studied the effect of air in bowels and
rectum on dose distribution for pelvic diseases. For cases 12
and 17, there was a strong effect on D99 and D95.
Specifically, the locations of air in the pCT and some QACTs
were different, and the air was on the path of multiple
beams. This increased dose deviation. The delocation of air is
similar to intrafractional air movement and will result in sig-
nificant dose change [10]. To prevent this from happening,
we suggest contouring the air and beam paths in the pCT
and using these contours to assess patient preparation and
setup before beam delivery.

We found air between the left and right sides of lymph
nodes in most prostate cases. It is the virtual mid-block that
prevents beams from passing through the air. The shape of
the mid-block can have a critical effect on both dose distri-
bution and plan’s robustness to air volumes. If the mid-block
is thin and a large quantity of air appears during beam

delivery but not in the pCT, the beams can pass through the
air and deliver dose to the other side of the mid-block. We
should emphasize that the mid-block is virtual, not physical.
The mid-block only stops the beams in the plan but not
necessarily in the patient body. On the other hand, if the
mid-block is thick enough to cover potential air, dose cover-
age on the lymph nodes could still be challenged by proton
beam range uncertainty.

The effect also depends on beam arrangement. For pros-
tate bed cases planned with lateral POP beams, air volume
in the rectum had little effect on D99 (D95). This may be a
benefit from the POP beams. Rectum gas could delocate the
prostate in the anterior-posterior direction. However, the
mean of AD99% (AD95%) was within 1% of the prescription
dose. This may indicate that the margin we used on the GTV
was sufficient for the rectum gas effect. Of the 11 prostate
cases, cases 1, 3, 4, and 7 used spacers (Hydrogel SpaceOAR,
Boston Scientific Corporation; Bedford, MA) between the
prostate and rectum. The pCTs with the spacers were used
in both the CTV and GTV plans. The spacer could reduce rec-
tum dose and prostate motion in photon radiation therapy
[11], but from AD99% and AD95%, we did not see statistical
deviation with and without the spacer in the IMPT plans. In
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Figure 2. (a) AD99% and (b) AD95% in the initial plan in all study cases; (c) AD99%; and (d) AD95% in the boost plan in the prostate cases. In (a) and (b), results
from optimization with and without virtual CTs are displayed. “Mean_MO" and “Mean_noMO” stand for the mean value of the dose changes from the plans with
and without the virtual CTs in the optimization, respectively. In (c) and (d), virtual CTs were used.

our prostate cases, the standard beam angles were lateral
POP beams plus 1 posterior beam. However, more robust
plans could be obtained by using other beam angle arrange-
ments [12].

This retrospective study revealed that the mean of
AD99% (AD95%) was within 3% of the prescription dose for
all the prostate cases. The result agreed with the findings by
Berger et al who did not use robust optimization planning
but added a 5-mm isotropic internal target volume margin
to the PTV in their cervix cancer cases [13]. This indicates the
high robustness of the plans against air and anatomy
change. Furthermore, the mean and SD of AD95% were less
than those of AD99%, although for CTV the correlation coef-
ficient was higher between AD95% and AVair than that
between AD99% and AVair.

To compare the robustness of the plan from the 3-CT sets
with that from the single-CT sets, we removed the virtual
CTs, reoptimized the plan, and recalculated dose in the
QACTs. The difference of the means of AD99% (AD95%)
from the plans with and without using virtual CTs was within
1%, except in 4 cases in which the means of AD99% or/and
AD95% improved by >1% by using the virtual CT sets.
However, in case 14, the mean of AD99% increased 11% by

using the virtual CTs. Several groups have recently reported
improved robustness planned from multiple CT sets in head-
and-neck and lung sites [14,15]. They found that such a
robust plan could significantly maintain target dose coverage
and only slightly increase OAR dose. The multiple CT sets
included potential anatomy change. Comparatively, anatomy
change (bowel and rectum fillings, femoral bone rotation,
etc.) in the pelvis is more interfractional than long term. In
our investigated cases, adaptive planning was performed in
only 1 of 11 prostate cases and none of the colon cases but
all of the gynecologic cases and the embryonal rhabdomyo-
sarcoma case (Table 1).

In addition to the air volume, other interfractional factors,
including body anatomy change, femoral bone rotation, and
bladder fillings, contribute to dose change [5,6]. This may
explain why the correlation coefficients were not >0.7 in the
prostate cases (Table 2). However, in the non-prostate cases
the correlation coefficient was 0.94 for D99 change and rec-
tum, and 0.95 for D95 change and small bowel. Thus, in the
non-prostate cases air volume change should merit attention.
Investigations on the change of proton beam range (water
equivalent length) and on the correlation between the
change of range and dose may improve our results and are
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Figure 3. Registered pCT and QACT (left column), dose distribution in the pCT (middle column), and difference in doses in the pCT and QACT (right column) for
cases 12 (top row), 17 (middle row), and 14 (bottom row). The CTV contour in the pCT is in solid green, and the dashed green line on the QACT was obtained by

DIR. Brown = contour of air in pCT; red = contour of air in QACT.

Table 2. Correlation coefficients and t-test p values between AD99%, AD95%, and AVair in rectum, small and large bowel, and total change

of air volume.

Sites Air volume change in Rectum (p) Small bowel (p) Large bowel (p) Total

Prostate (case 1-11) D99 change in CTV 0.62 (.01) —0.21 (.28) 0.35 (<.01) 0.65 (<0.01)
D95 change in CTV 0.52 (<.01) —0.05 (.15) 0.14 (<.01) 0.43 (<0.01)

Others (case12-17) D99 change in CTV 0.94 (.32) 0.49 (.14) 0.42 (.03) 0.61 (0.05)
D95 change in CTV 0.64 (.14) 0.95 (.07) 0.77 (.02) 0.94 (0.04)

warranted. All investigated plans were planned with a 3.5%
range uncertainty. This added a few millimeters extra to
proximal and distal margins on the target, depending on the
depth of the target. However, our dose calculation was per-
formed on the pCT and QACT. Hence, the results reported
here represent the best-case scenario, in which range uncer-
tainty is zero in the patient’s body. A more complete analysis
should consider the worst-case scenario, with a range uncer-
tainty of 3.5% in the patient’s body or, alternatively, with 0%
range uncertainty assumed in planning [16,17]. However,
even in this best-case scenario, we obtained D99 decreased
>3% in 2 gynecologic and 1 embryonal rhabdomyosarcoma
cases, 2 of which we attribute to the air volume changes.

Conclusion

We retrospectively investigated the effect of air in large and
small bowels and rectum on dose coverage in 17 prostate
and other pelvis cases by using the pCT and 82 QACTs. Plans
were made robust to the filling of bowel and rectum and
uncertainties on setup and range. In most cases, the mean of

D99 (D95) change was within 3%, and, particularly for those
prostate bed cases in which lateral POP beams were used,
the plans were quite robust for air volume. In three non-
prostate cases, the mean of D99 change was >3%. In two of
these three cases, air volume change was considered to be
the main cause of the dose change. Thus, air volume may
still have an important effect on target dose coverage in the
robust treatment plans, particularly when the air is traversed
by multiple beams.
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