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Abstract

Modern three-dimensional image-guided intracavitary high dose rate (HDR)
brachytherapy is often used in combination with external beam radiotherapy (EBRT)
to manage cervical cancer. Intrafraction motion of critical organs relative to the
HDR applicator in the time between the planning CT and treatment delivery can
cause marked deviations between the planned and delivered doses. This study
examines offline adaptive planning techniques that may reduce intrafraction uncer-
tainties by shortening the time between the planning CT and treatment delivery.
Eight patients who received EBRT followed by HDR boosts were retrospectively
reviewed. A CT scan was obtained for each insertion. Four strategies were simu-
lated: (A) plans based on the current treatment day CT; (B) plans based on the first
fraction CT; (C) plans based on the CT from the immediately preceding fraction; (D)
plans based on the closest anatomically matched previous CT, using all prior plans
as a library. Strategies B, C, and D allow plans to be created prior to the treatment
day insertion, and then rapidly compared with the new CT. Equivalent doses in
2 Gy for combined EBRT and HDR were compared with online adaptive plans
(strategy A) at Do and Dyg for the high-risk CTV (HR-CTV), and D, . for the blad-
der, rectum, sigmoid, and bowel. Compared to strategy A, Dyg deviations for the
HR-CTV were —0.5 £ 2.8 Gy, —0.9 + 1.0 Gy, and —0.7 + 1.0 Gy for Strategies B, C,
and D, respectively. D, .. changes for rectum were 2.7 + 5.6 Gy, 0.6 + 1.7 Gy, and
1.1 £ 2.4 Gy for Strategies B, C, and D. With the exception of one patient using
strategy B, no notable variations for bladder, sigmoid, and bowel were found. Off-
line adaptive planning techniques can shorten time between CT and treatment
delivery from hours to minutes, with minimal loss of dosimetric accuracy, greatly

reducing the chance of intrafraction motion.
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1 | INTRODUCTION

Modern three-dimensional image-guided intracavitary high-dose rate
(HDR) brachytherapy is increasingly used in combination with exter-
nal beam radiotherapy (EBRT) and/or chemotherapy to manage cervi-
cal cancer worldwide, with significant improvement of local disease
control and survival reported.'™ The entire radiation treatment is
typically delivered in 45 Gy for 25 fractions with EBRT followed by
HDR in 4-6 fractions using the tandem and ring (T&R) or tandem
and ovoid (T&O) applicators. Magnetic resonance imaging®® or com-

711 are currently used in HDR treatment

puterized tomography (CT)
planning to define the applicator position and delineate the target
and organs at risk (OARs).

There are several uncertainties in the course of HDR treatment
which could result in deviations between the actual delivered and
the planned doses, including source calibration, dose calculation
accuracy, target and OARs delineation, inter-fraction, and intra-frac-
tion motions, etc. Source calibration, dose calculation, and contour
delineation uncertainties have been extensively studied in the litera-
ture, and are beyond the scope of this study.*? During the course of
the HDR treatment, since the target, OARs and HDR applicator are
not a rigid system, their relative positions may change not only from
treatment to treatment, but also between the image acquisition and
treatment delivery. A recent failure modes and effects analysis
(FMEA) study identified the potential for applicator movement as
one of the most high-ranking failure modes in the HDR treatment.*®
Due to the steep dose gradient in HDR treatment planning, small
changes in the relative position between regions of interest and the
applicator could lead to marked differences between the actual
delivered and the planned doses. In this work we will focus on the
inter- and intrafraction motion uncertainties during the T&R HDR
treatment of cervical cancer.

Currently popular clinic practices for HDR treatment include
using a single plan to treat the patient throughout the course, or cre-
ating an online adaptive plan for each fraction. In the single plan
strategy, the plan from the first fraction can be propagated to the
remaining treatments under the assumption that interfraction motion
can be ignored. The intrafraction motion between the applicator
insertion and treatment delivery can be minimized from the second
fraction onward for the single plan strategy. However, previous stud-
ies have shown that the interfraction motion of critical structures
relative to the applicator may cause marked dose deviations
between the planned and delivered dose.'* Under the assumption
that variations due to interfraction motion are much greater than
those due to the intrafraction motion, online adaptive replanning on
a per fraction basis have been implemented for HDR treatment.*>¢
Online adaptive planning techniques can eliminate the interfraction
motion since a new CT image will be acquired for the treatment
planning each day. However, the time between the image acquisition
and treatment delivery can be several hours. Significant anatomic
changes may occur during that time period, and could increase the
uncertainty in dosimetry. Dosimetric comparisons between single

planning and adaptive daily planning strategies have been
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investigated, and improved dose sparing for OARs has been found
for the adaptive daily planning technique.®’

However, the dosimetric impact of week-to-week interfraction
motion versus a few hours of intrafraction motion is still under
debate. Recently, the results of a large, multi-institution study suggest
that effects of inter- and intrafraction motion may not be as different
as we once believed.!® The purpose of this study was to evaluate
adaptive offline replanning techniques which may potentially reduce
the operating room to treatment completion time for the HDR treat-

ments, thus minimizing both inter- and intrafraction motion.

2 | MATERIALS AND METHODS

Eight locally advanced cervical cancer patients (two patients with
stage I1B2, six patients with stage IlI-B) treated between March 2016
and May 2017 were retrospectively reviewed in this study. All patient
data were collected in an institutional review board-approved registry.
All patients received EBRT for a total dose of 45 Gy in 25 fractions
with three-dimensional conformal technique, then followed by five
fractions of T&R HDR brachytherapy boosts with a prescription dose
of 5.5 Gy per fraction. All patients in this study received a CT scan for
HDR planning. For each HDR treatment, a planning CT scan with 1-
mm slice thickness was acquired for each T&R insertion, and the
regions of interest, including the high-risk clinical target volume (HR-
CTV), rectum, bladder, sigmoid, and small bowel, were manually con-
toured on the planning CT image. The clinical plan was created in the
BrachyVision (version 15) of Eclipse treatment planning system (Varian
Medical System, Palo Alto, CA), and delivered at the GammaMed HDR
afterloader platform. The HDR plan quality was accessed by using the
biologically equivalent doses in 2 Gy fractions (EQD,) of the combined
EBRT and HDR plans based on the linear quadratic model:
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where n is the number of fractions, d is the dose per fraction, and o/
S =10 Gy for the HR-CTV and 3 Gy for OARs. Our in-house guide-
line for the combined EBRT and HDR treatments is to maintain the
dose D . (the minimum doses to the highest irradiated 2 cc volume)
<90 Gy for the bladder, and D, .. <75 Gy for all other OARs (rec-
tum, sigmoid, and small bowel),®” while keeping the HR-CTV cover-
age Dyg (dose to 90% of target volume) >80 Gy.

Figure 1 shows the workflow/timeline for a T&R HDR treatment
in our practice. A typical HDR T&R treatment takes about 2-3 h from
the time of image acquisition to the end of treatment delivery. During
this time period, noticeable anatomic changes of the regions of inter-
est relative to the applicator (intrafraction motion) yields dosimetric
uncertainty due to the sharp dose gradient in the HDR treatment
plan. In order to minimize dosimetry uncertainty due to the intrafrac-

tion motion, we proposed two offline adaptive replanning strategies.
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Simulation —

Contouring (0.25 ~ 0.5 hr.)
Planning (0.5 ~ 0.75 hr.)

Plan Evaluation (0.5 hr.)

EMR & Double Check (0.5 hr.)

Patient Setup (0.25 hr.)

Treatment ——
FiGc. 1. Current brachytherapy workflow/timeline.

The results from both offline strategies together with single plan
strategy were compared with the clinical online daily adaptive replan-
ning strategy (see Fig. 2 for an illustration).

2.A | Strategy A

Online adaptive replanning strategy. A new CT is acquired. Target
and OARs are manually contoured, and a new plan is created for
each fraction.
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2.B | Strategy B

Single plan strategy. No new CT is required. The treatment plan from

the first fraction is delivered for the rest of the treatment course.

2.C | Strategy C

Offline adaptive replanning strategy. A new CT is acquired. The new
CT is rigidly registered to the CT from the immediately preceding
fraction. The contours and plan from preceding fraction are trans-
ferred to the current CT. Contours are edited as needed. The dose
from the previous plan is evaluated on the current CT. After the
treatment, a new offline plan is generated with the newly acquired
CT and will be used for next treatment delivery.

2.D | Strategy D

Offline adaptive replanning strategy. A new CT is acquired. The new
CT is registered to CTs from all previous fractions. The contours and
plans from the previous fractions are transferred to the current CT.
Contours are edited as needed. The doses from previous plans are
evaluated on the current CT, and the best plan will be picked for the
treatment day delivery.

The doses to the HR-CTV and critical organs were compared for
strategies B/C/D versus strategy A. The dose metrics Dyg and Dyg

were evaluated for the HR-CTV, and D, . was evaluated for the
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Fic. 2. Simulation of four different workflow for the HDR treatment. (a) Online adaptive strategy; (b) Single plan strategy; (c) Offline
adaptive strategy based on the immediately preceding image; (d) Offline adaptive strategy based on the closest anatomically matched prevous

image.
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bladder, rectum, sigmoid, and small bowel. The dosimetric parame-
ters (Dog, Dgo, and D, ) of each HDR treatment were found by
transferring the doses from prior plans after rigid registration of the
prior and current CTs (registrations were based on the T&R applica-
tor). All registrations were performed in MIM Maestro (MIM soft-
ware, Cleveland, OH, USA). The paired student's t-tests were applied
to evaluate the significance of the comparison.

Opposed to strategy A's online adaptive planning method, strate-
gies C and D use offline adaptive planning techniques. Both offline
adaptive strategies utilize previously available plans and therefore
substantially reduce the time between the T&R applicator insertion
and treatment delivery, thus minimizing the intrafraction uncertainty.

For five out eight patients in this study, the same T&R applicator
was used throughout the course of brachytherapy. For the other
three patients, a different T&R applicator was used for the first treat-

ment, so strategies B, C, and D applied from the second fraction.

3 | RESULTS

Figure 3 shows the contour variation of the target and OARs for
two adjacent treatments of a representative patient after the rigid
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registration based on the T&R applicator. Since the registration is
based on the T&R applicator, only small interfraction motion was
observed for the HR-CTV. However, significant day-to-day variations
of the OARs were found due to their filling changes.

Only one patient (Patient #7) marginally failed to meet the small
bowel constraint due to the anatomy of that patient. Table 1 shows
deviations of EQD, in Gy for the HR-CTV and OARs between the
daily online adaptive planning (strategy A) and the other three plan-
ning strategies (B, C, and D), averaged over all eight patients. Com-
pared to the clinically used plan (strategy A), a small variation in the
HRCTV coverage was observed for all three other strategies simu-
lated but still acceptable (within 3%). With regard to the critical
organs, markedly more deviations of rectum, sigmoid, and bowel
from daily online planning were observed for strategy B versus
strategies C and D. The same patient that failed to meet the bowel
constraint clinically also violated the bowel constraint for all three
other strategies. For all other patients in this study, all constraints
were met in all cases for offline adaptive strategies C and D, but
there were two instances of violated constraints using strategy B
(Patient #5 for bladder and Patient #2 for rectum).

Figure 4 compares cumulative EQD, for the HR-CTV and OARs
for different strategies for each individual patient simulated in this

Fic. 3.

Contour comparison of HR-CTV and organs at risk after rigid image registration based on the tandem and ring (T&R) applicator for a

representative patient. Red: HR-CTV; Yellow: Bladder; Green: Rectum; Blue: Sigmoid; Purple: Small Bowel.
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TaeLe 1 Deviations of the target coverage and doses to the critical structures in cumulative EQD, (in Gy) between the single plan/offline
adaptive strategies (strategies B, C, and D) and daily online planning strategy (strategy A).
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Fic. 4. Comparison of equivalent doses in 2 Gy at the end of treatment for the HR-CTV and OARs from four planning strategies.

study. No statistical significant difference was found between the
clinical plan (strategy A) and other three strategies in terms of HR-
CTV coverages (Dyg and Dop). The p-value from the paired student t-
test is >0.3 for Dyg and Dgg for strategies B, C, and D in all cases.

For five out of eight patients in this study, all plans from strategy
C were identical to those of strategy D, indicating that the immedi-
ately preceding CT is the closest anatomically matched previous CT
from the library. For the other three patients, only one plan showed
deviation between strategy C and strategy D.

4 | DISCUSSIONS

Three-dimensional image-guided intracavitary HDR brachytherapy is
becoming an increasingly popular treatment option for cervical can-
cer in combination with EBRT due to its improvement of local dis-
ease control and survival. Dosimetric uncertainties in the context of
HDR brachytherapy are different from that of EBRT due to the

steep dose gradients in the HDR treatment. Therefore, one of the
largest uncertainties in the HDR treatment is the inter- and intrafrac-
tion motion during the course of treatment. Applicator displacements
relative to important anatomical structures can occur between differ-
ent insertions or between the insertion and treatment delivery. Small
changes in the relative position of the critical structures and the
HDR applicator could lead to large changes in the dosimetry in the
organs at risk. Two currently popular clinical practices for HDR plan-
ning involve either using a single plan technique or an online adap-
tive replanning technique. Each of these techniques has their
advantages and disadvantages. The single plan technique ignores the
interfraction motion while the online adaptive technique could have
large intrafraction motion due to the hour-long delay between the
applicator insertion and treatment delivery. In this work we exam-
ined several offline adaptive planning techniques for T&R HDR treat-
ment. These offline adaptive techniques not only reduce the patient
waiting time thus minimizing the intrafraction motion, but also par-
tially account for interfraction motion by choosing the mostly similar
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patient anatomy/plan. It inherits advantages from both single plan
and online adaptive techniques. The dosimetry was compared
between the single plan and online adaptive replanning strategies.

Compared to clinical online adaptive replanning, there was no
statistically significant difference in target coverage for all other
three techniques simulated in this study. The preservation of target
coverage can be attributed to the fact that the target and HDR
applicator remained as a rigid system throughout the HDR treatment
course. With regard to the critical organs, only one patient (patient
#7) failed to meet the small bowel constraint clinically. This patient
also violated the bowel constraint for all other simulated strategies
in the study, indicating that no adaptive planning strategy can fully
offset unfavorable anatomical positions during radiation therapy. For
all other patients studied, there were violations for the critical organs
for strategy B (one case for bladder and one case for rectum), but
no violations for any critical organs were observed for strategies C
and D.

While strategy B is the only method which substantially
decreases planning efforts, our data showed it had the most uncer-
tainty. Strategies C and D do not reduce staff effort, as they require
daily planning and posttreatment evaluation, but our results suggest
that these strategies may provide comparable plan quality while
reducing the time between applicator insertion and treatment com-
pletion, thus improving patient experience and reducing the likeli-
hood of adverse events during the period between simulation and
treatment. Using either of these two methods would, to some
extent, limit the need for reduction of intrafraction motion between
applicator insertion and treatment delivery. However, in cases where
imaging and treatment might be done in immediate succession, the
overall uncertainty involved in this process would be substantially
reduced compared to the status quo.

In order to make strategies B, C and D work, the same T&R
applicator should be used throughout the treatment. It should be
kept in mind the proposed adaptive strategies are patient specific,
for some patient with very large anatomic change between fractions,
daily adaptive plan may still be necessary for the HDR treatment.

Contour comparison of regions of interest after registration based on the T&R applicator for a representative patient. Also shown
the color washed isodose line in 5.5, 4, 3, and 2 Gy from the prior plan.

The decision can be easily made after the image registration of two
CT images. Alternative way to reduce the dose to the critical organ
are to place vaginal packing and/or rectal paddle to increase the dis-
tance between the radioactive source and the OARs, or modify the
applicator angle and ring diameter for the last treatment to reduce
the doses to the OARs, as proposed by.**

Even though very dramatic significant shape changes for all crit-
ical structures occurred during the treatment course (Fig. 3), we did
not see large dosimetric changes at the end of the treatment for all
techniques simulated in this study. This may be due to the fact
that, unlike the external beam radiotherapy, only the biological
equivalent doses in 2 Gy fractions of the combined HDR and EBRT
to finite tissue volumes are considered until the end of the treat-
ment course, such that the only regions near the applicator are
important for the HDR dosimetric evaluation. The planner only
needs to contour critical structures within certain regions, for
example, 2 Gy isodose line from the prior treatment plan (as
demonstrated in Fig. 5 for one representative patient). By perform-
ing this, both the intrafraction and staff effort can be reduced. Fur-
thermore, for some patients who have significant anatomic changes
on the week-by-week basis, with a quick image registration and
partial regions of interest delineation, the DVH from the prior plan
will be available for the new CT set, at that time when a decision
can be made by the physician whether an online adaptive plan is
necessary.

Tandem and ring (T&R) and tandem and ovoid (T&O) are the two
most commonly used applicators for brachytherapy treatment of cer-
vical cancer. Compared with T&R implantations, T&O implantations
are more complex and technically harder to perform. Furthermore,
there are more geometric variations for T&O than T&R due to the
technical requirements of the implantation. Prior and/or continued
irradiation may also lead to possible changes in morphology of the
target area. As a result, the current analysis and results are only
applicable in the context of T&R HDR treatments.

In current clinic practice, MRI and CT are used in HDR treatment
planning to delineate the HR-CTV and OARs. A recent analysis
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showed that both CT-based and MRI-based scans at in cervical can-
cer brachytherapy are adequate for OAR DVH analysis, MRI remains
to be the standard for HR-CTV definition due to its superior soft tis-
sue contrast, and CT image can significantly overestimate the tumor
volume.?° We want to point out in our current clinic workflow, CT
images are used to define both the HR-CTV and OARs. The evalua-
tion of HDR treatment plan is largely driven by the OAR doses
rather than the HR-CTV coverage.

5 | CONCLUSIONS

Offline adaptive planning techniques allow plans to be created prior
to the treatment day insertion, and then rapidly compared with the
new CT. Our study shows offline adaptive techniques offer similar
plan quality as online adaptive strategy, while dramatically shortening
the time between the CT acquisition and corresponding treatment
delivery from hours to minutes, therefore improving patient experi-
ence, staff convenience, and reducing dosimetric uncertainty due to
intrafraction motion.
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