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Abstract

Background: Vaginal cuff high-dose-rate (HDR) brachytherapy is a cornerstone of
adjuvant management of endometrial cancer. Conventional two-dimensional (2D)
planning inadequately quantifies dose to organs at risk (OARs) — the bladder, rectum,
sigmoid colon and small bowel — because it depends on point-dose surrogates rather
than volumetric estimates. Computed tomography (CT)-based three-dimensional (3D)
planning permits individualised OAR dosimetry and offers a rational route to reducing
toxicity. Objective: To quantify the doses received by the bladder, rectum and sigmoid
colon during CT-based 3D-planned vaginal cuff HDR brachytherapy and to correlate these

Correspor_)de'nce: doses, expressed as EQD2, with acute genitourinary, gastrointestinal and vaginal toxicity
Dr. S. B. Nishitha. graded by CTCAE v5.0. Methods: Fifty-eight post-hysterectomy patients with
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Depgrtment of'Phar'“macollogy February 2022 and July 2023 were enrolled in this prospective observational study.
Shri Atal Bihari Vajpayee |Twenty-eight received vaginal brachytherapy (VBT) alone and 30 received external-beam
Medical College and Research |radiotherapy followed by VBT (EBRT + VBT). Planning CT was acquired with a single-
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Bengaluru, Karnataka, India. contoured per RTOG guidelines and D0.1cc, D1cc, D2cc and D5cc were recorded per GEC-

ESTRO recommendations. Acute toxicity was graded at two weeks. Results: Mean per-
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respectively in the VBT-alone group. Acute grade = 2 events were uncommon: proctitis
6.7 % and diarrhoea 13.3 % at EQD2 =~ 32 Gy in the EBRT + VBT arm, and cystitis 3.6 % at
EQD2 = 70 Gy in the VBT arm. A stepwise increase in any-grade toxicity was observed
with rising EQD2. Conclusion: CT-based 3D planning for vaginal cuff HDR brachytherapy
delivers OAR D2cc values well within accepted tolerance thresholds and is associated
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INTRODUCTION

Endometrial carcinoma is the sixth most common cancer diagnosed in women and, in 2020, accounted for an estimated
417 367 new cases and 97 370 deaths worldwide.[1] India recorded 16 413 new cases and 6 385 deaths from the disease
in the same year, making it the fourth most common gynaecological malignancy nationally, with the highest incidence in
South Asia observed among Indian women.[2,3] Although the age-standardised incidence in India (2.6 per 100 000) is
lower than in high-income countries, an ageing population, rising obesity and delayed menopause are expected to increase
disease burden substantially over the next two decades.[3]

The primary treatment of localised endometrial cancer is total abdominal hysterectomy with bilateral salpingo-
oophorectomy, with or without pelvic and para-aortic lymphadenectomy. Adjuvant radiotherapy is tailored to stage, grade,
depth of myometrial invasion and lymphovascular space invasion.[4] Following the 2023 revision of the FIGO staging
system — which now incorporates histological type, patterns of invasion and molecular classification — risk stratification
and treatment decisions have become increasingly individualised.[4] The PORTEC-2 trial established that vaginal
brachytherapy (VBT) alone is non-inferior to pelvic external-beam radiotherapy (EBRT) for local control in high-
intermediate risk disease and is associated with significantly less acute gastrointestinal toxicity (12.6 % vs 53.8 % grade
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1-2 events) and better long-term quality of life.[5,6] VBT has consequently become the adjuvant treatment of choice for
this population, and is used as a boost after pelvic EBRT in higher-risk patients.[7,8]

Historically, vaginal cuff HDR brachytherapy was planned from orthogonal radiographs using the International
Commission on Radiation Units and Measurements (ICRU) point-dose formalism, which quantifies rectal and bladder dose
at single reference points and ignores dose to the sigmoid and small bowel.[9,10] After hysterectomy, however, small
bowel loops and the sigmoid colon frequently descend into the pelvis and lie in close apposition to the vaginal vault,
exposing them to steep dose gradients.[11] Recent surveys of American practice patterns confirm that dose to OARs is
often inadequately documented when 2D planning is used.[12]

The advent of CT-based 3D planning has enabled volumetric contouring of the target volume and adjacent OARs and
reporting of the minimum dose to the most exposed 0.1, 1, 2 and 5 cm? (DO0.1cc, D1cc, D2cc, D5cc), as recommended by
the Groupe Européen de Curiethérapie—European Society for Radiotherapy and Oncology (GEC-ESTRO) working
group.[13,14] Comparative studies have shown that library-based 2D plans significantly overestimate coverage while
under-reporting OAR dose, and that individualised 3D planning meaningfully reduces D2cc to the rectum and bladder
without compromising target coverage.[15-17] Nevertheless, prospective Indian data on OAR dose distributions and
correlations with acute toxicity remain limited.

This prospective observational study was undertaken to quantify the doses delivered to the bladder, rectum and sigmoid
colon during CT-based 3D-planned vaginal cuff HDR brachytherapy in patients with endometrial carcinoma and to
correlate these dose—volume parameters, expressed as equivalent dose in 2 Gy fractions (EQD.

MATERIALS AND METHODS

Study design and setting

This prospective observational study was conducted at the Department of Radiation Oncology, Apollo Hospitals,
Bannerghatta Road, Bengaluru, between February 2022 and July 2023. The protocol was reviewed and approved by the
institutional scientific review board and ethics committee, and written informed consent was obtained from every
participant before enrolment.

Sample size

The sample size was calculated using the mean bladder maximum dose reported by Russo et al.[15] Assuming a standard
deviation of 32.7, a 5 % type I error, 95 % confidence and 10 % absolute precision, the formula n = (Z2:-0/2 x SD?) / d?
yielded a minimum of 58 patients. Fifty-eight patients were therefore recruited.

Eligibility criteria

Women who had undergone total abdominal hysterectomy with bilateral salpingo-oophorectomy (with or without pelvic
and para-aortic nodal dissection) for histologically confirmed endometrial carcinoma and were referred for adjuvant vaginal
cuff brachytherapy, either alone or after pelvic external-beam radiotherapy, were eligible. Patients with vaginal recurrence,
previous pelvic irradiation, distant metastatic disease or preghancy were excluded.

Applicator selection and planning CT

Every patient underwent gynaecological examination to determine vaginal vault length and the widest cylinder that could
be comfortably accommodated, in accordance with American Brachytherapy Society (ABS) consensus
recommendations.[7] Single-channel stackable vaginal cylinders (diameters 2.0-3.5 cm) were used. A planning CT
extending from the L4 vertebral level to mid-thigh was acquired with the applicator in situ using a 2 mm slice thickness,
with a bladder-filling protocol (indwelling catheter clamped after 100 mL saline instillation) to standardise anatomy
between fractions.

Contouring, plan generation and dose reporting

The CT dataset was transferred to a Varian Eclipse™ Brachytherapy treatment planning system. The bladder, rectum and
sigmoid colon were contoured on every slice by a single radiation oncologist in accordance with Radiation Therapy
Oncology Group (RTOG) female pelvic normal-tissue delineation guidelines.[19] The clinical target volume to depth
(CTVdepth) was defined by an isotropic 5 mm expansion of the treatment length around the applicator; the CTV to surface
(CTVsurface) was the volume encompassing the treatment length at the applicator surface. Single-channel applicator
reconstruction, dwell-position loading and inverse graphical optimisation were performed to conform the prescription
isodose to the CTV while minimising exposure of the OARs.

Dose to the bladder, rectum and sigmoid was reported as the minimum dose to the most exposed 0.1, 1, 2 and 5 cm?
(D0.1cc, D1cc, D2cc, D5cc), following the GEC-ESTRO consensus that D2cc is the most clinically relevant volumetric
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determinant of OAR dose in gynaecological brachytherapy.[13,14] Volumes of each OAR receiving 3 Gy, 4 Gy and 4.2
Gy were also recorded. Treatment was delivered using an Iridium-192 source on a GammaMed™ HDR remote afterloader
in accordance with standard institutional practice. Representative planning images from the CT-based 3D planning
workflow used in this study are shown in Figures 1-3.

K
Figure 1. Coronal reconstruction of the planning CT with the single-channel vaginal cylinder in situ, illustrating the
prescription isodose conforming to the cylinder surface.

Figure 2. Sagittal CT section showing the isodose distribution with the rectum contoured in blue and the bladder in yellow,
demonstrating the steep dose fall-off away from the applicator.
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Figure 3. Axial CT section with dose colour-wash overlay for a 6 Gy prescription to the applicator surface; the rectum
(blue) and bladder (yellow) are contoured for D2cc dose-volume histogram analysis.

Fractionation and total dose

Patients receiving VBT alone were prescribed 5.5-6 Gy per fraction to a depth of 5 mm from the applicator surface for 3—
5 fractions delivered twice weekly, in line with ABS and ASTRO evidence-based recommendations.[7,8] Patients receiving
EBRT (46-50 Gy in 23-25 fractions) followed by VBT were boosted with 5-6 Gy per fraction for 3 fractions. Cumulative
biologically equivalent dose was expressed as EQD2 assuming o/ = 3 Gy for late-responding normal tissues, in accordance
with GEC-ESTRO recommendations.[13,14]

Toxicity assessment
Patients were reviewed two weeks after completion of brachytherapy. Acute proctitis, cystitis, vaginitis and diarrhoea were
graded prospectively using the CTCAE version 5.0.[18]

Statistical analysis

Data were entered in Microsoft Excel and analysed using SPSS version 22.0 (IBM Corp., Armonk, NY, USA). Continuous
variables are summarised as mean + standard deviation and categorical variables as frequencies and percentages. The chi-
square test was used to test associations between EQD?2 tiers and toxicity grades. A two-sided p-value < 0.05 was
considered statistically significant.

RESULTS

Patient characteristics

Fifty-eight women were enrolled; 28 received VBT alone and 30 received EBRT followed by VBT. The median age was
62 years (range 42—78 years), and the majority (58.6 %) were older than 60. The FIGO stage distribution mirrored expected
age dependence: patients under 50 predominantly presented with stage | disease, whereas stage |11 accounted for the largest
share of tumours in patients over 60 (Table 1). Histological grade 2 tumours were most frequent overall (51.7 %).

Table 1. Age and FIGO stage distribution by treatment group

Age (yr) | VBTalone(n=28) | EBRT+VBT (n=30) | FIGOI/II/IIl | Gradel1/2/3
<50 3 3 3/0/0 0/3/0
50-60 8 8 8/0/0 2/6/0

> 60 17 19 16/1/0 20/16/0
Total 28 30 27/1/0 22/25/0

FIGO = International Federation of Gynaecology and Obstetrics.
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Fractionation delivered

In the VBT-alone group, 18 patients received 6 Gy x 5 fractions, 8 received 5.5 Gy x 5 fractions and 2 received 4 Gy x 6
fractions. In the EBRT + VBT group, 15 patients received 6 Gy x 3 fractions, 10 received 5.5 Gy x 3 fractions and 5
received 5 Gy x 3 fractions after 46 Gy pelvic EBRT. Older patients were more likely to be prescribed higher per-fraction
doses in both groups, reflecting clinical preference for shorter overall treatment times when comorbidities preclude
prolonged attendance.

Dose to organs at risk

Per-fraction OAR doses at each volumetric interval are summarised in Table 2. Mean Dy values remained well below
published tolerance thresholds for the bladder (< 90 Gy EQD, cumulative), rectum (< 75 Gy) and sigmoid (< 75 Gy).[14,20]
The rectum received the highest mean per-fraction Dy in both groups (3.59 Gy in EBRT + VBT and 3.66 Gy in VBT-
alone), reflecting its proximity to the posterior surface of the cylinder. Bladder and sigmoid doses were consistently lower,
with the sigmoid receiving the smallest mean dose across all volume intervals.

Table 2. Mean per-fraction OAR doses (Gy) by volume interval and treatment group

Organ/Volume | EBRT + VBT mean = | EBRT + VBT range | VBT alonemean+SD | VBT alone range
SD (Gy) (Gy) (Gy) (Gy)
Bladder DO.1cc 3.69 + 0.86 2.21-5.78 3.60+0.71 2.60—5.08
Bladder D1cc 3.09+0.77 1.83-4.70 3.07 £0.67 1.99-4.25
Bladder D2cc 2.89+0.71 1.67-4.31 2.88 £ 0.64 1.95-3.94
Bladder D5cc 2.47 +0.62 1.37-3.70 2.47 +0.54 1.68 —3.48
Rectum DO.1cc 4.38 £ 0.55 3.38-5.16 4.44 +0.49 3.40-5.10
Rectum D1cc 3.83 +£0.60 2.58 — 4.68 3.90 £ 0.57 2.55-4.69
Rectum D2cc 3.59 + 0.56 2.57-4.58 3.66 + 0.56 2.57-4.59
Rectum D5cc 3.18 £ 0.67 2.35-4.92 3.30+0.78 2.00 —4.94
Sigmoid DO.1cc 2.31+£0.95 1.06 — 4.16 2.55 £ 0.96 142 -4.17
Sigmoid D1cc 1.90 +0.74 1.04-3.32 2.10+0.75 1.06 —3.32
Sigmoid D2cc 1.74 £ 0.65 0.90 — 3.06 1.90 + 0.66 0.95-3.08
Sigmoid D5cc 1.52 £+ 0.55 0.80 — 2.62 1.66 + 0.57 0.79 — 2.64

OAR = organ at risk; SD = standard deviation.

Mean Dy to organs at risk by treatment group

57 EEE EBRT + VBT (n = 30)
[ VBT alone (n = 28)

Mean D, dose per fraction (Gy)

0_

Bladder Rectum Sigmoid

Figure 4. Mean per-fraction D2cc for the bladder, rectum and sigmoid colon in the EBRT + VBT and VBT-alone
groups. Error bars indicate one standard deviation.

Volume of OAR receiving high doses
In the EBRT + VBT group, the mean bladder volume receiving 3 Gy per fraction (V3Gy) was 2.53 + 2.63 cm® and the
mean rectal V3Gy was 3.80 £4.22 cm®. Very small volumes of any OAR received >4 Gy per fraction (mean bladder V4Gy
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0.85 cms, rectum 4Gy 1.57 cm3, sigmoid V4Gy 0.08 cmd). In the VB T-alone group, mean bladder V3Gy was 3.12 + 2.96
cm?® and rectal V3Gy 2.89 + 3.14 cmv’; no patient in this group received > 4 Gy to any measurable sigmoid volume.

Acute toxicity by treatment group

Acute toxicity was overwhelmingly mild. In the VBT-alone group, grade 1 proctitis occurred in 25.0 % of patients (7/28),
grade 1 cystitis in 10.7 % (3/28), grade 1 vaginitis in 32.1 % (9/28) and grade 1 diarrhoea in 7.1 % (2/28). Grade 2 events
were rare: cystitis 3.6 % (1/28) and diarrhoea 7.1 % (2/28). No grade > 3 events were observed. In the EBRT + VBT group,
grade 1 proctitis occurred in 20.0 %, grade 1 cystitis in 26.7 % and grade 1 diarrhoea in 33.3 %; grade 2 events were limited
to proctitis (6.7 %) and diarrhoea (13.3 %). Table 3 summarises the toxicity distribution.

Table 3. Distribution of acute toxicity (CTCAE v5.0) by treatment group

Toxicity VBT alone Gr | VBT alone Gr | VBT alone Gr | EBRT+VBT EBRT+VBT EBRT+VBT
0 (%) 1 (%) 2 (%) Gr0 (%) Grl (%) Gr 2 (%)

Proctitis 75.0 25.0 0.0 73.3 20.0 6.7

Cystitis 85.7 10.7 3.6 73.3 26.7 0.0

Vaginitis | 67.9 32.1 0.0 96.7 3.3 0.0

Diarrhoea | 85.7 7.1 7.1 53.3 333 13.3

Gr = grade; VBT = vaginal brachytherapy; EBRT = external beam radiotherapy.

Correlation between EQD2 and toxicity

A stepwise relationship between rising EQD, and acute toxicity was evident in both groups. In the EBRT + VBT arm,
EQD, of 24 Gy produced grade 1 proctitis in 3.3 % of patients and no diarrhoea; at 28 Gy, grade 1 diarrhoea appeared in
16.7 %, grade 2 in 3.3 % and grade 1 cystitis in 6.7 %. At 32.4 Gy, grade 1 and 2 proctitis (13.3 % and 6.7 %), grade 1 and
2 diarrhoea (16.7 % and 10.0 %) and grade 1 cystitis (20.0 %) were recorded (Figure 5).

100 EBRT + VBT group: acute toxicity across EQD, tiers

Il Proctitis I Cystitis I Vaginitis [ Diarrhoea

80 1

60 1

40 1

20 1

Any-grade toxicity within EQD, tier (%)

EQD, 24 Gy EQD, 28 Gy EQD, 28.05 Gy

EQD; 32.4 Gy

Figure 5. Any-grade acute toxicity within each EQD?2 tier in the EBRT + VBT group.

A similar gradient was observed in the VBT-alone group: EQD, <46 Gy was associated with no cystitis, whereas at EQD;
~ 70 Gy, grade 1 cystitis rose to 10.7 % and grade 1 vaginitis to 21.4 % (Figure 6). The chi-square test showed a significant
positive association between EQD tier and any-grade diarrhoea in the EBRT + VBT group (p = 0.02) and between EQD,
and vaginitis in the VBT group (p = 0.04).
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100 - VBT-alone group: acute toxicity across EQD; tiers

I Proctitis I Cystitis I Vaginitis [ Diarrhoea
80 1
60 A

40 A
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Any-grade toxicity within EQD; tier (%)

0- :
EQD; 33.6 Gy EQD, 46.25 Gy EQD, 46.75 Gy EQD, 70 Gy

Figure 6. Any-grade acute toxicity within each EQD?2 tier in the VBT-alone group.

DISCUSSION

This prospective study demonstrates that CT-based 3D planning for vaginal cuff HDR brachytherapy in endometrial cancer
can consistently deliver per-fraction D2cc values to the bladder, rectumand sigmoid colon that lie well within contemporary
tolerance thresholds, and is associated with a low incidence of acute grade > 2 toxicity in both VBT-alone and EBRT +
VBT settings. These findings extend the growing evidence base supporting a routine shift from 2D library-based planning
to volumetric image-guided planning in the post-hysterectomy setting.[13-17]

Our mean per-fraction bladder D2cc (2.89 Gy) and rectum D2cc (3.59 Gy) in the EBRT + VBT arm compare favourably
with the values reported by Kim and Beriwal, whose 3D CT-based plans achieved rectum and bladder D2cc doses
significantly below those derived from parallel 2D library plans (p <0.001).[16] Russo et al., in a comparison of 91 patients
planned with 2D and 3D techniques, similarly documented that 2D planning both overestimates coverage and can
underestimate OAR dose, with the rectum D2cc exceeding the prescription dose in a subset of 2D plans — a phenomenon
that would go undetected without volumetric imaging.[15] Yaghoobi Notash and colleagues, in a cobalt-60 series of 37
patients, also observed that DO.1cc, D1cc and D2cc for the rectum, sigmoid and bladder were consistently lower with 3D
planning than with 2D planning while V100 for the target was preserved.[21] Our data, obtained with an iridium-192 source
and inverse graphical optimisation, corroborate these observations in a South Asian cohort.

The rectum received the highest per-fraction dose across all volume intervals in both treatment groups. This anatomical
reality — the rectum lies immediately posterior to the vaginal apex, separated only by fascial planes — has been a consistent
theme in dosimetric studies and underpins the current GEC-ESTRO recommendation that D2cc rather than a single point
dose be used for reporting.[13,14]

Damast and colleagues, in a series of 177 endometrial cancer patients treated with 21 Gy in 3 fractions, reported mean
rectum D2cc of 5.7 Gy per course, sigmoid D2cc 3.3 Gy, small bowel D2cc 3.8 Gy and bladder D2cc 5.4 Gy — values
broadly consistent with those observed here.[22] Small volumes of the OARs received doses > 4 Gy per fraction in our
series, and cumulative EQD2 remained under the accepted thresholds of 90 Gy (bladder) and 75 Gy (rectum,
sigmoid).[14,20]

The clear stepwise relationship between rising EQD2 and acute toxicity mirrors findings from the biological planning study
of DE Sanctis et al., in which acute urinary toxicity was significantly higher with mean bladder dose per fraction > 2.5 Gy
or total bladder dose > 7.5 Gy.[23] Delishaj et al., in a 20-year single-institution series of endovaginal HDR brachytherapy,
similarly demonstrated a dose-dependent rise in vaginal toxicity but noted that severe (grade 3) events remained rare when
GEC-ESTRO constraints were respected.[24] Arden and colleagues, using 30 Gy in 6 fractions of adjuvant VBT, reported
grade 2 or higher genitourinary toxicity in only 1 % of patients at two-year follow-up, again consistent with our observation
that grade > 2 events are uncommon when volumetric planning is used.[25]
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Two additional observations merit comment. First, the age-dependent distribution of stage — with FIGO stage |
predominating in patients under 50 and stage 1l becoming more common in those over 60 — matches national tertiary-
care data reported by Indian cancer registries and by the recent survival analysis of a large South Asian institutional series,
in which the median age at diagnosis was 58 years.[3,26] Second, the finding that older patients were more frequently
prescribed higher per-fraction doses reflects clinical trade-offs between shorter overall treatment time and increased
biological dose per fraction. The favourable toxicity profile suggests that a modestly hypofractionated schedule remains
safe when 3D planning is used to constrain OAR dose.

The PORTEC-2 trial established the equivalence of VBT alone to pelvic EBRT for vaginal control in high-intermediate
risk disease, with significantly less acute gastrointestinal toxicity.[5] Our EBRT + VBT and VBT-alone cohorts, drawn
from a heterogeneous risk group that included stage I-111 disease, showed grade 1-2 gastrointestinal toxicity rates (46.6 %
in EBRT + VBT; 14.2 % in VBT-alone) that are of a similar order to those reported by Nout and colleagues (53.8 % vs
12.6 %), supporting the external validity of the PORTEC-2 findings when 3D planning is applied.[5,6] The long-term
quality-of-life data from the PORTEC-2 trial further reinforce the rationale for minimising OAR dose in the acute
setting.[6]

Several limitations should be acknowledged. This was a single-centre study with a modest sample size, and follow-up was
restricted to acute toxicity assessed at two weeks. Late toxicities — vaginal stenosis, chronic proctitis and urinary
dysfunction — may emerge years after treatment and were not captured. Only DO0.1lcc-D5cc and V3-V4.2Gy were
reported; small-bowel dose, although anatomically relevant, was not systematically contoured owing to inconsistent
inclusion within the CT field of view.

The prospective observational design precludes a direct within-patient comparison with 2D plans, though the study was
not designed as a comparative dosimetric analysis and its findings should be interpreted against the substantial body of
already-published 2D-versus-3D data.[15-17,21] Multicentre studies with long-term follow-up, incorporating patient-
reported outcomes and prospective quality-of-life measures, are needed to further characterise the therapeutic ratio of CT-
based 3D planned vaginal cuff HDR brachytherapy in Indian populations.

CONCLUSION

CT-based three-dimensional planning for adjuvant vaginal cuff HDR brachytherapy in endometrial cancer delivers per-
fraction DO.1cc, D1cc, D2cc and D5cc doses to the bladder, rectum and sigmoid colon that lie well within GEC-ESTRO
and QUANTEC tolerance thresholds. Acute grade > 2 toxicity is uncommon and shows a clear stepwise relationship with
cumulative EQD?2, supporting the routine use of volumetric image-based planning as a means of individualising treatment,
sparing organs at risk and rationally selecting fractionation. Volumetric planning should be preferred to point-dose 2D
planning wherever technology permits.
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