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Abstract

Purpose—Although vaginal stenosis (VS) is a recognized toxicity in women who receive pelvic
radiation therapy (RT), the relationship between RT dose and the volume and extent of toxicity has
not been analyzed. We modeled this relationship to identify predictors of VS.

Methods and Materials—\We evaluated 54 women, aged 29 to 78 years, who underwent pelvic
RT for rectal or anal cancer during 2008 to 2011 and were enrolled in a prospective study
evaluating vaginal dilator use. Maximum dilator size was measured before RT (baseline) and 1
month and 12 months after RT. Dilator use was initiated at 1 month. The difference (D) in dilator
size before and after RT was recorded. Those with D <-1 were classified as having VS (h = 35);
those with D=0 were classified as having no VS (n = 19 at 1 month). Dose-volume parameters
were extracted, and the generalized equivalent uniform dose (QEUD) was used to build a
predictive model.

Results—The mean vaginal doses were 50.0 Gy and 36.8 Gy for anal and rectal cancer patients,
respectively. One month after RT, a geUD model using a wide range of a values suggests that
sparing of vaginal volume to a low dose may be important. When geEUD (a= -1) was <35 Gy and
the mean vaginal dose was <43 Gy, severe VS was reduced (P=.02). A 1-year analysis suggests
increasingly negative D values with increasing mean dose. However, patients with compliance
<40% were more likely to have toxicity.

Conclusions—Vaginal stenosis is influenced by multiple RT dose-volume characteristics. Mean
dose and gEUD constraints together may reduce the risk of severe VS.
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Introduction

Vaginal stenosis (VS) can be a long-term complication among women undergoing pelvic
radiation therapy (RT). The physical changes have been well described, including adhesions
of vaginal walls, narrowing and shortening of the vaginal barrel, and loss of elasticity. A
concomitant decrease in vaginal mucosal secretions leads to dyspareunia (1) and a
significant effect on quality of life (2).

Current literature regarding RT-induced toxicity to the vagina is primarily from the
gynecologic cancer population (3-5). However, there are fewer reports of this late effect in
women treated for lower gastrointestinal cancers. In the United States, there will be an
estimated 7210 new cases of anal cancer (6) and 40,000 new cases of rectal cancer in 2014
(7), with women accounting for 64% of anal cancers and 42% of rectal cancers (8). The
standard management of these tumors includes pelvic RT with concurrent chemotherapy in
most patients. The aim of this study was to investigate dosimetric predictors of the
development and severity of VS in patients with lower gastrointestinal cancers undergoing
pelvic RT who participated in a prospective study evaluating the incidence of VS.

Methods and Materials

Patient characteristics

Fifty-four women with histologically confirmed rectal or anal cancer who underwent pelvic
RT at our institution between February 2008 and June 2011 were enrolled in an Institutional
Review Board-approved prospective study investigating compliance with vaginal dilator use
and risk factors for development of VS. Exclusion criteria included prior RT to the pelvis
and use of hormonal therapy. Patients were enrolled before treatment, at which time the
maximum size of a dilator that could be easily inserted into the vagina (pre-RT dilator size)
was recorded in a baseline survey before the initiation of RT. One month (approximately 5
weeks) after the completion of RT, the same survey was given at the patients’ first follow-up
clinic visit. The post-RT dilator size was determined at this timepoint as this was when
women were instructed to regularly start using the vaginal dilator 3 times per week, and
compliance with dilator use would potentially confound further assessments of the degree of
VS. Surveys were again administered 6 and 12 months after RT over the phone or in the
clinic. Diary recordings of dilator use were performed at home and collected at the end of
each month. Compliance was calculated by dividing the total number of times a patient used
the dilator out of the 156 possible times during the 52 weeks on study (3 times/week x 52
weeks = 156). There were 5 vaginal dilator sizes, with dimensions as follows: 7 cm (length)
x 1.5 cm (diameter) for size 0, 9 cm x 2 cm for size 1, 11 cm x 2.5 cm for size 2, 14 cm x 3
cm for size 3, and 16 cm x 3.5 cm for size 4 (9).

Patient characteristics are described in Table 1. The pre-RT dilator sizes were as follows:
size 1 (n=4), size 2 (n=9), size 3 (n = 20), and size 4 (n = 21). Almost all patients (94%)
received concurrent chemotherapy with concurrent 5-fluorouracil and mitomycin C (anal
cancer patients) or 5-fluorouracil (rectal or anal adenocarcinoma patients). One patient
received cisplatin and etoposide for small cell carcinoma of the rectum. One patient received
concurrent FOLFOX (5-FU, oxaliplatin, and leucovorin). The patient with leiomyosarcoma
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did not receive concurrent chemotherapy. All 27 rectal cancer patients received
chemoradiation preoperatively, and 5 received induction FOLFOX before chemoradiation.

Radiation therapy planning

All patients underwent computed tomography (CT) simulation with intravenous contrast
medium in the prone position with marker placed at the anal verge. Target volumes and
normal tissues were contoured on each axial slice (2.5- to 3-mm thickness) of the treatment
planning CT based on the RT Oncology Group Anorectal Contouring Atlas (10). All anal
cancer patients received intensity modulated RT (IMRT), and rectal cancer patients received
IMRT or 3-dimensional conformal RT. Full details are in the Supplementary text (available
online at www.redjournal.org).

Efforts were made to keep the dose going to 85% of the volume of the vagina to <45 Gy,
although this was not a strict planning goal. Vaginal contours were reviewed and edited by 1
author (C.S.) with the use of radiology atlases and supervision of an experienced radiation
oncologist (K.G.) for consistency because of the lack of a consensus definition in the
literature. Specifically, the soft tissue extending from the vaginal meatus to the inferior
aspect of the uterus as visible on the CT simulation scan was contoured. Vaginal doses for
each patient were recalculated using the original treatment plan, and dose-volume
parameters were extracted for modeling using our in-house CERR (Computational
Environment for Radiotherapy Research) (11) and DREES (Dose Response Explorer
System) (12) software.

Analysis of outcome

The difference between the 2 vaginal dilator sizes, D, was defined as D = (post-RT dilator
size) — (pre-RT dilator size). A larger negative value for O would correspond to increasing
severity of VS. Patients were split into 2 groups: the toxicity group (D <-1) and the no
toxicity group (D =0). Univariate and multivariable analyses were performed to test the
association of various dosimetric and clinical prognostic factors (including age, menopausal
status, primary site, and selected dosimetric parameters) to the likelihood of VS (D <-1).
Outcomes analyzed on a continuous scale (ie, D) were analyzed using linear regression, and
the dichotomous outcomes of presence or absence of stenosis were analyzed using logistic
regression. Outcomes were evaluated 1 month and 1 year after RT. The statistical software
package MATLAB version 7.11 (MathWorks, Natick, MA) was used.

Generalized equivalent uniform dose model

The generalized equivalent uniform dose (JEUD) model provides a single metric for
reporting nonuniform dose distributions, thus reducing the dose-volume histogram into a
single index, taking into account dose heterogeneities. It is defined as “the uniform dose
that, if delivered over the same number of fractions as the nonuniform dose distribution of
interest, yields the same radiobiological effect” (13). The gEUD is defined as

N 1/a
gEUD= (Zm o Df) 1)
=1
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where Nis the number of voxels, v;is the fractional volume, D;is the dose at that volume,
and ais an adjusting parameter that describes the dose-volume effect (14). For negative and
positive avalues, cold and hot spots, respectively, result in large effects on geUD. The
gEUD value with 4= 1 is equal to the mean dose. When abecomes a large negative value,
gEUD approaches the minimum dose. Conversely, when abecomes a large positive value,
gEUD approaches the maximum dose. To assess predictive power, we used the Spearman
rank correlation (R;) coefficient and the area under the receiver operating characteristic
curve (AUC).

The distribution of pre-RT (baseline) dilator size was as follows: size 1 (n = 4), size 2 (n =
9), size 3 (n = 20), and size 4 (n = 21). The mean vaginal dose was 50.0 Gy for anal cancer
patients and 36.8 Gy for rectal cancer patients (Fig. 1) (Supplementary text, available online
at www.redjournal.org). Table 2 details the dose-volume parameters for the vagina. The
mean vaginal dilator size at baseline was 3.1 (standard error [SE] = 0.13). It was 2.2 (SE =
0.12) at 1 month, 2.7 (SE = 0.14) at 3 months, and 3.2 (SE = 0.14) at 12 months after RT.

Analysis 1 month after RT

One month after RT, there were 35 patients in the stenosis group (D <-1) and 19 patients in
the no stenosis group (D =0). Clinical variables were not significant for predicting VS (Table
1). There was a significant difference (P = .003) between patients with anal and rectal
cancers in terms of the severity of VS.

Figure 2 demonstrates D (as a continuous variable) as a function of the mean vaginal dose.
As mean dose increases, D becomes increasingly negative, corresponding to a larger
decrease in dilator size from before RT to after RT. The original dilator difference against
mean dose data was used to calculate a line of best fit, resulting in the slope of —0.0449 (Fig.
2A). Note that the fitted line (/2 = 0.89) is well fitted to the binned values (mean dilator
difference for samples falling into every 10-Gy interval, ranging from 20 to 60 Gy) and /2 =
0.16 for the original dilator difference.

In univariate analysis using individual dosimetric variables, the gEUD variables had higher
Rs and AUC than other dosimetric variables, including mean dose, maximum dose, VX
(percentage volume receiving at least x Gy), and Dx (minimum dose to the x% highest dose
volume): the best dosimetric variables were mean dose (Rs = 0.40, = .0026, AUC = 0.76,
odds ratio [OR] = 1.08), V20 (Rs = 0.39, A=.0036, AUC = 0.73, OR = 1.04) and D55 (Rs =
0.38, P=.0044, AUC =0.73, OR = 1.08), whereas the highest geUD was obtained when a=
-1 (Rs=0.42, P=.0014, AUC = 0.76, OR = 1.04). Figure 3 shows the results of univariate
analysis for geUD variables with different a values ranging from —20 to 30. Multivariate
analysis revealed that the best-performing logistic regression model includedMOCS5 (mean
dose to the coldest 5% of the vagina) and tumor site, resulting in Rs = 0.45 (P = .0006),
AUC =0.77, and OR = 1.03 (MOCS5) and 0.25 (tumor site) where tumor sites were coded as
0 and 1 for anal cancer and rectal cancer, respectively. This is similar to the performance of
our geUD model, suggesting that the geUD model could be the best model in this analysis.
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In gEUD, hot and cold spot doses are emphasized with large positive and large negative a
values, respectively (14). In further analysis, the patients were split into 3 groups: severe
stenosis (D <-1), mild stenosis (D= -1), and no stenosis (O =0). When geUD (g = -1) was
<35 Gy and the mean vaginal dose was <43 Gy, severe VS was significantly reduced (P=.
02 using ¥ test), as demonstrated in Figure 4.

Analysis 1 year after RT

At 1 year, 10 patients had D <-1 (stenosis) and 31 patients had D=0 (no stenosis), and no
data were available for 13 patients. Attrition in study participation over the 1-year period
was most commonly due to personal reasons and other treatment-related toxicities.
Univariate analysis and multivariate analysis did not demonstrate any association of the
presence of stenosis (D <-1) with clinical or dosimetric variables other than stage (data not
shown). Figure 2B demonstrates D (as a continuous variable) as a function of mean dose to
the vagina 12 months after RT: as mean dose increases, the dilator difference also becomes
increasing negative (£ =.048). Univariate analysis using geUD values did not show
statistically significant association with the presence of or absence of stenosis (D <-1) using
logistic regression. The impact of dilator use was also evaluated. Figure 5A demonstrates the
effect of compliance on D, with a lower likelihood of VS as compliance increases. The 2
patients with toxicity who had compliance >60% received mean vaginal doses >50 Gy.
Figure 5B demonstrates the effect of mean dose and compliance on toxicity. Patients with
compliance <40% were more likely to have toxicity. In those receiving a mean dose >40 Gy,
compliance with dilator use should be >40% to have the greatest likelihood of avoiding VS.

Discussion

Several dosimetric and clinical studies have documented the prevalence of VS and its impact
on women with gynecologic cancer (4, 5, 15). However, women undergoing pelvic RT for
nongynecologic cancers have historically not been counseled about the risk of vaginal
toxicity, and there has been less concern about limiting vaginal RT doses. Nonetheless, these
women still experience an impact on quality of life from VS. By using prospectively
collected vaginal dilator size data before and after pelvic RT among women with rectal and
anal cancers, we have quantified the extent of stenosis and suggest potential dosimetric
guidelines to reduce its severity.

The concept of the gEUD was favored to present our results because it may reflect the dose
tolerance for a tissue more accurately than a dose-volume histogram for a given structure,
especially when data are limited regarding toxicity over dose-volume—based constraints.
The results of the gEUD model clearly implicate sparing of some substantial volume of the
vagina to a low dose as an important risk factor. However, Figure 4 also indicates a role for
the mean dose as well.

Using more conventional dose-volume metrics, our results (Fig. 2) suggest that patients
began experiencing VS at a mean dose of roughly 25 Gy. In particular, our analysis with 3
groups, severe stenosis (D <-1), mild stenosis (D= -1), and no stenosis (D =0), found that a
combination of mean dose and gEUD (a= —1) could be used as a potential guideline to
reduce the risk of VS. As seen in Figure 4, when gEUD (a= -1) is less than 35 Gy, and the
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mean vaginal dose is less than 43 Gy, there is a significantly reduced risk of severe VS (P=.
02, %2 test). We therefore suggest the use of mean dose as a potential treatment planning
consideration until more comprehensive datasets can be analyzed. The suggested threshold
is not discontinuous, and reducing either the gEUD or mean dose values below this threshold
(or both) is likely to further reduce the risk and extent of VVS. We anticipate that analysis of
our plans by dose to a specific region of the vagina (such as the proximal or distal aspects of
the vagina) would demonstrate similar results, inasmuch as the dose to the vagina (including
the proximal vagina) is higher in general for patients with anal cancer.

There are no defined dosimetric guidelines or published prospective evaluation of VS in
women who receive pelvic RT. Studies in the gynecologic cancer population do note
worsening toxicity with the use of higher brachytherapy doses per fraction (16). However,
Bahng et al (15) did not note a difference in toxicity based on dose, but only a minority of
patients received a fractionation other than 7 Gy x 3 in their retrospective analysis.

The patients in our study were enrolled in a prospective trial examining use of vaginal
dilators, allowing us to obtain baseline quantitative measures of vaginal “size” and reducing
subjectivity. Although this study depends partially on patient self-report, its prospective
design minimizes the likely underreporting that occurs because of the sensitive nature of the
subject, which may be reflected in a retrospective chart review.

Although our results indicate that toxicity may be mitigated over time with the use of
vaginal dilators, our analysis 1 month after RT also emphasizes the early development of
stenosis. Even shortly after RT, women experienced a change in their vaginal anatomy.
Although this may be partially confounded by persistent acute mucositis from the pelvic RT,
the development of anatomic changes in the vaginal wall at an early timepoint is supported
by other studies in the gynecologic patient population, indicating that vaginal shortening was
noted even during the course of RT (17).

Conversely, our data may underestimate the severity and presence of stenosis, given the
relatively good compliance with vaginal dilator use in our patients. It is likely that
compliance would be lower in the general population, although patients with acute
treatment-related toxicity may have decreased compliance 1 month after RT. Likewise, there
may be limited generalizability of our results to other populations, including those who are
non-English-speaking, who are of other cultural or ethnic heritage, or who have varying
personal preferences regarding vaginal dilator use. Earlier studies reported that vaginal
symptoms can occur up to 1 year after RT (4), and our 1-month data suggest that nearly two
thirds of women had early toxicity. Certainly, the data obtained here should be correlated
with patient-reported outcomes; there is an ongoing study at our institution studying vaginal
dilator use. Although there is likely some error in self-measurement and reporting,
intrapersonal discrepancy in dilator size measurement should be minimized.

Investigations of other clinical factors associated with stenosis in the gynecologic cancer
population have found conflicting data on correlation with the stage or primary site of
disease (4, 5), and Bahng et al (15) reported an association of shorter vaginal length and
vaginal dilator use with decreased risk of VS. It is difficult to separate the direct effect of
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chemoradiation on the vagina from the secondary effects from ovarian dysfunction. Flay and
Matthews (18) noted in a small series of patients that stenosis was more likely with the use
of multiple treatment modalities.

Unlike previous studies demonstrating the significance of age on the rates of VS (4, 15), age
was not predictive in our data. Similarly, menopausal status was not significant in our data,
suggesting that the effects of ovarian dysfunction may be outweighed by radiation to the
vagina. However, the majority of patients in this study were postmenopausal, and the overall
number of patients in this study was limited.

In conclusion, in this study we designed a model to predict early VS in anal and rectal
cancer patients treated with pelvic RT. The difference between dilator sizes before and after
RT was used as an indicator of VS severity. Modeling suggests that consideration of a geUD
with an g parameter that weights lower doses (g = —1) and the mean dose could reduce VS.
Maintaining gEUD [a = —1] <35 Gy may effectively spare a significant fraction of the
vagina. The early prediction of VS based on this model could assist physicians to provide
patients at high risk with a customized treatment. Our results suggest that higher rates of
compliance with vaginal dilators are needed in the setting of higher mean doses to the
vagina. Further testing with other patient cohorts and clinically significant (or patient-
reported) outcomes would increase confidence. Any efforts to limit vaginal dose must be
balanced against the necessary coverage of target structures to preserve optimal oncologic
outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Summary

Vaginal stenosis is a known complication of pelvic radiation therapy. Data on dose-
volume relationship and extent of toxicity are lacking. Using prospectively collected
vaginal dilator size information before and after radiation therapy, we quantified the
extent of stenosis and studied its association with clinical and dosimetric variables. The
results demonstrate the importance of minimizing the low-dose regions and mean dose to
the vagina.
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Legend

BOWEL

Fig. 1.
Representative radiation plans for (A) a rectal cancer patient treated with 3-dimensional
conformal radiation therapy and (B) an anal cancer patient treated with IMRT.
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Fig. 2.

Va?ginal dilator size differences (D) plotted against mean vaginal dose 1 month after RT (A)
and 12 months after RT (B). Red circles indicate the mean dilator difference (z standard
deviation) for samples falling into 10-Gy intervals. Blue line indicates the fitted line to
original dilator difference against mean dose data. The regression correlation is weak but
statistically significant (2= .003, R2 = 0.16 at 1 month and 2= .048, R? = 0.1 at 12 months).
A color version of this figure is available at www.redjournal.org.
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Digstribution of mean dose against generalized equivalent uniform dose (QEUD) (a= -1) by
dilator difference, D. The patients were split into 3 groups—severe stenosis (D <-1), mild
stenosis (D= -1), and no stenasis (D =0)—where D = (postradiation dilator size at 1 month)
— (preradiation dilator size). The thick solid lines are at gUD = 35 Gy and mean dose = 43
Gy.
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A

Dilator difference

(A) Dilator difference versus compliance with dilator use 12 months after radiation therapy.
(B) Vaginal stenosis as a function of compliance and mean vaginal dose 12 months after
radiation therapy.
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Table 1

Patient characteristics one month after radiation therapy (n = 54)

Characteristic All patients No stenosis (D =0)  Stenosis (D <0) P value
Median age (y) 55 (range, 29-78) 60 55 .5025
Menopausal status 2470
Premenopausal 13 (24%) 4 (21%) 9 (26%)
Peri- or postmenopausal 41 (76%) 15 (79%) 26 (74%)
Primary site of origin .0017
Anal cancer 27 (50%) 4 (21%) 23 (66%)
Adenocarcinoma 2 (4%)
Squamous cell carcinoma 25 (46%)
Rectal cancer 27 (50%) 15 (79%) 12 (34%)
Adenocarcinoma 25 (46%)
Leiomyosarcoma 1(2%)
Small cell carcinoma 1 (2%)
Baseline sexual activity .2058
No 17 (31%) 5 (26%) 12 (34%)
Yes 37 (69%) 14 (74%) 23 (66%)
Mean dose to vagina (Gy) 434 38.4 459 .0035

Abbreviation: D = postradiation dilator size at 1 month — preradiation dilator size.
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Table 2
Descriptive statistics of dose-volume parameters
Vagina dose-volume  Anal cancer, Rectal cancer, P
parameter n=27 n=27 value
Volume (cmd) 40.3 (16.9) 38.5(11.9) .6529
Mean dose (Gy) 50.0 (3.3) 36.8 (10.0) <.0001
Minimum dose (Gy) 30.4 (13.3) 8.7 (11.0) <.0001
Maximum dose (Gy) 55.8 (3.5) 51.3(2.4) <.0001
V5 Gy (%) 100 (0) 86.4 (17.7) .0002
V10 Gy (%) 100 (0) 82.0 (19.7)  <.0001
V20 Gy (%) 98.2 (3.9) 779(21.1) <0001
V30 Gy (%) 96.5 (5.9) 73.1(22.3)  <.0001
V40 Gy (%) 93.1(8.9) 66.2(22.9)  <.0001
V50 Gy (%) 58.0 (29.7) 203(222) <0001

Abbreviation: Vx = percentage volume receiving 2x Gy.

Values in parenthesis indicate standard deviation. A 2-sample independent #test was used for calculating P values.
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