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Abstract

The prognosis for canine sinonasal tumors remains rather poor despite definitive-

intent radiotherapy (RT). Theoretical calculations predicted improved outcomes with

simultaneously integrated boost (SIB) protocols. With the hypothesis of clinically

detectable differences in outcome between groups, our retrospective study evaluated

prognostic variables and outcome in dogs treated with regular versus SIB RT. Dogs

with sinonasal tumors treated with either a regular (10 × 4.2 Gy) or new SIB proto-

col (10 × 4.83 Gy to macroscopic tumor) were included. Information regarding signal-

ment, tumor stage, type, clinical signs, radiation toxicity, response, and outcome was

collected. Forty-nine dogs were included: 27 treated regularly and 22 treatedwith SIB

RT. A total of 69.4% showed epistaxis, 6.1% showed epileptic seizures, 46.9% showed

stage IV tumors, and 6.1% showed lymph node metastases. Early toxicity was mostly

mild. Late grade 1 skin toxicity (alopecia/leucotrichia) was seen in 72.1% of dogs, and a

possible grade 3 ocular toxicity (blindness) was seen in one dog. Complete/partial reso-

lution of clinical signswas seen in 95.9%of patients as best clinical response and partial

remission was seen as best imaging response in 34.7%. The median progression-free

survival (PFS)was 274 days (95%CI: 117–383) for regular and 300 days (95%CI: 143–

451) for SIB RT, which was not significantly different (P = 0.42). Similarly, the median

overall survival (OS)was348days (95%CI: 121–500) for regular and381days (95%CI:

295–634) for the SIB RT (P = 0.18). Stratified by protocol, the hazard ratio of stage IV

versus stage I–III tumors was 2.29 (95% CI: 1.156-4.551, P= 0.02) for OS but not PFS.

All dogs showedacceptable toxicity. In contrast to theoretical predictions, however,we

could not show a statistically significant better outcomewith the new protocol.

Abbreviations: CBCT, cone-beam computed tomography; CR, complete response; CT, computed tomography; CTV, clinical target volume; GTV, gross tumor volume; KCS, keratoconjunctivitis

sicca; n.s., not significant; OS, overall survival; PD, progressive disease; PFS, progression-free survival; PR, partial response; PTV, planning target volume; RECIST, response evaluation criteria for

solid tumors in dogs; RT, radiation therapy; SD, stable disease; SIB, simultaneously integrated boost; VRTOG, veterinary radiation therapy oncology group.
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1 INTRODUCTION

While radiation therapy (RT) is the standard of care for sinonasal

tumors in dogs, the prognosis remains fair to poor. Prognosis depends

in part on tumor stage, histologic type, and differentiation, but radi-

ation dose and fractionation most likely also play a role.1–4 Several

definitive-intent, moderately to severely hypofractionated RT proto-

cols are used in dogs.1,3–8 The term hypofractionation is defined as

fraction size > 2 Gy in human radiation oncology, while regular irradi-

ation protocols use 2 Gy per fraction. In veterinary radiation oncology,

however, most or all fractionation schedules use larger fraction sizes.

Definitive-intent protocols usually use daily fractions of 2.5-3 Gy with

total dose> 40 Gy and are sometimes called finely fractionated proto-

cols, whereas palliative protocols often use once- or twice-weekly frac-

tions of 5–8 Gy with total dose < 40 Gy and are termed coarsely frac-

tionated protocols.9

To date, it is unclear which total dose or fractionation is best to

achieve long-term control. The goal of a simultaneously integrated

boost (SIB) radiotherapy protocol is to increase the dose to the part

of the target volume with the highest tumor cell density (gross tumor

volume, GTV) and possibly increased risk of failure, while treating

the remaining volume (clinical target volume (CTV, microscopic dis-

ease) and planning target volume (PTV, setup uncertainties) with the

regular dose during the same treatment session, thereby limiting

radiation toxicity.10–13 Compared to the newly emerging stereotac-

tic protocols, a SIB protocol combines the benefit of a higher total

dose with the advantage of fractionation. Reoxygenation of hypoxic

tumor areas and redistribution of tumor cells to more sensitive cell

cycle phases between fractions increase the antitumor effect.14,15 An

early fractionated SIB RT study showed severe (fatal) early radia-

tion toxicity in dogs with sinonasal tumors, and such protocols were

henceforth not further investigated prior to the advent of highly

conformal radiation therapy.10 Theoretical tumor control probabil-

ity computations in a previous study foresaw an increase in the 1-

year tumor-control probability from 29% (found as clinical outcome

data by Lawrence et al. 2010) to 74% when using a SIB protocol of

10 × 4.83 Gy to the gross disease instead of the regular 10 × 4.2 Gy

protocol and predicted acceptable toxicity with highly conformal RT.12

A clinical pilot study used the same SIB protocol with intensity-

modulated radiation therapy (IMRT) and reported tolerable early

toxicity.11

In this study, we evaluated prognostic variables, progression-free

survival (PFS) and overall survival (OS) in dogs with our regular

10 × 4.2 Gy versus a SIB protocol; we hypothesized that dogs treated

with the SIB protocol would show significantly longer PFS/OS and a

higher progression-free rate at 1 year.

2 MATERIALS AND METHODS

2.1 Case selection

Dogs were included under the following criteria: nonhematopoietic,

cytologically or histologically confirmed, newly diagnosed sinonasal

tumors of all stages, without pulmonary metastasis, and RTwith either

a definitive-intent daily (Monday-Friday) 10 × 4.2 Gy protocol (group

1) or SIB protocol with 10 × 4.2 Gy +20% to the GTV (group 2). Sig-

nalment, lymph node status, tumor type, location, stage, and clinical

signs were documented.3 The minimal pretreatment staging workup

included hematology, serum biochemistry, bilateral mandibular lymph

node cytology, CT of the head, and thoracic radiographs or CT.

This studywas originally planned as a prospective, randomized, con-

trolled clinical trial including client-owned dogs presented to the Divi-

sion of Radiation Oncology, Vetsuisse Faculty, University of Zurich for

RT of a sinonasal tumor upon owner consent. Case accrual, however,

was slower than anticipated, and an interim statistical evaluation of

28 randomized cases showed no significant difference between proto-

cols in PFS at 1 year. For ethical reasons, we decided to include non-

randomized dogs treated with the regular protocol and dogs from a

pilot study treated with the SIB protocol that fulfilled the abovemen-

tionedeligibility criteria. Both thepilot study and theprospective study

were approved by the Animal Ethics Council of the Canton of Zurich,

Switzerland (permit number: ZH075/17).

2.2 Treatment setup, contouring, planning

The CT characteristics and positioning are described in Appendix

1. Contouring of organs at risk (eyes, lenses, lacrimal glands, brain)

and target volumes was performed as previously described.11,16 All

dogs were treated with a linear accelerator (Varian Clinac iX 6MV,

Varian Medical Systems, Palo Alto, USA) with 120 multileaf collima-

tors and a four-degree-of-freedom couch, the treatment planning sys-

tem (ECLIPSE version 10.0.28 or 15.1.25, Varian Oncology Systems,

Palo Alto, USA), heterogeneity correction and the AAA algorithm.

Computer-based inverse treatment planning and dynamic, coplanar

intensity-modulated radiation therapy (IMRT) were used as previously

described.11 The delivered plan included two different dose levels:

42 Gy to the PTV and 48.3 Gy to the GTV with planned 98% GTV and

98% PTV coverage of at least 95% to 107% of the prescribed dose and

maximum dose > 110% of the prescribed doses accepted if limited to

a small volume (<2%) inside the PTV but not within an OAR. The dose
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to target volumes and OAR was reported as recommended by Keyer-

leber et al. and Rohrer Bley et al.17,18 Tissue-equivalent boluswas used

at the discretion of the radiation oncologist for adequate dose build-

up. Each treatment plan was verified dosimetrically before treatment

using a phantom (Octavius-PTW, Freiburg, Germany) and approved by

amedical physicist.

Daily positioning verification with kilovolt (kV) orthogonal radio-

graphs was performed in all dogs with the on-board imaging sys-

tem (Varian On-Board Imager, Varian, Palo Alto, USA) and matched

by an experienced radiation therapist. Additional kV-cone-beam CTs

(CBCTs)were performed four times in the prospective group and at the

discretion of the radiation oncologist for the retrospective cases. Qual-

ity assurance of the onboard imager and linear accelerator was per-

formed daily, weekly, monthly, and annually as required by institutional

and federal guidelines.19,20

2.3 Follow-up and outcome

Dogs were evaluated for early (<3 months) or late radiation toxicity

(≥3 months) according to the toxicity criteria of the veterinary radia-

tion therapy oncology group (VRTOG) and as described by Wolf et al.,

and symptomatic treatment was prescribed at the discretion of the

responsible radiation oncologist.21,22 Early grade 3 skin/mucosal tox-

icity was defined as confluent dermatitis/mucositis > 2 cm in diameter

or ulceration, hemorrhage, necrosis.

Clinical response was subjectively evaluated as complete/partial

resolution, stable, or progressionof clinical signs. The imaging response

was graded according to visible tumor on CBCT (last fraction) or

recheck CT. The contour-based volume response determination by

Nell et al. was used.23 Recheck CT was recommended 6 and 12

months after the end of radiation therapy. Imaging time points var-

ied due to owner preference; owner decision for or against euthana-

sia based on the quality of life and clinical signs also influenced

outcome.

2.4 Statistical analysis

Descriptive statistical analysis was performed by two authors with 19

and 12 years of experience of clinical trials (CRB, VM). The remaining

analysis was performed by our statistical consultant with a master’s in

biostatistics, and power analysis was performed by our former statis-

tical consultant with a master’s degree in mathematics and a PhD and

venia legendiin biostatistics.

Data were coded in spreadsheet software (ExcelMicrosoft® Excel®

for Mac 2011, Version 14.3.2) and analyzed with open-source statisti-

cal analysis software (R http://www.R-project.org/). Descriptive statis-

tics such as absolute/relative frequencies and mean/median and stan-

dard deviation/IQR were computed. PFS was defined as the interval

between first RT and either recurrence of clinical nasal signs or imaging

PD (whichever occurred first) or death.23 Dogs alive and free of pro-

gression at the time of data evaluation were censored. OS was defined

as the interval between the first RT and death from any cause. Dogs

still alive at the time of data evaluation or lost to follow-up were cen-

sored. Follow-up time was defined as the time from the first RT until

death, loss to follow-up, or time of data analysis. OS and PFS were

coded and analyzed with Kaplan–Meier survival analysis accompanied

by the log-rank test. Survival estimates are reported with correspond-

ing 95%confidence intervals (95%CI).MultivariateCox survival analy-

sis was used to determine whether covariate age, weight, stage, tumor

type, tumor size, epistaxis, or protocol showed an influence onOS/PFS.

The proportion of dogs free of progression and alive two years after

RT was compared by a two-sample test of proportions. The results of

statistical analyses with p values < 0.05 were considered statistically

significant.

This study was originally planned as a prospective, randomized,

controlled clinical trial. A power analysis for the computation of the

optimal sample size was therefore conducted. It was based on the out-

come (percentage of patients free of progression at 1 year) of a pre-

viously published study where the same standard protocol and treat-

ment technique (IG-IMRT) was used.4 Calculation was performedwith

a power of 80%, significance level (Alpha) set at 5% and dropout rate

equal to 5% when applying a two-sided log-rank test using the for-

mula of Schoenfeld.24 We assumed that a simultaneously integrated

boost of 20%would increase the tumor control probability from29%to

74% at one year, as proposed by a theoretical planning study.12 Given

a drop-out rate of 5%, for a power of 0.80, the sample size needed is

42/(1 − 0.05) = 44.2. Hence, a total of 46 dogs or 23 dogs each in the

group (standard protocol versus boost protocol) would be needed to

detect the predicted and clinically relevant difference in patients free

of progression at 1 year.

3 RESULTS

3.1 Case selection

Forty-nine dogswere included (Figure 1). In total, 27 dogswere treated

with the regular 10 × 4.2 Gy, and 22 dogs were treated with the SIB

protocol.

3.2 Dog and tumor characteristics

Details regarding signalment, clinical signs, pretreatment, tumor type,

location, and stage are described in Table 1 and Appendix 1. There

were no statistically significant differences between groups 1 and

2 (P-values > 0.05). The majority of dogs (57.1%) had carcinomas,

and almost one-third (30.6%) had sarcomas. Other tumor types were

angiofibroma (n = 1), extensive polyp (n = 1), and esthesioneuroblas-

toma (n = 1), and nasal biopsies were nondiagnostic, but CT showed

clear signs of bony lysis (n= 4). In one of the latter, esthesioneuroblas-

tomawith distant metastasis was diagnosed at necropsy.

Clinical signs are described in Table 1. The mean duration of clinical

signs before diagnosis was 121 days (±157). The most common clini-

cal signs were sneezing and epistaxis in 69.4% (each). Two of the dogs

http://www.R-project.org/
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F IGURE 1 Box diagram showing all dogs included in the study and their protocols. Abbreviations: GTV, gross tumor volume; RT, radiation
therapy; SIB, simultaneously integrated boost

with epileptic seizures had stage IV tumors withmarked brain invasion

and were treated with antiepileptics, and the seizures stopped during

RT. The third dog had a stage III tumor but mild thickening of the cere-

bral falx (possible early meningioma). Almost half (46.9%) had a stage

IV tumor.

3.3 Treatment setup, contouring, planning

Delineation of GTV and PTV was performed as described in Section 2

in all dogs, delineation of CTV adhered to the rules in 41 dogs and devi-

ated in eight dogs (less than the required 1.5 cm or 2 cm cranio-caudal

extension). Target coverage as specified in the methods section was

adhered to in 42 dogs and differed in seven dogs: coverage of 98% of

the PTVwas<95% of the prescribed dose. The dose to target volumes

andOAR is described inAppendix 2. Complete rawOARand target vol-

ume and target volume dosimetry data are deposited in an open repos-

itory (Harvard Dataverse, https://doi.org/10.7910/DVN/VETMTP).

3.4 Follow-up and response

Clinical and imaging responses are described in Appendix 3.More than

half of the dogs (55.1%) showed a clinical benefit by the end of RT, even

though the end-of-RTCBCTshowedSD in themajority of dogs (79.6%).

The majority of dogs (95.9%) showed a complete or partial resolution

of clinical signs as the best clinical response. The most common best

imaging response was SD (53.1%), followed by PR (34.7%). While few

dogs showed almost complete disappearance of the tumor, none went

into CR according to volume response criteria.

Two dogs showed imaging PD on the last day of RT according to the

retrospective evaluation of the images (including contouring) for this

study. One showed PR when reimaged 6 months afterward, and the

otherwasnot reimaged. Both showedpartial resolutionof clinical signs

as the best clinical response but clear local PD: one according to clini-

cal signs 259 days and according to CT 273 days post-RT; the other 54

days post-RT according to progressive facial asymmetry, it was eutha-

nized 103 days after RT.

https://doi.org/10.7910/DVN/VETMTP
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TABLE 1 Dog characteristics, tumor characteristics, and clinical signs

Control group (n= 27)

Number of dogs (%) ormean (± SD) SIB group (n= 22) Total (n= 49) P value

Age (years) 10.1 (± 2.6) 10.7 (± 2.4) 10.3 (± 2.5) 0.49

Weight (kg) 21.6 (± 9.1) 26.2 (± 16.5) 23.7 (± 13.0) 0.75

Sex 0.74

Female 4 (8.2%) 3 (6.1%) 7 (14.3%)

Female spayed 10 (20.4%) 11 (22.4%) 21 (42.9%)

Male 5 (10.2%) 2 (4.1%) 7 (14.3%)

Male castrated 8 (16.3%) 6 (12.2%) 14 (28.6%)

Clinical signs

Epistaxis 20 (40.8%) 14 (28.6%) 34 (69.4%)

Sneezing 20 (40.8%) 14 (28.6%) 34 (69.4%)

Nasal discharge 13 (26.5%) 17 (34.7%) 30 (61.2%)

Stridor 14 (28.6%) 8 (16.3%) 22 (44.9%)

Facial deformation 11 (22.4%) 7 (14.3%) 18 (36.7%)

Inappetence 5 (10.2%) 2 (4.1%) 7 (14.3%)

Epileptic seizures 2 (4.1%) 1 (2.0%) 3 (6.1%)

Head conformance 1.0

Brachycephalic 2 (4.1%) 2 (4.1%) 4 (8.2%)

Meso-/dolichocephalic 25 (51.0%) 20 (40.8%) 45 (91.8%)

Tumor type 0.28

Malignant epithelial 16 (32.7%) 12 (24.5%) 28 (57.1%)

Malignant mesenchymal 9 (18.4%) 5 (10.2%) 14 (28.6%)

Other 2 (4.1%) 5 (10.2%) 7 (14.3%)

Tumor differentiation 0.18

Well-differentiated 14 (28.6%) 15 (30.6%) 29 (59.2%)

Undifferentiated 10 (20.4%) 3 (6.1%) 13 (26.5%)

Not specified 3 (6.1%) 4 (8.2%) 7 (14.3%)

Tumor stage 0.66

I 3 (6.1%) 5 (10.2%) 8 (16.3%)

II 5 (10.2%) 3 (6.1%) 8 (16.3%)

III 5 (10.2%) 5 (10.2%) 10 (20.4%)

IV 14 (28.6%) 9 (18.4%) 23 (46.9%)

Lymph node status 0.79

Negative 22 (44.9%) 19 (38.8%) 41 (83.7%)

Metastatic 2 (4.1%) 1 (2.0%) 3 (6.1%)

Nondiagnostic 1 (2.0%) 0 1 (2.0%)

Not sampled 2 (4.1%) 2 (4.1%) 4 (8.2%)

Abbreviation: SIB, simultaneously integrated boost.

3.5 Radiation toxicity

Radiation toxicity is shown in Table 2. Early grade 3 moist desqua-

mation was seen in two dogs, 4.1% (regular protocol). Early mucosal

toxicity was mild, and only 10.2% showed grade 3 mucositis. There

was no grade 3 early ocular radiation toxicity. Late skin toxicity was

mild, with grade 1 alopecia and/or leucotrichia in 72.1% of dogs.

Late grade 3 ocular toxicity consisting of bilateral blindness was

seen in one dog (2.3%) with a stage IV tumor 18 months after RT

(regular protocol). The dose to the eyes in this dog was as fol-

lows: the mean dose (D50), near-maximum dose (D2), and dose

to 60% of the eye were 11.11 Gy, 42.27 Gy, and 9.25 Gy for
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TABLE 2 Early and late radiation toxicity

Highest early radiation toxicity (< 3months)

Control group (n= 27) SIB group (n= 22) Total (n= 49)

Skin grade

0 6 (12.2%) 1 (2.0%) 7 (14.3%)

1 9 (18.4%) 12 (24.5%) 21 (42.9%)

2 10 (20.4%) 9 (18.4%) 19 (38.8%)

3 2 (4.1%) 0 2 (4.1%)

Unknown 0 0 0

Mucosa grade

0 13 (26.5%) 9 (18.4%) 22 (44.9%)

1 6 (12.2%) 2 (4.1%) 8 (16.3%)

2 6 (12.2%) 8 (16.3%) 14 (28.6%)

3 2 (4.1%) 3 (6.1%) 5 (10.2%)

Unknown 0 0 0

Ocular ipsilateral grade

0 22 (44.9%) 17 (34.7%) 39 (79.6%)

1 1 (2.0%) 4 (8.2%) 5 (10.2%)

2 1 (2.0%) 1 (2.0%) 2 (4.1%)

3 0 0 0

Unknown 3 (6.1%) 0 3 (6.1%)

Ocular contralateral grade

0 23 (46.9%) 17 (34.7%) 40 (81.6%)

1 1 (2.0%) 4 (8.2%) 5 (10.2%)

2 0 1 (2.0%) 1 (2.0%)

3 0 0 0

Unknown 3 (6.1%) 0 3 (6.1%)

Highest late radiation toxicity (≥3months)

Control group (n= 23) SIB group (n= 20) Total (n= 43)

Any grade

0 4 (9.3%) 1 (2.3%) 5 (11.6%)

1 13 (30.2%) 15 (34.8%) 28 (65.1%)

2 3 (7.0%) 2 (4.7%) 5 (11.6%)

3 1 (2.3%) 0 1 (2.3%)

Unknown 2 (4.7%) 2 (4.7%) 4 (9.3%)

Skin grade

0 6 (14.0%) 1 (2.3%) 7 (16.3%)

1 14 (32.6%) 17 (39.5%) 31 (72.1%)

2 0 0 0

3 0 0 0

Unknown 3 (7.0%) 2 (4.7%) 5 (11.6%)

Mucosa grade

0 17 (39.5%) 15 (34.9%) 32 (74.4%)

1 0 0 0

2 0 0 0

3 0 0 0

Unknown 6 (14.0%) 5 (11.6%) 11 (25.6%)

(Continues)
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TABLE 2 (Continued)

Highest early radiation toxicity (< 3months)

Control group (n= 27) SIB group (n= 22) Total (n= 49)

Ocular ipsilateral grade

0 9 (20.9%) 10 (23.3%) 19 (44.2%)

1 3 (7.0%) 3 (7.0%) 6 (14.0%)

2 3 (7.0%) 2 (4.7%) 5 (11.6%)

3 1 (2.3%) 0 1 (2.3%)

Unknown 7 (16.3%) 5 (11.6%) 12 (27.9%)

Ocular contralateral grade

0 11 (25.6%) 11 (25.6%) 22 (51.2%)

1 3 (7.0%) 2 (4.7%) 5 (11.6%)

2 1 (2.3%) 2 (4.7%) 3 (7.0%)

3 1 (2.3%) 0 1 (2.3%)

Unknown 7 (16.3%) 5 (11.6%) 12 (27.9%)

Abbreviation: SIB, simultaneously integrated boost.

the left eye and 2.9 Gy, 4.26 Gy, and 2.73 Gy for the right eye,

respectively.

Five dogswere euthanized due to epileptic seizures. In all dogs, local

progressive disease rather than radiation toxicity was suspected. Four

dogs had stage 4 tumors, two of which had marked intracranial exten-

sion and epileptic seizures as the cause of initial presentation. Both

dogs showed recurrent epileptic seizures 36 days and 97 days after

radiation therapy with the regular and the new SIB protocol, respec-

tively. One of the four dogs showed bilateral blindness and progres-

sive signs of dementia before euthanasia due to epileptic seizures of

its stage 4 sinonasal tumor 20 months after the end of radiation ther-

apy with the regular protocol. One dog showedmarked clinical disease

progressionwith a largemass visible in the region of the frontal sinus 9

months after radiation therapy with the SIB protocol; because he suf-

fered from a stage 4 tumor at initial presentation and tumor progres-

sion was evident on the outside, intracranial progression as a cause

of epileptic seizure was suspected. One dog with a stage 3 sinonasal

tumor was suspected to have an early falx meningioma with one ques-

tionable episode of epileptic seizures before starting radiation therapy

(thickenedmeninges visible on initial CT). Because this was not treated

at all, progression of this lesionwas suspected to be the cause of epilep-

tic seizures, and the dog was euthanized 80 days after the end of RT

with the SIB protocol due to this and his concurrent diseases (hep-

atopathy, among others). Although PD was suspected, central nervous

system toxicity could not be ruled out in those five dogs andwas there-

fore graded as follows: grade 2 central nervous system early (n = 2) or

late (n= 3) toxicity.

3.6 Outcome

The mean overall follow-up time was 407 days, with a median of 376

days (95%CI: 296–457).Mean follow-up for the groupwith the regular

protocolwas 347days,median348days (95%CI: 121–500) and for the

SIB group 480 days and 381 days (95%CI: 295–634), respectively.

Tumor progression was suspected or confirmed in 34 dogs (69.4%).

ThemedianPFSwas279days (95%CI: 178–379) for all cases, 274days

(95% CI: 117–383) for the control group, and 300 days (95% CI: 143–

451) for the SIB group (Figure 2). Therewas no significant difference in

PFS between protocols (P = 0.42). The median PFS of dogs with stage

IV tumors was significantly shorter, with 196 days (95% CI: 103–371)

versus 358 days (95% CI: 178–465) for stage I-III tumors (P= 0.02), as

shown in Figure 3.

The proportion of dogs without progression at one year was 40.7%

(95% CI: 23.0-61.0) for the control group and 45.5% (95% CI: 25.1-

67.3) for the SIB group. At the 2-year mark, the proportion of dogs

without progression was 3.7% (95% CI: 0.2-20.9) for the control and

13.6% (95%CI: 3.6-36) for the SIB group. Therewas no statistically sig-

nificant difference (P= 0.46).

At the time of analysis, 39/49 (79.6%) dogs were dead. The median

OS was 376 days (95% CI: 295–457) for all dogs, 348 days (95% CI:

121–500) for the control group, and 381 days (95% CI: 295–634)

for the SIB group (Figure 4), without a significant difference between

protocols (P = 0.18). Dogs with stage IV tumors had a significantly

(P = 0.01) shorter median OS (330 days [95% CI: 121–382]) than dogs

with stage I–III tumors (454 days (95%CI: 309–524)) (Figure 5).

The proportion of dogs alive at one year was 44.4% (95% CI: 26.0–

64.4) for the control and 63.6% (95% CI: 40.8–82.0) for the SIB group.

At the two-year mark, 7.4% were alive (95% CI: 1.3–25.8) in the con-

trol group and 13.6% (95% CI: 3.6–36) in the SIB group. There was no

statistically significant difference (P= 0.81).

Both dogs with benign tumors showed large tumor extension and

would have been euthanized due to complete obstruction of the nasal

pathways if not irradiated. The dog with angiofibroma showed local

progression of disease according to the recheck CT performed 220

days after the end of RT. The dog with the extensive polyp showed



640 MEIER ET AL.

F IGURE 2 Progression-free survival Kaplan–Meier curve of dogs split by protocol: SIB protocol (blue dotted line) withmedian PFS 300 days
(95%CI: 143–451), control protocol (gray line) withmedian PFS 274 days (95%CI: 117–383). There was no significant difference between
protocols (P= 0.42) [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 3 Progression-free survival Kaplan–Meier curve of dogs depending on tumor stage: dogs with stage IV tumors (blue dotted line) with
amedian PFS of 196 days (95%CI: 103–371), dogs with stage I-III tumors (gray line) with amedian PFS of 358 days (95%CI: 178–465). Dogs with
stage IV tumors showed a significantly shorter PFS (P= 0.02) [Color figure can be viewed at wileyonlinelibrary.com]

partial imaging remission 6 months after the end of RT and was

humanely euthanized due to breathing difficulties 500 days after RT.

This wasmost likely due to the previously known heart disease accord-

ing to the owner (but no imaging or information from the private vet-

erinarian was available).

Three dogs hadmetastatic mandibular lymph nodes at presentation

(included in the treated volume): one dog with stage IV tumors was

euthanized 36 days after RT due to (ongoing) epileptic seizures; one

was euthanized80days after RTdue to epileptic seizures asmentioned

above (stage III, thickened cerebral falx). The third dog was euthanized
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F IGURE 4 Overall survival Kaplan–Meier curve of dogs split by protocol: SIB protocol (blue dotted line) withmedianOS 381 days (95%CI:
295–634), control protocol (gray line) withmedianOS 348 days (95%CI: 121–500). There was no significant difference between protocols
(P= 0.18) [Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 5 Overall survival Kaplan–Meier curve of dogs depending on the protocol: dogs with stage IV tumors (blue dotted line) with amedian
OS of 330 days (95%CI: 121–382) and dogs with stage I-III tumors (gray line) with amedianOS of 454 days (95%CI: 309–524). Dogs with stage IV
tumors showed a significantly shorter OS (P= 0.01) [Color figure can be viewed at wileyonlinelibrary.com]

379 days after RT due to new tumor formation ormetastasis on the leg

with the same cytological features as the nasal tumor (myxosarcoma)

without nasal signs. Only one study dog underwent necropsy at the

time of death, and itwas diagnosedwith distantmetastasis of its esthe-

sioneuroblastoma.

Univariate analysis stratified by protocol showed evidence of a cor-

relation between tumor stage (IV) and GTV size (cm3) with OS. The

hazard ratio of stage IV versus I–III tumors was 2.29 (95% CI: 1.156–

4.551) and was significantly higher for OS (P = 0.02); dogs with stage

IV tumors were 2.29 times more likely to experience death than dogs
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with stage I-III tumors. The difference between dogs with stage IV

and dogs with stage I–III tumors was not statistically significant for

PFS (HR = 1.88, 95% CI: 0.9322–3.778, P = 0.08). Similarly, GTV size

had a mild association with survival (HR = 1.01, 95% CI: 1.002-1.015,

P = 0.02); the risk of death increased by 1% for every 1 cm3 increase

in GTV. There was no statistically significant influence of GTV size

on progression (HR = 1.00, 95% CI: 0.9936–1.011, P = 0.62). There

was no effect on OS for age (P = 0.74), weight (P = 0.07), epistaxis

(P = 0.63), tumor differentiation (P = 0.12 for undifferentiated versus

well-differentiated tumors, P = 0.67 for undifferentiated differentia-

tion versus differentiated tumors), or tumor type (P = 0.37 for mes-

enchymal versus epithelial, P = 0.59 for other tumors versus epithe-

lial). None of the following variables investigated showed a significant

association with PFS: age (P = 0.49), weight (P = 0.29), stage I-III ver-

sus stage IV tumors (P = 0.78), presence of epistaxis (P = 0.15), tumor

differentiation (P= 0.18, P= 0.68), tumor type (P= 0.68, P= 0.82), and

GTV (P= 0.62).

Multivariate analysis adjusting for age, weight, tumor stage, and

GTV showed no significant difference for PFS andOS between the reg-

ular and the SIB protocol: hazard ratio for the SIB protocol was 0.69

(95% CI: 0.3310–1.419, P = 0.31) for PFS and 0.69 (95% CI: 0.3436–

1.397, P = 0.31) for OS. The full results of the Cox model are shown in

Appendices 4 and 5.

In summary, tumor stage (IV)was theonly significant predictorofOS

and PFS in our study after adjusting for protocol, age, weight, epistaxis,

and GTV. For OS, the hazard ratio of stage IV tumors was 2.16 (95%

CI: 1.0828–4.319, P = 0.03), and for PFS, the hazard ratio of stage IV

tumors was 2.06 (95%CI: 1.0153–4.191, P= 0.05).

4 DISCUSSION

In contrast to theoretical predictions, neither median progression-free

survival nor overall survival at 1 year was significantly longer in dogs

treated with the SIB protocol than in those treated with our regular

protocol. While radiation toxicity has decreased with more conformal

techniques in recent years, prognosis remains fair at most in sinonasal

tumors after definitive-intent conventional or stereotactic body RT

(SBRT), with OS ranging from 10.8–21 months1–4,25,26 and 8.5–19.5

months.5–8,27 respectively.

Most dogs seem to show local failure,1,2,28,29 and the reasons can

be multifold and include inadequate PTV dose coverage, total radia-

tion dose, margins (clinical and/or planning target volume), and long

overall treatment time (allowing for tumor cell repopulation).26 With

conformal avoidance due to the advances of radiation equipment and

techniques, toxicity was successfully decreased.4 This led to the pos-

sibility of total dose escalation to either the whole PTV with conven-

tional fractionation, severe hypofractionation with SBRT, or dose esca-

lation to a subvolume only with SIB RT.5,11 Limiting the dose received

by CTV/PTV to the regular (tolerated) dose in an SIB plan should mini-

mize unwanted toxicity.Not only is the toxicity riskminimized, but dose

escalation to the GTV increases tumor control probability and at the

same time exploits the advantages of fractionation.11,12

Most studies reported OS after RT in the past, and only a few

reported progression-free-interval or -survival. In the current study,

we chose PFS as a conservative measure (as the endpoint is either

progression or death) but also described the 1-year progression-free

rate, which was 40.7% with the regular protocol and 45.5% with

the SIB protocol. This is higher than the 29% reported by Forrest

et al.30 Despite theoretical calculations by Gutierrez et al.12 predicting

amarked increase in tumor control probability with an increase in GTV

dose to 48.3 Gy, our study could not demonstrate improved outcome

with the SIB protocol, in line with prior findings of Bradshaw et al.31

Multivariate analysis showed no significant difference in PFS or OS

between the different protocols.While hazard ratios of<1 suggested a

possible protective effect of the SIB protocol, the confidence intervals

contain 1; therefore, there was no statistical significance between the

two protocols.

Our study included a high percentage of dogswith epistaxis (69.4%),

stage IV tumors (46.9%), and stage IV tumors with marked intracranial

invasion (14.3%), all of whichwere found to be negative prognostic fac-

tors in previous studies.2–4,8,32,33 This might point toward a population

with advanceddisease and could explain the rather pooroutcome, even

though those factors were not found to be of importance in our study.

Predictions based on theoretical calculations depend on assumptions

made and can therefore be flawed. In the study by Gutierrez et al.,

for example, computations were made using human data (due to lack

of appropriate dog data).12 This could be a possible reason why we

could not detect a difference between the two protocols. Another pos-

sibility would be insufficient dose escalation, as the theoretical tumor

control probability at one year was higher (86%) when the dose to

the GTV was escalated to 51.3 Gy according to the abovementioned

calculations.

We used a fractionated approach to total dose escalation with a

subvolume (GTV) receiving a higher dose. Dogs treated with the dose-

escalated SIB protocol showed similar early and late radiation toxic-

ity compared to the regular protocol (descriptive statistics only, due to

small groups), and toxicity was clinically acceptable in all dogs. This is

different from SBRT protocols, where severe (grade 3) presumed late

toxicity was seen in 12–38% of dogs.5,6 With the protocol reported

here, the infrequent adverse effects of radiation are likely to be the

result of increased fractionation when compared to stereotactic radio-

surgery (SRT) protocols and thus might represent an important base

protocol for future SIB investigations.

Early/late grade 2 CNS toxicity could not be ruled out in five dogs

that showed epileptic seizures at the time of death. However, PD was

deemed most likely in all dogs, as 4/5 had stage IV tumors before

RT (2/4 even showed marked intracranial tumor invasion), and all had

epileptic seizures at initial presentation. The fifth dog had a stage III

tumorextendingup to the cribriformplate atdiagnosis and initially pre-

sented with seizures and a thickening of the cerebral falx suspected to

be an early meningioma. Because of the small size/unclear tumor diag-

nosis, no antitumor treatment was administered. CNS toxicity as a rea-

son for seizures could therefore not be ruled out in those five dogs but

was considered less likely than PD. None of the dogs had concurrent

MRI to improve treatment planning of the intracranial or cribriform
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tumor extension at the beginning. It is possible that intracranial tumor

extension was therefore underestimated. Another possible reason for

epileptic seizures could be suboptimalmedical antiepileptic treatment.

As most dogs with nasal tumors show visible remaining tumors after

radiation therapy, this ismost likely true for the intracranial part aswell.

As long as there is a space-occupying lesion in the region of the olfac-

tory bulb/frontal lobe, seizures can occur.

One (2.3%) dog with bilateral blindness was scored as grade 3

late ocular radiation toxicity. This might have been caused by age- or

radiation-related cataracts or PD (the dog was euthanized due to pro-

gressive neurological signs 20 months post-RT of his stage IV nasal

tumor) but was scored as late toxicity, as this could not be ruled out

completely. The dose to the contralateral eye was negligibly low in this

dog (2.9 Gy) and therefore unlikely to cause blindness. The dose to the

ipsilateral eye was higher, with a mean dose of 11.11 Gy. A previous

study reported no severe ocular radiation effects if the dose to 60%

of the eye was not higher than 15 Gy, which was the case in our dog

(9.25 Gy). In the same study, the mean dose to eyes turning blind was

reported to be 39Gy.4

A recent study evaluated the relationship between keratocon-

junctivitis sicca (KCS) and lacrimal gland dose in dogs treated with

10 × 4.2 Gy, with 33% (5/15) developing KCS after a median of 111

days. The mean lacrimal gland dose was 33.08 Gy for dogs developing

KCS versus 10.33Gy for healthy dogs.34 Themean dose to the lacrimal

gland was 14.72 (±8.65) on the left and 15.10 (±9.91) on the right in

our study. Approximately half had thorough ophthalmologic examina-

tions at regular time points, and most others had Schirmer tear tests

performed (data not shown). Keratoconjunctivitis sicca was not docu-

mented in any of our dogs.

Dogs with stage IV tumors were 2.3 times more likely to die than

those with stage I–III tumors. A recent study reported improved out-

comes of stage IV sinonasal tumors treated with 10 × 4.2 Gy (no con-

trol group), with a median PFS and OS of 6 months and 10.6 months,

respectively. The authors discussed that older nonconformal RT tech-

niquesmight have led to underdosage of PTV in the region of the cribri-

form plate in previous studies, whichwas eliminated in their study (and

ours) with adequate target dose coverage.29 The question of whether

GTV/CTV was adequate in our study remains unanswered, as men-

tioned below.

End of RT imaging response is rarely reported in dogs.35 Our popu-

lation showed a clinical benefit in most (55.1%), despite stable disease

in themajority (79.6%) of dogs.While this important information influ-

ences quality of life, it could also influence radiation dosimetry in cases

of remission. This was dismissed by a recent cadaver study: replanning

was only necessary in cases of near-complete GTV resolution, which

was not the case in our study.36 The finding of SD in half and PR in a

third of dogs as the best imaging response is most likely influenced by

the time point of imaging. Reimagingwas recommended but not always

performed6 and12months after RT. Those fixed timepointswere cho-

sen with the intent of evaluating progression-free time in a standard-

ized manner. To detect the best response (smallest tumor size) after

radiation therapy, a sooner time point should most likely be chosen.

With PFS of<1 year or reimaging because of recurrent nasal signs, the

imaging response in our study probably does not represent the true

best response.

We have to address several limitations: (1) This study was origi-

nally planned as a prospective, randomized clinical trial. Even though

case numbers were sufficient according to power analysis, the devia-

tion from randomization after an intermediate analysis clearly weak-

ens the quality of the (nonrandomized) results. (2) Similar to earlier

studies, rather than treating a homogeneous group of dogs, different

tumor histological diagnoses, differentiations, and stages—factors that

influenced outcome in the past—were included, and the numbers per

subgroup were small.1,3,6,37 (3) We decided to include two dogs with

benign tumors due to life-threatening initial clinical signs. These dogs

could potentially have influenced outcomes in a different way than

malignant tumors. (4) CTV extension and target volume coveragewere

less than originally planned in almost one-fifth of the cases, which

might have influenced the outcome. (5) The extent of disease and/or

stage (intracranial extension) might have been underestimated in our

study (no magnetic resonance imaging) and could have led to inade-

quately small margins. This could also explain possible PD in the region

of the cribriform plate/olfactory bulb in dogs with epileptic seizures at

the time of death.

In conclusion, dogs treated with dose-escalated SIB RT showed

clinically acceptable toxicity. In contrast to theoretical predic-

tions, however, there was no significant difference in outcome

compared to the regular protocol. Given the well-tolerated side

effects, a higher boost dose/other protocol adjustments should be

considered.
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APPENDIX 1

DOGBREEDS, TUMOR LOCATION, TYPE, PRETREATMENT, CT INFORMATION

Control group (n= 27) SIB group (n= 22) Total (n= 49)

Number of dogs (%) or mean (± SD)

Breed Mixed breed: 12 (24.5%)

Golden Retriever: 4 (8.2%)

Labrador Retriever: 4 (8.2%)

Doberman Pinscher: 2 (4.1%)

Fox Terrier: 2 (4.1%)

French Bulldog: 2 (4.1%)

Jack Russel Terrier: 2 (4.1%)

Beagle, Border Collie, Boxer, Cairn Terrier, Chihuahua, Cocker Spaniel, Collie, Dutch Shepherd, Flat Coated Retriever, Irish Setter,

IrishWolfhound,Malinois, Podenco, Poitevin, Pug, Rottweiler, Shar Pei, SpanishWater Dog,Welsh Corgi,Weimaraner,West

HighlandWhite Terrier: 1 (2.0%) each

Tumor location

Unilateral 19 (38.8%) 18 (36.7%) 37 (75.5%)

Bilateral 6 (12.2%) 3 (6.1%) 9 (18.4%)

Mainly frontal sinus 2 (4.1%) 1 (2.0%) 3 (6.1%)

Pretreatment

None 2 (4.1%) 5 (10.2%) 7 (14.3%)

NSAIDs 23 (46.9%) 11 (22.4%) 34 (69.4%)

Surgical biopsy 1 (2.0%) 0 1 (2.0%)

RT 0 0 0

Unknown 1 (2.0%) 6 (12.2%) 7 (14.3%)

CT characteristics

General

Anesthesia

Position

Equipment

Slice thickness

Native and postcontrast CT scan of the head

General anesthesia

Sternal recumbencywith thorax and front legs immobilized in a custom-made, deflatable vacuum cushion (BlueBag BodyFix,

Elekta AB, Stockholm, Sweden) and a custom-mademaxillary dental mold bite block (President TheOriginal, Putty Soft,

Coltène,Whaledent AG, Altstaetten, Switzerland)

16multidetector CT unit [Brilliance CT 16-slice, Philips Health Care Ltd, Best, the Netherlands]

2mm, contiguous slices

Abbreviaitons: CT, computed tomography; NSAIDs, nonsteroidal anti-inflammatory drugs; RT, radiation therapy; SIB, simultaneously integrated

boost.

APPENDIX 2

TARGETVOLUMEANDOARDOSIMETRYDATA

Mean (± SD), median (IQR)

Gross tumor volume (cm3) 47.64 (± 46.0), 34.20 (47.80)

Clinical target volume (cm3) 99.76 (± 78.96), 75.30 (100.70)

Planning target volume (cm3) 135.80 (± 96.45), 114.20

(130.20)

PTVmean dose (D50) (Gy) 43.46 (± 1.72), 42.45 (2.88)

PTV nearminimum dose (D98)

(Gy)

39.42 (± 1.53), 39.93 (1.06)

(Continues)
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Mean (± SD), median (IQR)

PTV nearmaximum dose (D2)

(Gy)

46.34 (± 2.87), 44.66 (5.77)

Left eyemean dose (D50) (Gy) 14.73 (± 6.49), 15.92 (6.41)

Left eye nearmaximum dose

(D2) (Gy)

29.54 (± 11.50), 33.50 (13.35)

Left eye 60% dose (D60) (Gy) 13.48 (± 6.27), 15.10 (9.01)

Left lacrimal gland dose 14.72 (± 8.65), 14.23 (10.46)

Right eyemean dose (D50) (Gy) 15.44 (± 6.71), 17.36 (6.82)

Right eye near maximum dose

(D2) (Gy)

30.08 (± 11.77), 34.15 (14.37)

Right eye 60% dose (D60) (Gy) 14.21 (± 6.36), 15.88 (6.39)

Right lacrimal gland dose 15.10 (± 9.91), 15.38 (10.68)

Brainmean dose (D50) (Gy) 6.81 (± 9.94), 3.08 (7.00)

Brain near maximum dose (D2)

(Gy)

33.64 (± 13.21), 39.52 (7.01)

Brain near maximum dose

(Dmax) (Gy)

42.81 (± 9.87), 44.36 (4.25)

Abbreviation: OAR contours included target volumes in case these structures overlapped.

APPENDIX 3

CLINICAL AND IMAGINGRESPONSE

Control group (n= 27) SIB group (n= 22) Total (n= 49)

Clinical response at end of RT

CR 5 (10.2%) 6 (12.2%) 11 (22.4%)

PR 9 (18.4%) 7 (14.3%) 16 (32.7%)

SD 13 (26.5%) 9 (18.4%) 22 (44.9%)

PD 0 0 0

Imaging (CBCT) response at end of RT

CR 0 0 0

PR 2 (4.1%) 0 2 (4.1%)

SD 23 (46.9%) 16 (32.7%) 39 (79.6%)

PD 0 2 (4.1%) 2 (4.1%)

Unknown 2 (4.1%) 4 (8.2%) 6 (12.2%)

Best clinical response

CR 14 (28.6%) 18 (36.7%) 32 (65.3%)

PR 12 (24.5%) 3 (6.1%) 15 (30.6%)

SD 1 (2.0%) 1 (2.0%) 2 (4.1%)

PD 0 0 0

Best imaging response

CR 0 0 0

PR 9 (18.4%) 8 (16.3%) 17 (34.7%)

SD 17 (34.7%) 9 (18.4%) 26 (53.1%)

(Continues)
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Control group (n= 27) SIB group (n= 22) Total (n= 49)

PD 0 3 (6.1%) 3 (6.1%)

Unknown 1 (2.0%) 2 (4.1%) 3 (6.1%)

Abbreviaitons: CBCT, cone-beam computed tomography; CR, complete remission; PD, progressive disease; PR, partial remission; RT, radiation

therapy; SD, stable disease; SIB, simultaneously integrated boost.

APPENDIX 4

SUMMARYRESULTSOFMULTIVARIATE COXMODEL FORPROGRESSION-FREE SURVIVAL

Progression-free survival Hazard ratio P value Raw p values

Protocol (SIB versus regular) 0.69 0.31 0.30904839

Stage IV (versus stage I-III) 2.06 < 0.05* 0.04529261*

Age 0.94 0.44 0.44053209

Weight 1.00 0.9 0.89334119

Presence of epistaxis 0.63 0.23 0.23042982

GTV 1.00 1.00 0.99485189

*Statistically significant.

APPENDIX 5

SUMMARYRESULTSOF THEMULTIVARIATE COXMODEL FOROVERALL SURVIVAL

Overall survival Hazard ratio P value Raw p values

Protocol (SIB versus regular) 0.69 0.31 0.30534124

Stage IV (versus stage I-III) 2.16 < 0.05* 0.02885318*

Age 1.02 0.77 0.76943503

Weight 1.01 0.68 0.67327002

Epistaxis (Yes) 0.76 0.44 0.44196149

GTV 1.01 0.17 0.16818191

*Statistically significant.
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