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Abstract

Background: Radiation therapy (RT) is used for local pain alleviation in dogs with

appendicular osteosarcoma (OS), especially among dogs that are poor surgical candi-

dates for amputation. However, many historical reports of fractionated protocols lack

time to fracture and fracture rates.

Objectives: The primary objectives of this retrospective studywere to determine frac-

ture rate and time to fracture of dogs receiving RT (coarse or fine fractionated) for

appendicular OS. Secondary objectives were to evaluate tolerability and disease out-

comemeasures.

Methods: Fifty-one dogs that received RT as part of treatment for appendicular OS

were available for evaluation. Forty-five received coarse fractionation (C-RT, 8 or 6 Gy

per fraction protocols [C-RT8 orC-RT6]) while the remaining six received fine fraction-

ation (F-RT).

Results:The overall pathologic fracture ratewas 37%. Pathologic fracture ratewas sig-

nificantly higher for dogs that receivedF-RT (5/6, 83%) compared todogs that received

C-RT (12/40, 30%, p = 0.021). In the 17 dogs that fractured, the overall median time

to fracture was 57 days. For all dogs, the median progression free interval (PFI) and

median overall survival time (OST) were 90 and 140 days, respectively. In a very small

cohort of dogs (n = 7) treated with zoledronate and RT, fracture rate was 0% and

extended survival times were noted.

Conclusions: In conclusion,C-RT is recommendedoverF-RTdue to lower risk of patho-

logic fracture and similar PFI. Prospective evaluation of combined C-RT and zole-

dronate, especially for dogs with poor surgical candidacy, is warranted for the treat-

ment of canine appendicular osteosarcoma.
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1 INTRODUCTION

Pain relief and local tumour control are necessary to improve quality

of life and provide extended survival for dogs with appendicular

osteosarcoma (OS). Amputation of the affected limb is currently

gold standard as this accomplishes both goals via complete excision.

However, a subset of dogs are not good surgical candidates due to

pre-existing co-morbidities and/or owner reservations regarding

amputation. Radiation therapy (RT) has been used for these cases as

an alternative primary treatment modality.

The growing availability of RT in veterinary medicine increases

patient access to this alternative form of local therapy. Protocols can

be broadly characterised by treatment intent or fractionation scheme.

Fractionation schemes are grouped by coarse and fine fractionation

with coarse fractionation (C-RT) focused on higher dose per fraction

and fine fractionation (F-RT) prioritisinghigher total doses.Historically,

C-RT has been associated with palliative intent and F-RT with curative

intent. However, these generalisations have becomemore complicated

as stereotactic body radiotherapy (SBRT), a large dose in substantially

fewer fractions using highly conformal dosing, has grown in availability

(Coomer et al., 2009).

RT has traditionally been reserved for dogs with appendicular OS in

which preservation of the affected limb is prioritised. Pathologic frac-

ture of the affected limb is one of the more severe consequences fol-

lowing RT and is often life-limiting, especially in dogs for which sub-

sequent amputation is not a viable option. Pathologic fracture rates

following RT have been sporadically reported and have ranged from

15% to 63% for different radiation protocols. Reported fracture rates

for C-RT, F-RT and SBRT are 15–40%, 20% and 36–63%, respectively

(Duffy et al., 2018; Fan et al., 2009; Farese et al., 2004; Green et al.,

2002; Heidner et al., 1991; Kubicek et al., 2016;McEntee, 1993; Nolan

et al., 2020;Oblak et al., 2012; Pagano et al., 2016; Ramirez et al., 1999;

Walter et al., 2005). A recent publication describing C-RT, SBRT and

stereotactic radiosurgery (SRS) had an overall pathologic fracture rate

of 32%; the fracture rate of each individual protocol was not reported

(Nolan et al., 2020). The pathologic fracture rates for F-RT are derived

from two studies; both utilised cisplatin-based radiosensitisation in all

or the majority of patients. These studies do not report time to frac-

ture (Heidner et al., 1991; Walter et al., 2005). Similarly, a subset of

C-RT studies report median times to fracture of 1–8.3 months (Green

et al., 2002; Knapp-Hoch et al., 2009; McEntee, 1993; Pagano et al.,

2016; Ramirez et al., 1999). Most of these reports included small sam-

ple size and may not reflect a larger population (Green et al., 2002;

Knapp-Hoch et al., 2009; McEntee, 1993; Pagano et al., 2016). Addi-

tional confounding factors include uses of different radiation delivery

systems and reporting of completed cases versus reporting cases on an

intent-to-treat basis.

The current retrospective study evaluated dogs that received either

C-RT or F-RT for appendicular OS on an intent-to-treat basis at a sin-

gle institution. The primary objectives were to determine fracture rate

and time to fracture. We hypothesised that F-RT and bisphosphonate

(BP) usagewouldbeassociatedwith a lower rateof pathologic fracture.

Secondary objectives included assessing tolerability, progression-free

interval and survival time. To our knowledge, this is the first study to

describe dogs with appendicular OS that received C-RT and F-RT con-

temporaneously on an intent-to-treat basis at the same institution.

2 MATERIALS AND METHODS

2.1 Case selection

Electronic medical records were reviewed at the Veterinary Health

Center for dogs diagnosed with osteosarcoma that received radiation

therapy between 2006 and 2018. Dogs were included if they received

radiation therapy following a cytologic, histologic, or clinical diagnosis

(radiographic suspicionbyboard-certified radiologist) of osteosarcoma

of the appendicular skeleton. Dogs were considered to have received

radiation therapy on an intent-to-treat basis and were not required

to have completed their intended protocol for inclusion in the study.

Chemotherapy, BPs and additional analgesics were permitted at any

point during therapy. All stages of disease were included with no min-

imum staging requirement. Patients were allowed to have received

additional local therapy following RT: additional courses of RT and

amputation. Dogswere excluded if the tumourwas located on the axial

skeleton, that is, was extraskeletal, if they presented with pathologic

fracture or if they received radioisotope therapy at any point during

treatment. Dogswere also excluded if they did not receive a finely frac-

tionated protocol or one of two coarsely fractionated protocols: 6 × 6

(6 Gy× 6 fractions) or 8× 4 (8 Gy× 4 fractions): C-RT6 or C-RT8.

2.2 Radiation therapy

All patients were anaesthetised and immobilised in vacuum cushions

(SecureVac, Bionix, Toledo, OH). The vast majority of patients treated

with coarse fractionation (C-RT6 or CRT-8) were done so using a fixed

source-to-axis (SAD) distance technique, with dose prescribed to the

central axis and monitor units calculated using an accelerator-specific

tissue-maximum-ratio (TMR) table. Most patients were treated using

parallel-opposed portals and irradiated volume included the entire

lesion radiographically (diagnostic radiographs and MV ports were

both evaluated), and at least half the length of the long bone. Most

patients receiving finely fractionated radiation therapy were done so

using a fixed SAD technique with CT-based computerised treatment

planning using either XiO (Elekta, Stockholm, Sweden) or RayStation

(Raysearch Laboratories, Stockholm, Sweden). The gross tumour vol-

ume was considered the extent of disease visible on CT scan, including

periosteal reaction. A planning target volume (PTV) expansion of 0.5–

3.0 cm was included based on the discretion of the radiation oncolo-

gist. Treatment plans consisted of two or more beams using a 3D-CRT

technique and the prescribed dose was delivered to 95% of the plan-

ning target volume. Positioningwas confirmedprior to every treatment

with orthogonal MV ports. Tissue-equivalent bolus was used as neces-

sary at the discretion of the radiation oncologist; when used, bolus was

included in monitor unit and dose calculations. X-ray irradiation was
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performed using either a Siemens Mevatron, Siemens Oncor (Siemens

AG, Munich, Germany), or Varian 21EX (Varian, Palo Alto, CA) linear

accelerator. All activities were performed in accordance with daily,

monthly and annual quality assurances, performed by AAPM-certified

medical physicists.

2.3 Medical record review

Medical record review for follow-up was performed by one clinician

(CJN) in a standardised fashion; this was overseen by one senior clin-

ician (BKF). Patient information abstracted from the medical record

included signalment (age, sex, breed, weight), presenting complaint,

durationof clinical signs, tumour location,ALPstatus at diagnosis, TNM

stage, radiation side effects, previous and concurrent therapies and

radiation therapy plan. Radiation side effects based on the Veterinary

Radiation Therapy Oncology Group (VRTOG) toxicity scoring scheme

(Ladue & Klein, 2001) were either obtained directly from the medi-

cal record or were retrospectively graded based off the details in the

medical record; all dogs had a 2-week follow-up visit (either at the aca-

demic institution or with their primary veterinarian) unless not com-

pleting their RT protocol. A standardised follow-up protocol after ini-

tial 2-week recheck was not present. Side effects were deemed ‘late’ if

occurring 6 months after completion of RT. Patients were considered

to have received chemotherapy if they received chemotherapy at any

pointduringoverall treatment for their disease.Determination for type

of RT protocol received was based on the number of fractions initially

prescribed. C-RT was defined as protocols consisting of 6 fractions or

less whereas F-RT protocols consisted of at least 18 prescribed frac-

tions. Type of RT (F-RT versus C-RT) was chosen based on owner and

clinician preference.

Pathologic fracture occurrence was concluded if stated explicitly

in the medical record (referring veterinarian confirmation by radio-

graphs, histopathologic confirmation after amputation) or in attached

radiology reports signed by board-certified veterinary radiologists.

Pathologic fractures were considered absent in cases with adequate

follow-up (i.e. dogs continued to return to our institution or to their pri-

mary veterinarian for routinemonitoring and/or follow-up after finish-

ing their course of RT). Patients were censored from pathologic frac-

ture evaluation if themedical record was incomplete.

Response to therapy (from the start of RT) was determined subjec-

tively through reviewofmedical records evaluating for improved lame-

ness, comfort and attitude. Time to progression was defined as time

from first radiation therapy treatment to progressive disease defined

as local tumour progression (pain, lameness, swelling etc.) or develop-

ment of metastatic lesions. Patients were censored from disease pro-

gression analysis if they were lost to follow-up or did not have docu-

mented progression at completion of data accrual.

Survival timewasmeasured in days from time of first radiation ther-

apy treatment to date of death in the medical record. Causes of death

were categorised as due to local disease, metastatic disease or non-

tumour related. Cause of death was recorded as tumour-related local

disease when it was unknown. Additional follow-up information was

obtained by contacting the referring veterinarian listed in the patient

file. Patients were censored from survival analysis if they were lost to

follow-up or were still alive at completion of the study.

2.4 Statistical analysis

All analyses were performed using SAS V 9.4 (Cary, NC). A significance

threshold of 0.05 was used. Exact binomial confidence intervals were

calculated for percentages. Fisher’s exact tests were used to compare

presence of fractures or side effects (yes/no) between radiation groups

and also presence of fractures between bisphosphate groups. Dose per

fraction was compared between dogs with and without fractures by

a Mann–Whitney t-test. The Kaplan–Meier method was used to con-

struct survival curves and median survival estimates with 95% confi-

dence intervals for PFI and OST. Log-rank tests were used to compare

PFI and OST between strata and were adjusted for multiple compar-

isons with a Hochberg adjustment. Cox proportional hazards regres-

sion was used to test total (delivered) dose, number of fractions and

dose per fraction for association with PFI andOST.

3 RESULTS

Electronic medical record review returned 120 dogs with 51 dogs

meeting inclusion criteria. Thirty-one dogs were excluded for

extraskeletal or axial skeleton tumour locations. Twenty-six dogs

were excluded for receiving coarsely fractionated protocols other than

6 or 8 Gy fractions. Twelve dogs were excluded for receiving radioiso-

tope therapy. Diagnosis ofOSwasmade via cytology or histopathology

in 28 dogs and was clinically presumed in the remaining 23 dogs based

on radiologic confirmation of an aggressive bone lesion by a board-

certified radiologist (JCL). No pathologic fractures were noted in these

51 dogs prior to initiating treatment. This was based on imaging for

RT planning purposes. Forty-five dogs had limb radiographs (n = 3

F-RT, n = 42 C-RT) while six dogs had CT guided plans (n = 3 F-RT,

n = 3 C-RT). At presentation, the median age of all dogs was 8 years

(range: 5–14 years), and the median body weight was 48.2 kg (range:

27.2–82.1 kg). Therewere 2 intactmale dogs, 26male neutered dogs, 1

intact female dog and 22 spayed female dogs. The male to female ratio

was 1.22:1. There were a total of 20 breeds represented with themost

common breeds being Golden retriever (n= 9) and Great Dane (n= 7).

Additional common breeds included Great Pyrenees (n = 4), German

Shepherd (n= 3), Labrador retriever (n= 3), Mastiff (n= 3), Rottweiler

(n = 3) and mixed breed dogs (n = 3); two patients or fewer comprised

the remaining breeds. The most common presenting complaints were

lameness (48/51, 94%), swelling (26/51, 51%) and pain (16/51, 31%).

Themedian duration of clinical signs prior to presentation was 30 days

(range: 5–210 days). Themost common tumour locationwas the radius

(28/51, 53%) followed by the humerus (13/51, 25%), femur (5/51,

10%), tibia (4/51, 8%) and scapula (1/51, 2%).

Staging was not standardised. Distant metastasis (M stage) was

defined for 49/51 dogs based on physical exam and thoracic radio-

graphs or thoracic computed tomography scan, and rarely nuclear
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TABLE 1A Treatment groups

Variable Type of RT n Median

Lower

quartile

Upper

quartile Min. Max.

Dose/fraction (Gy) F-RT 6 3.125 3.0 3.20 3.0 3.25

C-CT 45 8.0 6.0 8.0 6.0 8.0

Number of fractions F-RT 6 18 9 18 1 19

C-CT 45 4 4 4 1 6

Total dose (Gy) F-RT 6 55.5 27.5 57.5 3.2 58.5

C-CT 45 32 32 32 8 36

TABLE 1B Pre-treatment characteristics

Factors

F-RT C-RT

N % N %

Pain or lameness Yes 6 100 42 93.3

No 0 0 3 6.7

Tumour location Radius 4 66.7 24 53.3

Humerus 0 0 13 28.9

Tibia 1 16.7 3 6.7

Femur 1 16.7 4 8.9

Other (scapula) 0 0 1 2.2

Treated tumour Primary 5 83.3 38 84.4

Metastatic 1 16.7 7 15.6

Distant metastasis (M1 Status) Yes 1 16.7 8 18.6

No 5 83.3 35 81.4

Type of radiation Fine 6 100 0 0

C-RT8 0 0 33 73.3

C-RT6 0 0 12 26.7

RT plan Computer 3 50 2 4.5

Hand 3 50 42 95.5

Completed RT Yes 4 66.7 39 86.7

No 2 33.3 6 13.3

Improvement w/n 30 days of RT Yes 3 50 25 55.6

No 3 50 20 44.4

Chemotherapy Yes 5 83.3 29 67.4

No 1 16.7 14 32.6

Bisphosphonates None 4 66.7 14 31.1

Pamidronate 2 33.3 24 53.3

Zoledronate 0 0 7 15.6

NSAID Yes 6 100 36 80

No 0 0 9 20

ALP status Increased 1 20 19 51.4

Normal 4 80 18 48.6

medicine bone scan; 10/49 dogs had distant metastasis (bone or

lung) present at treatment initiation (F-RT = 1 [lung], C-RT = 9;

simultaneous primary and metastatic bone lesions [n = 3], metastatic

to new bone in dog with previously amputated limb [n = 3], lung

[n = 3]). All metastatic bone lesions were irradiated with the same

protocol chosen for the primary tumour. Metastatic lung was not

treated with RT. Two dogs did not have thoracic imaging available for

review.

Tables 1A andBdescribe treatment groups and pre-treatment char-

acteristics of the treatment groups. The completion rate for coarse
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TABLE 2 Effect of bisphosphonates on fracture rate

Bisphosphonate

‘n’ fractured /
‘n’ in group Fracture rate

None 7/15 47%

Pamidronate 10/24 42%

Zoledronate 0/7 0%

(C-RT) and fine (F-RT) fractionation protocols were 87% and 67%,

respectively. The total dose for C-RT ranged from 8 to 36 Gy over 1

to 40 days, depending on completion of the protocol. Most (n = 33)

dogs in the C-RT arm received 8 Gy fractions administered weekly for

4 weeks for a total of 32 Gy (C-RT8); the remaining dogs (n= 12) were

prescribed 6 Gy fractions administered weekly for 6 weeks for a total

of 36 Gy (C-RT6). Dogs receiving F-RT were prescribed 18 or 19 frac-

tions at a range of 3–3.25 Gy per fraction for an expected total dose of

57–58.5 Gy. As two dogs fractured in the early portion of their F-RT,

they only received 3.2 and 17.5Gy, respectively.Median duration of RT

was 28 days for the 4 dogs that completed the full course of F-RT.

The overall pathologic fracture rate was 37% (17/46). Five dogs

were censored from this analysis as their medical records could not

verify or nullify a fracture. These five dogs’ median time of follow-up

was 30 days (range: 22–88 days).Weight was not associated with frac-

ture; for example, in the five heaviest dogs (> 70 kg), only 1/5 dogs

developed a pathologic fracture. Fracture rates were similar across

tumour locations (radius 32%, humerus 31%, tibia 25%) except for the

femur (3/5, 60%). The fracture rate in the F-RT group was 83% (5/6)

which was significantly higher compared to 30% (12/40) in the C-RT

group (p = 0.021). For individual arms of the C-RT group, the fracture

rate for C-RT8 was 30% (9/30) which was the same as 30% (3/10) for

C-RT6. The fracture rate in the no BPs group was 47% (7/15) com-

pared to 42% (10/24) in the pamidronate group and 0% (0/7) in the

zoledronate group (p = 0.094 comparing all three groups; p = 0.066

comparing pamidronate vs. zoledronate). This data is summarised in

Table 2. Themean dose per fraction in dogs that fractured was 6.22 Gy

whichwas not significantly different than themean in dogs that did not

fracture, 7.35 Gy (p = 0.097). In the 17 dogs that fractured, the overall

median time to fracture (TTF) was 57 days. The median TTF for C-RT

and F-RTwere 46 and 111 days, respectively, andwere not statistically

different (p= 0.80).

The overall acute side effect percentage was 38% (17/45) and the

late side effect proportion was 36% (9/25). The acute side effect per-

centage in F-RTwas 50% (2/4) compared to 37% (15/41) inC-RT.Given

the appendicular tumour location, all recorded acute side effects were

limited to skin with 55%, 18% and 27%, respectively graded as VRTOG

1, 2 and 3. Themajority of VRTOG side effects were dry desquamation

and alopecia. Of the dogs reported to haveVRTOG scores>2 or 3, 80%

were attributed to self-trauma to the area. The remaining 20% were

suspected to be experiencing local tumour progression based on clin-

ical signs. The late side effect percentage in the F-RT group was 0%

(0/4); late side effect percentage in the C-RT group was 43% (9/21).

Late side effects were only documented for the skin in which over 70%

of lesionswere graded as VRTOG1 (alopecia and leukotrichia) with the

TABLE 3 Median progression free interval (PFI) by factors

Factor

Factor

(n)
Median PFI

(95%CI) pValuea

Pain (0= none, 1= pain

or lameness)

0 (3) 206 (66–332) 0.620

1 (48) 86 (56–146)

ALP (0=WNL,

1= increased)

0 (22) 137 (27–208) 0.055

1 (20) 67 (22–146)

Tumour location

(1= radius,

2= humerus, 3= tibia,

4= femur, 5= other

such as scapula/ulna)

1 (28) 146 (67–206) 0.018

2 (13) 86 (22–148)

3 (4) 44 (2–332)

4 (5) 44 (9–90)

5 (1) NC

Treated tumour

(1= primary tumour,

2=metastatic lesion)

1 (43) 86 (56–153) 0.164

2 (8) 98.5 (2–146)

M stage 0 (39) 84 (45–153) 0.238

1 (10) 98.5 (2–146)

Radiation (0= F-RT,

1=C-RT)

0 (6) 80.5 (2–NC) 0.943

1 (45) 96 (56–148)

Radiation (0= F-RT,

1=C-RT8, 2=C-RT6)

0 (6) 80.5 (2–NC) 0.785 (0 vs. 1)

1 (33) 146 (68–153) 0.443 (0 vs. 2)

2 (12) 50.5 (15–86) 0.020 (1 vs. 2)

RT plan (0=manual,

1= computer)

0 (45) 90 (45–148) 0.860

1 (5) 86 (14–255)

Completed RT (0= no,

1= yes)

0 (8) 11.5 (2–19) <0.001

1 (43) 128 (77–153)

Improvement w/n 30

days of RT (0= no,

1= yes)

0 (23) 29 (19–68) 0.007

1 (28) 146 (86–251)

Chemotherapy (0= none,

1= any)

0 (15) 29 (15–68) 0.003

1 (34) 137 (77–170)

Bisphosphonates

(0= none,

1= pamidronate,

2= zoledronate)

0 (18) 44 (22–86) 0.381 (1 vs.

2 vs. 3)

0.185 (0 vs.

1+2)

1 (26) 128 (67–148)

2 (7) 170 (14–251)

NSAID (0= none, 1= yes) 0 (9) 86 (22–251) 0.580

1 (42) 90 (58–148)

aLog-rank test.

NC = noncalculable; F-RT = finely fractionated; C-RT = coarsely fraction-

ated; C-RT8= 8Gy per fraction; C-RT6= 6Gy per fraction.

remaining graded as VRTOG 3. There were no statistical differences in

toxicity profile for C-RT8 versus C-RT6.

Overall median progression free interval (PFI) was 90 days. Seven

dogs were censored from PFI analysis because of lost to follow-up

(n = 3), death from other cause (n = 2: progression of unrelated

lymphoma; immune-mediated thrombocytopenia [ITP] with seizures),

incomplete medical records (n = 1) or still alive at time of data collec-

tion (n = 1). Factors evaluated for PFI are summarised in Table 3. PFI

differed based on tumour location with radius having the longest PFI.

PFI did not differ significantly between F-RT (median 80.5 days) and
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F IGURE 1 Progression free interval does not differ between radiation types. Dogs receiving fine (solid line, median PFI= 80.5 days) versus
coarse (hashed line, median PFI= 96 days) fraction radiation therapy did not have statistically significantly different progression free intervals
(p= 0.943). Censored cases are noted by tickmarks

C-RT (median 96 days, p= 0.943). Kaplan–Meier PFI curves are shown

inFigure1.However,when split intoC-RT8vs.C-RT6, a statistically sig-

nificant increasedPFIwas noted in dogs receiving an8Gy/fraction pro-

tocol; median PFI for C-RT8 was 146 days versus 50.5 days for C-RT6

(p = 0.020). The median (95% CI) PFI of dogs with normal ALP at diag-

nosiswas137 (27–208) days compared to67 (22–146) days (p=0.055)

in dogs with elevated ALP at diagnosis. PFI was significantly increased

if lameness improved within 30 days of RT (p = 0.007), completing

the prescribed RT protocol (p < 0.001), and receiving any chemother-

apy (p = 0.003). Unfortunately, due to the retrospective nature of

this study, chemotherapy protocol was not standardised. Chemothera-

peutics administered included carboplatin, doxorubicin and toceranib,

with most dogs receiving either a single agent carboplatin or car-

boplatin/doxorubicin protocol. PFI was not increased by using a BP

(p= 0.185). Of note, timing of BP administration in respect to RT (neo-

adjuvant, concurrent or adjuvant) was not standardised.

Median overall survival time (MST) for all cases was 140 days. Sev-

enteen dogs were censored from analysis (F-RT 3/6, C-RT 14/45).

In the F-RT group, one dog died of unrelated causes (seizures and

ITP) and two dogs were lost to follow-up. In the C-RT group, four

dogs died of non-tumour causes (progression of lymphoma, progres-

sion of abscess, septic neutropenia, suspect renal failure), eight dogs

were lost to follow-up, one died from unknown causes and one was

still alive. Of tumour-related deaths, 19 (F-RT = 1, C-RT = 18) were

due to local progression/disease based on progressive clinical signs

and 15 (F-RT = 2, C-RT = 13) were due to metastatic disease (dis-

tant lesions confirmed via physical examwith cytology/histopathology

or imaging with radiographs/CT). Factors affecting OST are sum-

marised in Table 4. While dogs receiving F-RT (MST 454 days) had a

longer survival compared to dogs receiving C-RT (127 days), the p-

value (p = 0.055) is marginally above the 0.05 threshold; the data

neither establish a conclusive difference nor a conclusive similarity

of survival between C-RT and F-RT. When evaluating the two C-RT

groups, dogs receiving C-RT8 had a significantly longerMST than dogs

receiving C-RT6 (171 days compared to 74.5 days, p = 0.002). There

was no difference in survival of F-RT dogs compared to C-RT8 dogs

(p = 0.113). Increased OST was associated with a normal ALP at diag-

nosis (p= 0.033, Figure 2), lameness improvementwithin 30 days of RT

(0.019), completing the prescribed RT protocol (0.027), and receiving

any chemotherapy (p < 0.001, Figure 3). Increased OST was not asso-

ciated with receiving any BP (p = 0.234). Notably, survival was signif-

icantly different between BP/radiation groups (p = 0.026). These sur-

vival times are summarised in Table 5. In seven dogs treated with C-

RT protocols and zoledronate, median survival timewas 445 days with

no fractures reported. However, in a post hoc comparison, zoledronate

was not associated with improved progression free interval or overall

survival time, compared to the other BP groups (pamidronate and no

bisphosphonate): p= 0.436 and p= 0.256, respectively.

4 DISCUSSION

The middle-aged to older large-breed patient population in this study

is similar to those in previous studies. The most commonly recorded

breeds (Golden retriever, Great Dane, Labrador retriever, Mastiff,

Rottweiler and mixed breed) are consistent with previously reported
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TABLE 4 Median overall survival time (MST) by factors

Factor Factor (n) MST (95%CI) pValuea

Pain (0= none, 1= pain or lameness) 0 (3) 412 (111-NC) 0.474

1 (48) 127 (89–211)

ALP (0=WNL, 1= increased) 0 (22) 301.5 (87–445) 0.033

1 (20) 108 (88–140)

Tumour location (1= radius,

2= humerus, 3= tibia, 4= femur,

5= other such as scapula/ulna)

1 (28) 177 (96–429) 0.546

2 (13) 116 (43–308)

3 (4) 261.5 (33-NC)

4 (5) 58 (9–NC)

5 (1) NC

Treated tumour (1= primary

tumour, 2=metastatic lesion)

1 (43) 140 (89–291) 0.570

2 (8) 149 (43–312)

M Stage 0 (39) 140 (89–412) 0.402

1 (10) 149 (43–271)

Radiation (0= F-RT, 1=C-RT) 0 (6) 454 (118–NC) 0.055

1 (45) 127 (88–176)

Radiation (0= F-RT, 1=C-RT8,

2=C-RT6)

0 (6) 454 (118–NC) 0.113 (0 vs. 1)

1 (33) 171 (105–412) 0.006 (0 vs. 2)

2 (12) 74.5 (30–89) 0.002 (1 vs. 2)

RT plan (0=manual, 1= computer) 0 (45) 127 (89–177) 0.333

1 (5) 291 (87–NC)

Completed RT (0= no, 1= yes) 0 (8) 31 (9–291) 0.027

1 (43) 162 (108–308)

Improvement w/n 30 days of RT

(0= no, 1= yes)

0 (23) 92 (35–176) 0.019

1 (28) 211 (118–429)

Chemotherapy (0= none, 1= any) 0 (15) 88 (35–105) <0.001

1 (34) 291 (118–429)

Bisphosphonates (0= none,

1= pamidronate, 2= zoledronate)

0 (18) 62 (33–271) 0.344 (1 vs. 2 vs.

3)0.234 (0 vs.

1+2)
1 (26) 162 (108–312)

2 (7) 445 (89–575)

NSAID (0= none, 1= yes) 0 (9) 87 (27–445) 0.152

1 (42) 162 (96–308)

aLog-rank test.

NC= noncalculable; F-RT= finely fractionated; C-RT= coarsely fractionated; C-RT8= 8Gy per fraction; C-RT6= 6Gy per fraction.

predisposed breeds. Sex predisposition has been documented in some

studies while others did not validate this finding. (Tuohy et al., 2019)

The median duration of clinical signs prior to presentation (30 days)

was similar to the only previous report of 15 days. (Pagano et al., 2016)

The most common tumour location was the radius (55%), consistent

with a large, previous study. (Tuohy et al., 2019) The percentage of

M1 stage patients (20%) in this study likely reflects selection bias, as

patients with existing gross metastatic disease would be more likely to

be directed towards palliative than definitive care. Only one M1 stage

patient was prescribed F-RT; this dog had a suspected skip metastasis

onbone scan fromthedistal right tibialOS to themid-diaphyseal region

of the right tibia.

Theoverall pathologic fracture rate in this study (37%)was similar to

previous reports (Boston et al., 2007; Coomer et al., 2009; Duffy et al.,

2018; Fan et al., 2009; Farese et al., 2004; Green et al., 2002; Heid-

ner et al., 1991; Kubicek et al., 2016; McEntee, 1993; McEntee, 1997;

Nolan et al., 2020;Oblak et al., 2012; Pagano et al., 2016; Ramirez et al.,

1999;Walter et al., 2005). Patients who received F-RT had higher rate

of fracture (83%); this was significantly higher than the C-RT group.

This did not support our hypothesis that F-RT would be associated

with a lower fracture rate. Bone is a late responding tissue and is more

sensitive to higher doses per fraction as delivered in C-RT and SBRT

protocols (Coomer et al., 2009). Fracture was not associated with a

higher dose per fraction. VRTOG late RT bone effects include pain on
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F IGURE 2 Overall survival time is increased by having normal ALP status. Dogs with normal serumALP (solid line, MST= 301 days) had a
significantly longer median survival time than dogs with increased serumALP (hashed line, MST= 108 days), p= 0.033. Censored cases are noted
by tickmarks

F IGURE 3 Overall survival time is increased by receiving chemotherapy. Dogs receiving any chemotherapy agent (hashed line, MST= 291
days), had a significantly longer median survival time than dogs who did not receive chemotherapy (solid line, MST= 88 days), p< 0.001. Censored
cases are noted by tickmarks
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TABLE 5 Median overall survival time by bisphosphonate and
radiation type

Bisphosphonate Fractionation (n) Median (95%CI)

None F-RT 4 454 (271–617)

None C-RT 14 58 (30–85)

Pamidronate F-RT 2 NC

Pamidronate C-RT 24 162 (105–312)

Zoledronate C-RT 7 445 (89–575)

Note: Log-rank, p= 0.026.

NC = not calculable; F-RT = finely fractionated; C-RT = coarsely fraction-

ated.

palpation, radiographic changes and necrosis, with the latter two

potentially associated with pathologic fracture following RT (Ladue

& Klein, 2001). F-RT should result in less bone necrosis and a

decreased incidence of pathologic fracture. However, pathologic frac-

tures are also commonly the result of local tumour progression causing

decreased integrity and increased necrosis of the bone. It is possible

that the dose per fraction of F-RT is inadequate for local control of a

low α:β tumour such as OS (Gillette et al., 1995; Nolan &Gieger, 2019).

Two F-RT dogs fractured within 4 and 14 days after starting their pro-

tocol.

Our second hypothesis that bisphosphonate therapywould be asso-

ciated with a decreased incidence of pathologic fracture was also

rejected. The fracture rate for dogs that did not receive bisphos-

phonates was 47% compared to 42% and 0% for dogs that received

pamidronate and zoledronate, respectively. Unfortunately, as stated

above, timing of BP administration in relation to RT was not stan-

dardised. Bisphosphonates have been shown to significantly decrease

skeletal morbidity in human cancer patients with bone metastases

(Clezardin, 2013; Ross, 2003; Vassiliou & Kardamakis, 2009). The

skeletal benefit of bisphosphonates is related to their localisation

in remodelling bone and reduction of pathologic bone resorption by

osteoclasts. Zoledronate is a third-generation aminobisphosphonate,

with several appealing qualities compared to its second-generation

predecessor, pamidronate. It has the benefit of a shorter adminis-

tration time (15 minutes versus 2 h) and 100-fold increase in anti-

resorptive potency (Fan, 2007). Zoledronate was first administered at

our institution in 2016, which could introduce a temporal bias. Also,

only a small number of dogs (n= 7) in this study received zoledronate.

Overall median time to fracture (TTF) for this studywas 1.9months.

As discussed previously, median TTF has been inconsistently reported

from 1 to 8.3 months for C-RT to 5.8 to 5.9 months for SBRT/SRS

(Farese et al., 2004; Kubicek et al., 2016; Pagano et al., 2016). An

extended median TTF of 20.9 months was recently reported for dogs

undergoing C-RT, SBRT and SRS; however, fracture rate and TTF was

not distinguished between the 3 groups (Nolan et al., 2020). To our

knowledge, this is the first study to report median TTF for dogs under-

going F-RT (3.7 months) for appendicular OS. We censored five dogs

(<10% of our study population) from fracture analysis due to loss of

follow-up. As these dogs’ median time to follow-up was 30 days, it is

possible they could have developed fractures. A prospective studywith

standardised follow-upwouldmore accurately define fracture rate and

time to fracture.

As dogs (n= 6, all C-RT) with potential bone metastasis (either mul-

tiple bone lesions at diagnosis or bone metastasis after amputation for

primary tumour control)were included inour study,weightbearing and

risk of fracturewerenot equal among thepopulation. Three treatment-

naïve dogs and three dogs with amputation for a primary tumour had

bone ‘metastasis’. The three treatment naïve dogs included one dog

with bilateral humeral lesions, one dog with bilateral radial lesions and

one dog with a distal radius lesion and metastasis to the contralateral

scapula; all three received the same C-RT protocol to both lesions. The

remaining three C-RT dogs had a novel bone metastasis noted after

previous amputation for the original primary tumour. In this subset

of dogs, 2/6 developed pathologic fracture (1/3 treatment naïve, 1/3

novel bone lesion after amputation). Additionally, the remaining 2/3

dogs with prior amputation had progressive disease and little benefit

fromC-RT.

Fracture rate and TTF have serious implications for long-term out-

come for dogs with appendicular OS undergoing RT. Many dogs may

be euthanised as result of pathologic fractures. Published rates of

euthanasia following pathologic fracture range from 38% to 50% with

the remaining patients undergoing amputation (Kubicek et al., 2016;

Ramirez et al., 1999). While there are reported positive outcomes of

fracture stabilisation following RT, it is typically associated with high

complication rate and poor long-term limb function (Boston et al.,

2017; Farese et al., 2004; Thrall et al., 1990).

Incidence of side effects, both acute and late, were not statistically

significant between C-RT and F-RT. Applying VRTOG scores to RT for

primary bone tumours is challenging as a degree of necrotic bone is

likely present in both untreated and treated OS (Powers et al., 1991).

As the VRTOG scoring scheme was designed to objectively evaluate

radiation effects on normal tissues, effects on neoplastic bone should

not be graded. Pathologic fracture was not included as a late effect in

this study as it is not explicitly stated as a late effect of RT in theVRTOG

Late Radiation Morbidity Scoring Scheme (Ladue & Klein, 2001). Fur-

thermore, the retrospective nature of this study precludes standard-

ised follow-up so it is likely that the true incidence of side effects ismis-

reported. It is possible that lower VRTOG scores were underreported

as these rarely raisequality of life concerns.On theother hand, it is pos-

sible the current patient population did not live long enough to develop

additional late side effects. Improved survival times following RT may

increase the reported frequency of late side effects. The increasing use

of RT for appendicular OS generates the need for a consensus on scor-

ing late RT effects on bone.

The overall median PFI (3 months) in this study is consistent with

previous reports with PFI ranging from1.8 to 6.7months. Factors eval-

uated for PFI are summarised in Table 3. A potential limitation of our

retrospective study was that other factors (i.e. infection, orthopaedic

disease etc.) that could also cause lameness, swelling or pain were

not always completely ruled out, possibly affecting our PFI. Alterna-

tively, dogs could’ve had progression without overt changes in clinical

signs, artificially prolonging our reported PFI. Radial locationwas asso-
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ciated with an increased PFI (4.9 months). Distal radius location has

been documented previously as a positive prognostic indicator for sur-

vival (Knapp-Hoch et al., 2009). In another retrospective paper, how-

ever, proximal humerus location was associated with a significantly

longer duration of response compared to all other locations (Ramirez

et al., 1999). PFI was not significantly influenced by radiation proto-

col. The F-RT PFI in this study is the lowest reported with previous

F-RT PFI reported as 5.9 and 6.7 months. Of note, both of the pre-

vious studies used intra-arterial cisplatin (n = 12/12) or biodegrad-

able cisplatin implant (n = 9/11) as additional local therapy (Heidner

et al., 1991; Walter et al., 2005). Other studies utilised F-RT prior to

limb-spare surgeries and are not considered comparable to RT alone

(LaRue et al., 1989; Thrall et al., 1990). Therefore, this likely repre-

sents the first study to report PFI for dogs undergoing F-RT alone for

appendicular OS.

Median overall survival time (MST) of 4.7 months is on the lower

end of reports of canine appendicular OS treated with any type of RT

(3–12.1 months). SRS and SBRT may result in longer MST (9.7–12.1

months). Reports of C-RT protocols are shorter (3–10.4 months) with

the longest MST documented by Green et al. (2002). Retrospectively

generated OSTmay be biased by willingness of owners to pursue addi-

tional therapy following complications. In one study, amputation fol-

lowing surgical stabilisation and SBRT/SRS was pursued in half of the

patients (n = 9) at a median of 5-month following RT. This cohort was

considered at a high risk of fracture at initiation of the study and went

on to experience a complication rate of 94%, with 88% of those con-

sidered major complications (Boston et al., 2017). Therefore, it may

be that more expensive, curative intent RT protocols (F-RT, SRS and

SBRT) select for owners that can afford and are more willing to pur-

sue additional therapy. The same bias is likely reflected in the cur-

rent study, as receiving F-RT was associated with longer survival in

the face of an increased pathologic fracture rate and similar PFI com-

pared to C-RT. The two dogs that fractured during F-RT were sub-

sequently amputated for an overall amputation rate following RT of

40% for F-RT. Comparatively, only 7% of dogs were amputated fol-

lowing loss of local tumour control with C-RT. This may also reflect

clinician selection bias unlikely to recommend amputation for patients

with more advanced disease. A recent study reported a median sur-

vival of 205 days following secondary amputation following limb-spare

complications so it is not unreasonable to apply similar reasoning to

secondary amputation following RT (Wustefeld-Janssens et al., 2020).

Additional factors evaluated against patient survival are summarised in

Table 4.

Dogs receiving C-RT and zoledronate (14.8 months) had a longer

MST than C-RT dogs that received pamidronate (5.4 months) or dogs

that didnot receive anybisphosphonate (1.9months). Apreviousmulti-

cohort retrospective study identified that the addition of pamidronate

to RT (with or without chemotherapy) negatively affected survival

(Oblak et al., 2012). Pamidronate was historically used at our insti-

tution due to the inaccessibility of newer bisphosphonate agents

like zoledronate. Due to zoledronate’s current availability and cost-

effectiveness, this bisphosphonate is now used as non-surgical stan-

dard of care in our veterinary patients with bonemalignancies.

Positive prognostic factors shared between PFI and OST were nor-

mal ALP at diagnosis, improvement within 30 days of RT, completion of

RT and use of chemotherapy at any point. Increased ALP at diagnosis

for dogs with appendicular OS has been a well-documented negative

prognostic factor for survival (Boerman et al., 2012), but has not been

prognostic in some studies evaluating RT (Duffy et al., 2018; Mueller

et al., 2005; Walter et al., 2005). Previous studies have stressed the

importance of case selection for RT with dogs that respond to RT hav-

ing better long-term outcomes (Bateman et al., 1994; Farese et al.,

2004; Kubicek et al., 2016; McEntee, 1997; Oblak et al., 2012). Under-

standing ideal RT candidates is still awork in progresswithin veterinary

medicine. Better indicators of RT benefit are needed.We relied on sub-

jective interpretations by treating veterinarians and client owners due

to our retrospective study design. To improve objective outcome mea-

sures of pain control, our group performed a pilot study using multi-

modal pain assessment (Flesner et al., 2021). Future prospective stud-

ies evaluating the success of interventional therapies in reference to

pain relief should use objective indicators.

The use of chemotherapy significantly increased both PFI and OST

in our study; 5/6 dogs in the F-RT group and 29/45 dogs in the C-RT

received some form of chemotherapy (majority carboplatin-based;

others included doxorubicin and toceranib). However, as this was a

retrospective study, type, dosage and timing of chemotherapy was

not standardised and was heavily dependent on clinician prefer-

ence. This verifies the findings of several previous studies that also

found the implementation of chemotherapy resulted in improved

outcomes (Farese et al., 2004; Nolan et al., 2020; Oblak et al., 2012;

Ramirez et al., 1999). Other reports have not documented an outcome

advantage associated with chemotherapy (Duffy et al., 2018; Green

et al., 2002; Mueller et al., 2005; Walter et al., 2005). Carboplatin is

a known radiosensitiser (Rejec et al., 2015). However, the likelihood

of carboplatin improving RT efficacy due to radiosensitisation in our

study is unlikely as most dogs received adjuvant chemotherapy after

RTwas administered for local control.

Our study is inherently limited by its retrospective design. The

patient numbers in the F-RT group are low making it challenging

to have definitive comparisons between the protocol types. Adju-

vant therapies (chemotherapy, bisphosphonate therapyandanalgesics)

were not randomised or standardised among our population. A mul-

tivariable analysis to adjust for possible confounding factors was not

performed due to the low sample size of the F-RT group (n = 6). As

previously mentioned, selection bias may greatly affect patient selec-

tion as cases with clinically negative factors, such as increased lame-

ness or higher M stage, would be more likely to receive palliative care.

In general, RTmay be considered palliative contributing to a lower sur-

vival time for the overall population, and C-RT may comprise a further

palliative subset. Additionally, owner finances and perception of qual-

ity of life play substantial roles in case progression. At our institution,

C-RT is roughly half the cost compared to F-RT which may select for

more financially limited owners that are less likely to pursue additional

adjuvant therapies. Additionally, owners that elect for a more pallia-

tively designed protocol, such asC-RT,may be less likely to tolerate any

clinical signs that reflect decreased quality of life resulting in earlier
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euthanasia times. Follow-up was not standardised and was based on

review of medical records and referring clinic contact inserting a com-

ponent of recall bias.

In summary, C-RT is recommended over F-RT due to lower patho-

logic fracture rate and a similar PFI documented in the study pop-

ulation. Chemotherapy improved OST in this population and should

be considered for dogs undergoing C-RT for appendicular OS. Fur-

ther enhancement of current RT protocols for canine osteosarcoma

patients that arenot suitable candidates for standardof care treatment

is necessary. Additional prospective clinical studies investigating the

role of zoledronate combined with C-RT protocols for dogs with pri-

mary appendicular OS are warranted.
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