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Abstract

Whole lung irradiation (WLI) has been used successfully in humans as an adjuvant
treatment for osteosarcoma. The aim of this study is to describe the feasibility and
safety of WLI in dogs with appendicular osteosarcoma. Twelve client-owned dogs
with appendicular osteosarcoma that had successfully completed amputation and
four doses of carboplatin without evidence of gross metastasis were enrolled in this
prospective clinical trial. Ten once-daily fractions of 1.75 Gy were administered to
the planning target volume encompassing the lungs. Overall, WLI was well tolerated
in these patients. No dogs developed symptoms of pneumonitis or pulmonary fibro-
sis. Haematopoietic toxicity evaluated during radiation therapy was found to be mild.
The median disease free interval for WLI treated dogs was not significantly different
than the median DFI for a group of historic control dogs (376 days for WLI treated
dogs versus 304.5 days for control dogs; p = 0.5461). Although no significant
improvement in outcome was observed with this study, WLI appears to be safe in

dogs and warrants further investigation to characterize the efficacy and toxicity.
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appendicular osteosarcoma shares many clinical and biologic charac-

teristics with osteosarcoma in humans. Attempts to translate knowl-

Osteosarcoma is a highly malignant tumour in dogs and people.
Approximately 90% of dogs with appendicular osteosarcoma will
develop metastases despite successful local tumour control. The
development of pulmonary metastasis is the most common cause of
death in these patients. Recent advances in multi-modal local treat-
ment options and attempts to intensify chemotherapy regimens have
been unsuccessful in dramatically increasing disease free interval (DFI)
or overall survival times (ST).2™> In addition, chemotherapy for the
treatment of gross metastatic disease in dogs has been associated

6-8

with poor response rates and increased toxicity. Canine

edge acquired across species should be made with regards to adjuvant
therapies, including whole lung irradiation (WLI).

WLI has been investigated in humans with osteogenic sarcomas
as a treatment for microscopic metastatic disease. The efficacy of
WLI for the treatment of osteosarcoma in a microscopic disease set-
ting has been evaluated in humans with promising results. A ran-
domized trial comparing the use of WLI against no adjuvant
treatment reported that in patients less than 17 years of age, the
addition of WLI yielded a significantly improved metastasis-free per-
centage at 5 years.? Additionally, in a randomized trial evaluating the
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use of adjuvant chemotherapy with or without WLI, the 9 year sur-
vival percentage was significantly greater for patients that received
treatment with WLI compared with those that did not. The inci-
dence of lung metastases was also significantly lower in the irradi-
ated group.'© Several other studies have been performed in humans
with inconsistent outcome results.!*"*® A study by Owen and Bos-
tock in 1973 evaluated prophylactic lung irradiation in dogs with
osteosarcoma.’* The authors did note a difference between irradi-
ated and unirradiated lungs in that unirradiated lungs were heavier
due to disease burden; however, the majority of dogs in this study
had only one lung irradiated, using fraction sizes of 3-6 Gy. Addi-
tionally, sample sizes were variable and quite small. Therefore, it is
difficult to draw useful conclusions from this study. There are no
other current or historical trials evaluating the use of WLI in dogs
with osteosarcoma.

The safety of WLI protocols in humans is well-established. Dose
limiting side effects are known to be radiation-induced pneumonitis
and pulmonary fibrosis.'> Radiation-induced pneumonitis is an early
inflammatory reaction that usually occurs one to 4 months after radia-
tion therapy.'® Pneumonitis occurs as a result of direct DNA damage
and the generation of reactive oxygen species within the pneumocytes.
This causes alveolar cell loss and inflammatory cell infiltration. Persis-
tent and severe pneumonitis can lead to pulmonary fibrosis. Pulmonary
fibrosis is characterized by fibroblast proliferation and collagen deposi-
tion, and typically occurs at or after 9 months following radiation ther-
apy.t” Most WLI prescriptions involve 1.5-1.75 Gy daily treatments to
total doses of 15-20 Gy. These doses are administered to target vol-
umes which encompass nearly 100% of the lung volume. The incidence
of symptomatic cases of pneumonitis in patients treated with these
protocols ranges from 0% to 12%.71118-22 |y studies where pulmonary
function testing is performed, mild restrictive changes and decreased
lung volumes are reported. However, the majority of patients that
develop these changes in function testing remain clinically asymptom-
atic.?”"2! The influence of concurrent chemotherapy in combination
with WLI has also been studied in humans. Although actinomycin D
and doxorubicin are both known radiosensitizers, only actinomycin D
has been shown to significantly increase the risk of pneumonitis when
combined with WLI.Z*?* Doxorubicin is more commonly included in
human osteosarcoma adjuvant chemotherapy protocols, yet has not
been shown to increase incidence of pneumonitis or pulmonary fibrosis,
as assessed by pulmonary function testing.?%2>

The safety of WLI in dogs has been studied preliminarily. A dose-
response study for WLI has been performed in healthy Beagle dogs.?®
In this study, the incidence of radiation induced pneumonitis was 0%
(0/16) for dogs undergoing 100% volume lung irradiation with doses
up to 36 Gy, when delivered in 1.5 Gy fractions over 6 weeks.
Another study evaluated late term side effects secondary to WLI in
59 healthy Beagle dogs.?’ In this study, all dogs received total doses
at or above 18 Gy, delivered as 1.5 Gy fractions over 6 weeks. Signifi-
cant changes in pulmonary function testing were not seen below total
doses of 40 Gy. One dog, however, developed restrictive lung disease

and died 1 year after treatment with a total dose of 31.5 Gy. These
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studies support the expected tolerance of WLI in dogs using human
fractionation schedules, which rarely exceed a total dose of 20 Gy.

This study was designed to evaluate the use of a WLI proto-
col for dogs with osteosarcoma. The primary objective was to
evaluate the safety and feasibility of this protocol in 12 client
owned dogs after standard of care treatments (amputation and
chemotherapy). The secondary objective was to evaluate the
effect of WLI on the DFI of the treatment group receiving WLI
compared to a group of historic control dogs receiving only stan-
dard of care treatments. Our hypothesis was that WLI would be
safe and well tolerated.

2 | METHODS

21 | Animal population

This study was a prospective, open label, single arm clinical trial. Dogs
with appendicular osteosarcoma that completed surgical excision
(amputation) and four doses of carboplatin without evidence of meta-
static disease were eligible for enrollment. Dogs were required to be
>1 year of age and weigh 215 kg. All dogs were staged at diagnosis
with a complete blood count, biochemical panel, urinalysis and three
view thoracic radiographs. Abdominal ultrasound was performed if
clinically indicated. Thoracic radiographs were repeated prior to the
third dose of carboplatin, and again 3 weeks after the 4th dose of car-
boplatin. Dogs with evidence of metastatic disease identified on tho-
racic radiographs at any point prior to administration of WLI were not
eligible for enrollment. Dogs were required to have no major bio-
chemical abnormalities (ALT and GGT <2 times the upper reference
limit, ALP <4 times the upper reference limit, bilirubin <1.5 g/dL, BUN
and creatinine < the upper reference limit). No previous therapy for
osteosarcoma (other than amputation and carboplatin chemotherapy)
was allowed. Dogs were required to have a modified Eastern Compar-
(ECOG)
(Supplementary Table S1). Dogs who had a known sensitivity to car-

ative Oncology Group performance score of 0-2
boplatin, were currently pregnant or likely to become pregnant, or had
a serious, uncontrolled endocrine disorder or concurrent medical con-
dition (hepatic, cardiovascular, other malignancy) at enrollment were
excluded. All dogs were recruited and treated at the author's institu-
tion (Texas A&M University College of Veterinary Medicine). Radia-
tion treatment was initiated for all dogs between 9/25/2018 and
1/13/2020.

Experimental protocols followed the animal care guidelines of the
author's institution (Texas A&M Animal Care and Use Committee).
Signed written owner consent was obtained prior to screening each
client owned dog.

A control population (n = 14) was identified from dogs treated at
the author's institution between 2009 and 2019. Dogs were included
in the control group if they were treated with standard of care treat-
ments only (amputation and four doses of carboplatin) and had no evi-

dence of metastatic disease until after completion of their
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chemotherapy protocol. Dogs included in the control group were
required to meet the same inclusion and exclusion criteria as the

treatment group.

2.2 | Treatment protocol

WLI was initiated 21-28 days after the final carboplatin treatment.
Prior to radiation therapy, a computed tomography (CT) image set of
the thorax was acquired for treatment planning. The patient was
scanned in a large bore (80 cm) CT scanner (Siemens Somatom Defini-
tion AS). Patients were scanned and treated in sternal recumbency
with a moldable positioning cushion (Vac-Lok™, Civco Medical Solu-
tions, Coralville, IW) and with an in-house canine-specific bite block
fixation device. The image set was transferred to a VelocityAl (Varian
Medical Systems Inc., Palo Alto, CA) workstation for contouring and
treatment planning. The gross tumour volume (GTV) was considered
to be 100% of the lung volume. No margin for clinical tumour volume
(CTV) was applied. Inhalation and exhalation breath-hold CT were per-
formed to characterize the respiratory motion envelope.?® Ninty five
percent of the planning target volume (PTV) was set to receive pre-
scription dose. No part of the PTV was allowed to receive greater
than 107% or less than 93% of prescription dose. Organs at risk were
defined as external (skin), bone, heart, spinal cord, oesophagus, stom-
ach, trachea, liver, left kidney and right kidney. Radiation was deliv-
ered using a linear accelerator (Tomotherapy, Inc., Madison, WI) using
6 MV photons. Dogs received a total of 17.5 Gy that was delivered in
10 daily fractions of 1.75 Gy. The intended protocol was to administer
daily fractions Monday through Friday in two consecutive weeks (over
a span of 12 days total). All dogs were placed under general anaesthe-
sia for treatment. Megavoltage CT images (approximately 3.0 cGy per
scan) of the thorax were obtained daily and used to confirm correct

patient positioning.

2.3 | Toxicity assessment
Toxicity during radiation therapy was assessed through daily patient
evaluations by the attending clinician and quality of life forms com-
pleted weekly by owners (Supplementary Figure S1). The quality of
life form asked the owner to assess if the following symptoms
occurred and/or necessitated a visit to a veterinarian: vomiting,
fatigue/lethargy, diarrhoea, rash, constipation, not eating or drinking,
respiratory distress, behavioural changes, urination changes and pain.
The form also provided a designated area to list any additional symp-
toms, comments or concerns. A complete blood count at the first and
sixth fractions of radiation was performed. Hematologic toxicities
were graded using the Veterinary Cooperative Oncology Group Com-
mon Toxicity Criteria for Adverse Events (VCOG-CTCAE).?? Toxicities
attributed to WLI were graded using the Veterinary Radiation Therapy
Oncology Group (VRTOG) acute morbidity scoring scheme.*°

Dogs were evaluated with thoracic radiographs 6 weeks after the

completion of WLI, and then every 8 weeks thereafter. At each visit a

physical exam was completed by the attending clinician and a quality

of life form was completed by the owner.

24 | Statistical analysis

Statistical analyses were conducted using a commercially available sta-
tistical software program (GraphPad Prism version 8.0.0 for Mac, Gra-
phPad Software, San Diego, CA, www.graphpad.com). DFI was defined
as the time from surgery (amputation) to the time of development of
any local, regional or distant metastasis. ST was defined as the time
from surgery (amputation) to death. Dogs were censored from DFI or
survival analysis if they were alive at the end of the study or died from
diseases unrelated to osteosarcoma. DFl and ST curves were generated
using the Kaplan-Meier product limit method and compared via log-

rank test with a P-value of <0.05 considered significant.

2.5 | Cellline validation statement
No cell lines were utilized for this research and no cell line validation

testing was performed.

3 | RESULTS

3.1 | Patientdata

A total of 19 client-owned dogs were screened for the treatment
group. Seven dogs were not enrolled in the study. Reasons for not
enrolling included surgical site infection resulting in a delay of chemo-
therapy >21 days following amputation (n = 1), progression of a
comorbidity (chronic renal disease, n = 1), and development of pulmo-
nary or bone metastasis prior to WLI (n = 5). Twelve dogs received
WLI and were included in the final analyses. Fourteen dogs were con-
temporaneously identified for the control population and consisted of
patients that were treated at the author's institution with amputation
and four doses of carboplatin. Animal and tumour characteristics are
included in Table 1 for dogs in the treatment group and Table 2 for
dogs in the control group. Dog breeds included in the treatment group
were mixed breed (n = 2) and one of each of the following: Labrador,
Rottweiler, Great Dane, Golden Retriever, Anatolian Shepherd, Boxer,
Pit Bull, Mastiff, Dutch Shepherd, Standard Poodle. Dog breeds in the
control group included Golden Retriever (n = 4), Greyhound (n = 2),
and one of each of the following: Labrador Retriever, mixed breed, Pit
Bull, Rottweiler, Mastiff, Irish Setter, Brittany Spaniel, and German
Shepherd. Histopathology of the primary tumour was available for all
dogs and confirmed a diagnosis of osteosarcoma. Histologic subtypes
for the treatment group included chondroblastic osteosarcoma
(n = 3), osteoblastic osteosarcoma (n = 2), and no subtype given
(n = 7). Histologic subtypes for the control group were similar, includ-
ing chondroblastic osteosarcoma (n = 1), osteoblastic osteosarcoma

(n = 3), fibroblastic osteosarcoma (n = 2), telangiectactic


http://www.graphpad.com

BREHM ET AL.

TABLE 1 Characteristics of dogs in WLI treatment group (n = 12)

at time of amputation

Median age, years (range)
Median weight, kg (range)
Sex

Male, castrated

Male, intact

Female, spayed

Location of tumour
Proximal humerus

Distal radius

Distal tibia

Proximal tibia

Proximal femur

Distal femur

Serum ALP

Low (<110 U/L)

High (>110 U/L)
Monocytes in circulation
Low (<400/uL)

High (>400/pL)
Lymphocytes in circulation
Low (<1000/pL)

High (>1000/pL)

TABLE 2 Characteristics of dogs in control group (n = 14) at time

of amputation

Median age, years (range)
Median weight, kg (range)
Sex

Male, castrated

Female, spayed

Location of tumour
Proximal humerus

Distal radius

Distal tibia

Proximal tibia

Serum ALP

Low (<110 U/L)

High (>110 U/L)
Monocytes in circulation
Low (<400/uL)

High (>400/pL)
Lymphocytes in circulation
Low (<1000/pL)

High (>1000/pL)

8.5(5.0-12.0)
36.0(17.0-62.0)
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osteosarcoma (n = 1) and no subtype given (n = 7). In the treatment
group, eight dogs had lymph nodes removed at the time of amputa-
tion; no lymph nodes were considered to be metastatic based on his-
topathologic evaluation. Similarly in the control group, six dogs had
lymph nodes removed at the time of amputation and no lymph nodes
were considered to be metastatic through histopathology.

3.2 | Chemotherapy side effects

All 12 dogs in the treatment group received four doses of carboplatin at
300 mg/m?. No dose reductions were required. Chemotherapy was well
tolerated. Three dogs developed grade 1 gastrointestinal toxicity. Four
dogs developed neutropenia; the worst reported grade was grade 1 in
2 dogs and grade 2 in 2 dogs. Six dogs developed thrombocytopenia; the
worst reported grade was grade 2 in 2 dogs, grade 3 in 3 dogs and grade
4 in 1 dog. Two dogs required a 1 week dose delay starting at the 2nd
dose of carboplatin to allow for hematologic toxicity recovery.

In the control arm, chemotherapy was similarly well tolerated.
The mean dose of carboplatin was 296 mg/m?. Two dogs required a
dose delay. One dog required a 1 week dose delay due to neutrope-
nia. One dog received a 2 week dose delay due to neutropenia and
scheduling issues. Eight dogs developed thrombocytopenia; the worst
reported grade was grade 1 in 1 dog, grade 2 in 1 dog, grade 3 in
5 dogs and grade 4 in 1 dog. Four dogs developed neutropenia; the
worst reported grade was grade 1 in 3 dogs and grade 3 in 1 dog. Five
dogs developed gastrointestinal toxicity; the worse reported grade

was grade 1 in 3 dogs and grade 2 in 2 dogs.

3.3 | Radiation therapy delivery

The mean time to delivery of radiation therapy was 26.1 days after the
last dose of chemotherapy (range 21-32 days) and 8.7 days after the
planning CT was performed (range 4-17 days). The intended protocol
was to administer daily fractions Monday through Friday in two con-
secutive weeks (over a span of 12 days total). Eight of 12 dogs com-
pleted the protocol with this schedule. Technical failures of the linear
accelerator resulted in delays in treatment for four dogs. This resulted
in one dog receiving the protocol over 14 days, two dogs received the
protocol over 15 days, and one dog received Monday-Friday treat-
ments but with a 1 week delay in between the first and second week
(19 days total). No biologically effective dose corrections were made
for cases that received the protocol over a longer period of time. It is
possible that acute toxicity was underestimated in these patients due
to prolongation of their protocol, but this was considered preferable to

increasing risk for late toxicity by increasing dose per fraction.

3.4 | Radiation therapy side effects

The most common side effect observed during radiation therapy was

weight loss. The mean percentage of body weight loss was 2% per
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TABLE 3 Hematologic side effects during radiation therapy
Fraction 6 Fraction 10
Patient Grade thrombocytopenia Grade neutropenia Grade thrombocytopenia Grade neutropenia
1 - - 1 0
2 1 0 = =
3 0 0 - -
4 0 0 - -
5 1 0 - -
6 1 0 - -
7 0 0 - -
8 1 0 2 1
9 0 0 - -
10 1 0 - -
11 0 0 - -
12 - - -

Note: Complete blood counts were obtained for each patient during the radiation protocol to monitor for hematologic toxicity. Toxicities were graded

according to VCOG-CTCAE v1.1.2¢

Note: “-” designates that a CBC was not obtained on the day of that radiation fraction.

dog (range —12% to +9% body weight). Based on owner completed
quality of life surveys, 11 of 12 dogs experienced no symptoms during
radiation therapy. One dog experienced a grade 1 non-productive
cough on the day of the tenth radiation fraction.®° Thoracic radio-
graphs were taken and did not reveal any pulmonary pathology. The
cough had resolved by the first 6-week recheck and was attributed to
tracheal irritation from repeated endotracheal intubation during radia-
tion therapy. No other symptoms or side effects were observed for
any other patient by attending clinicians via daily patient assessment
and physical exams during radiation therapy. Complete blood counts
were checked on the day of the first radiation fraction, the sixth radia-
tion fraction and the tenth radiation fraction in 11/12 dogs, 10/12
dogs and 2/12 dogs, respectively. Hematologic side effects noted dur-
ing radiation therapy are summarized in Table 3. One dog began radia-
tion therapy (fraction #1) with a grade 1 thrombocytopenia
presumably secondary to carboplatin administration 3 weeks prior. Six
dogs experienced a grade 1 thrombocytopenia during radiation (five
occurred at fraction six, one occurred at fraction ten). One dog had a
grade 2 thrombocytopenia and grade 1 neutropenia (both occurring at
fraction ten of radiation). Toxicity grading was performed according to
VCOG-CTCAE v1.1.2° Grade 1 thrombocytopenia included values
below the lower limit of normal to 100 000/uL. Grade 2 thrombocyto-
penia included values from 50 000 - 99 000/uL. Grade 1 neutropenia
included values below the lower limit of normal to 1500/pL. Acute
radiation therapy side effects other than hematologic toxicity were
not observed.

Each dog returned every eight weeks after radiation therapy for a
physical exam, quality of life survey and thoracic radiographs. No clini-
cally significant late radiation therapy side effects were noted. Quality
of life abnormalities reported after radiation therapy are summarized
in Table 4. At the 8 week post radiation recheck, one dog was

reported to have a lameness and one dog was reported to have

TABLE 4 Quality of life abnormalities reported after radiation
therapy
Timing after radiation

Patient Quality of life Abnormality therapy

1 - -

2 - -

3 Lethargy 32 weeks

4 - _

5 - -

6 — —

7 - -

8 Pain (Lameness) 8 weeks

9 - -

10 Pain (Lameness) 24 weeks

11 Pain (Lameness) 8, 16, 24, 32, 40 weeks®

12 Lethargy, diarrhoea 8 weeks

2The chronic lameness reported for patient 11 was attributed to a cranial
cruciate ligament injury through orthopaedic exam and stifle radiographs.
All other quality of life abnormalities depicted in this table were temporary
and resolved at subsequent recheck.

lethargy and intermittent diarrhoea. Both of these dogs had resolution
of their symptoms at subsequent recheck. At the 24 week post radia-
tion recheck, one dog was reported to have lameness which resolved
at subsequent recheck. One dog had a chronic lameness noted from
weeks 8 to 40 post radiation. This lameness was attributed to a cruci-
ate ligament injury by orthopaedic exam and radiographic investiga-
tion. At the 32 week recheck one dog was reported to have lethargy
which resolved at subsequent recheck. No other dogs had any symp-

toms reported by owners prior to documented progression of disease.
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TABLE S  Patient outcomes in WLI Patient Reason for disease progression DFI (days) Overall ST (days)
treatment group

1 Bone and pulmonary metastasis 228 229

2 Bone and pulmonary metastasis 219 539

3 Pulmonary metastasis 297 703

4 Pulmonary metastasis 376 672

5 Pulmonary metastasis 384 523

6 Pulmonary metastasis 250 353

7 Bone metastasis 421 421

8 Bone metastasis 218 219

9 Hemoabdomen; splenic stromal sarcoma 178 206

10 Acute onset hind limb paresis 255 255

11 Acute onset multi-organ dysfunction 269 269

12 Disease free at last follow up 516 516

No dogs had evidence of pulmonary pathology on thoracic radio-
graphs prior to disease progression. The median follow up time for

dogs after completion of WLI was 24 weeks.

3.5 | Outcomes
Patient outcomes are summarized in Table 5. Eight dogs developed
progressive disease suspected to be related to osteosarcoma. Of
these cases, four developed soft tissue pulmonary nodules on thoracic
radiographs suspected to represent metastases. Two dogs developed
bone and pulmonary metastasis concurrently. Two dogs
developed bone metastasis without evidence of pulmonary metastasis
(confirmed at necropsy). Three dogs developed new diseases not
suspected to be related to osteosarcoma. One of these dogs devel-
oped a hemoabdomen due to a splenic mass; histopathology con-
firmed the mass to be a grade Il splenic stromal sarcoma. The second
dog developed acute onset hind limb paresis and was euthanized. The
third dog developed acute onset multi-organ dysfunction and was
euthanized. One dog remained disease free with last documented fol-
low up at 385 days post amputation. Dogs considered to have pro-
gressive osteosarcoma were removed from study follow-up and were
allowed further treatments based on clinician and client preferences.
In the treated population, four dogs were censored from DFI
analysis. Dogs were censored for progression of disease unrelated to
osteosarcoma (n = 3) and for being still alive and disease free at
paper submission (n = 1). Seven dogs in the treated population were
censored from survival analysis. Dogs were censored from survival
analysis for death unrelated to osteosarcoma (n = 4), and for being
still alive at paper submission (n = 3). Median follow up for censored
dogs in the treated population was 516 days. In the control popula-
tion, four dogs were censored from DFI analysis. Dogs were cen-
sored for being still alive and disease free at paper submission
(n = 3) or progression of disease unrelated to osteosarcoma (n = 1).
Four dogs in the control population were censored from survival

analysis. Dogs were censored from survival analysis for death

Disease Free Survivial
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FIGURE 1 Disease free survival for WLI treated group compared

to control group. Kaplan-Meier curve depicting DFI in dogs treated
with standard of care plus WLI compared to control dogs treated with
standard of care treatments alone. The median DFI for treated dogs
was 376 days versus 304.5 days for the control group. Log-rank
analysis was not statistically significant (p = 0.5461). Tick marks
indicate censored cases

unrelated to osteosarcoma (n = 1) and for being still alive at paper
submission (n = 3). Median follow up for censored dogs in the con-
trol population was 514 days. The median DFI for dogs that received
WLI was 376 days (range 178-516 days). The median DFI for dogs
in the control population that did not receive WLI was 304.5 days
(range 98-1408 days). The DFls were not significantly different
between groups (p = 0.5461) (Figure 1). The median overall survival
for dogs that received WLI was 523 days (range 206-703 days). The
median overall survival for the control group was 379 days (range
127-1524 days). The overall ST was not significantly different
between groups (p = 0.4681) (Figure 2).
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FIGURE 2 Overall survival for WLI treated group compared to

control group. Kaplan-Meier curve depicting overall survival in dogs
treated with standard of care plus WLI compared to control dogs
treated with standard of care treatments alone. The median overall ST
for treated dogs was 523 versus 379 days for the control group. Log-
rank analysis was not statistically significant (p = 0.4681). Tick marks
indicated censored cases

Three dogs had necropsies performed. One dog had confirmation
of metastatic osteosarcoma to the lung and a rib, with no evidence of
pulmonary fibrosis. Two dogs had evidence of mild pulmonary fibrosis
(either peribronchiolar or subpleural) and confirmation of metastatic
osteosarcoma to bone.

4 | DISCUSSION

WLI was successfully administered to 12 dogs with appendicular oste-
osarcoma. All dogs that started WLI completed the protocol. WLI was
well tolerated, with no dogs experiencing symptoms attributable to
radiation toxicity. The dose limiting side effects for WLI in humans are
pneumonitis and pulmonary fibrosis. Fortunately no dogs in our treat-
ment group developed any symptoms of pneumonitis. In addition, no
radiographic evidence of pneumonitis was observed on radiographs
taken at the 6 week recheck after completion of radiation therapy,
nor on any subsequent recheck. CT has been shown to be most sensi-
tive in detecting density changes within the lung parenchyma that
reflect the development of pneumonitis or fibrosis.*® Future studies
could consider using this modality to monitor patients during the fol-
low up period. However, the detection of subclinical radiographic evi-
dence of pneumonitis or pulmonary fibrosis is of questionable
significance in our canine population. Two patients were found to
have mild pulmonary fibrosis at necropsy. These patients were not
experiencing symptoms of pulmonary disease prior to death. They
were euthanized at 4 months and 10 months post radiation therapy. It

is possible that if these patients had experienced a longer ST, they

may have developed symptoms related to reduced pulmonary compli-
ance or diffusion impairment.

Pulmonary function testing is routinely performed in humans to
evaluate for development of pulmonary fibrosis. When such testing is
performed in patients having received WLI, restrictive lung disorders
and changes in dynamic compliance are expected, although the major-
ity of patients with abnormal function tests still remain clinically unaf-
fected.2? Pulmonary function testing was not performed in dogs in
this study, mainly because this form of testing is not readily available
in clinical veterinary medicine. The fact that function testing does not
correlate with development of symptoms in people supports the use
of objective quality of life measurements as an acceptable alternative.
Quality of life assessment via owner survey during and after radiation
therapy in this study suggested a good quality of life in our treated
patients. One dog was reported to be experiencing lethargy at the
32-week follow-up; however this had resolved by the 40-week follow
up date. No other changes in respiratory patterns, exercise tolerance
or energy level were reported.

During radiation therapy the most common hematologic toxicity
was a mild thrombocytopenia. This finding is thought to mainly be
related to a consumptive process secondary to radiation therapy.
After ionizing radiation is delivered to the lung parenchyma, the for-
mation of reactive oxygen species and DNA strand breaks results in
inflammatory cytokine release and inflammatory cell infiltration.*®
This inflammatory response, along with direct endothelial cell loss,
leads to increased vascular permeability throughout the lungs.5?
These changes result in platelet activation and adhesion as they tra-
verse the pulmonary vasculature, and platelets are taken out of circu-
lation. Direct cytotoxicity to platelet precursors within the bone
marrow may play a minor role in the thrombocytopenias observed in
our patients. One patient in this study developed a grade | neutrope-
nia, which was likely the result of toxicity to granulocyte precursors
within the bone marrow of the ribs.

The DFI was not significantly increased in the WLI treated popu-
lation compared to the control group. The median DFI of 376 days for
the treatment group is longer than some historically reported medians
for dogs undergoing amputation and various chemotherapy protocols,
however, this study selected for patients that completed standard of
care treatments.®273¢ Thus, there is a bias towards a longer survival in
our patient population compared to studies where the intent-to-treat
mark was amputation or the first dose of chemotherapy. Several fac-
tors could explain the lack of statistically significant improvement in
ST following WLI compared to this study's control population. Most
importantly, the study groups were underpowered and a much larger
patient population would be required to determine if WLI would
improve disease free or overall survival. A post hoc power analysis
was performed using the data generated in this study where the out-
come was set as the time to failure. For this parallel trial analysis the
significant level was set at 0.05 and the power at 0.8.3” This analysis
determined that a total of 117 dogs would be needed to complete a
parallel group clinical trial where enrolled dogs would be randomly
assigned to either a standard of care carboplatin arm or a standard of

care plus WLI arm.
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In addition to a lack of statistical power to detect a difference in
outcome between treated and control populations, it is important to
consider other factors which could influence the efficacy of WLI as an
adjuvant therapy for canine osteosarcoma. It is possible that the total
dose of irradiation delivered in this protocol is not enough to result in
meaningful cytotoxicity to pulmonary micro-metastatic lesions. A pre-
vious study in humans evaluated patients with osteosarcoma that
have pulmonary metastatic lesions just invisible on radiographs (less
than 5 mm). It was determined that in one of four patients, those
<5 mm pulmonary nodules will contain <100 000 tumour cells.>®
Based on the osteosarcoma D10-value (decimal reduction value) of
4 Gy and a tumour volume of 100 000 cells, a total dose of five times
the value of D10 (20 Gy, 2 Gy/fx) should be sufficient to reduce the
tumour population to less than one cell.” However the actual cell sur-
vival curve for dogs may differ from this human model and does not
account for inherent radiation resistance in some tumour cell subpop-
ulations. The total dose administered in this study was chosen based
on published efficacy in humans and the preliminary safety studies in
dogs. Due to the potentially life threatening and late onset side
effects of WLI, a dose escalation trial in our patient population was
considered unethical.

A second factor that could have contributed to lack of improve-
ment in ST for the treatment group may be related to the timing of
administration of WLI. This study chose to administer WLI after the
completion of chemotherapy, as to not delay or withhold standard of
care therapy for client owned animals. However, it is possible that by
waiting until after completion of chemotherapy, we have allowed for
microscopic  metastatic lesions to develop patterns of
chemoresistance that translate to radiation resistance. The timing
of WLI in combination with chemotherapy in human trials for osteo-
sarcoma is variable. One trial administered WLI after the induction
phase (9 weeks) of adjuvant multi-agent chemotherapy. Another
study allowed some patients to receive WLI immediately after local
therapy, while others received one dose of doxorubicin prior to WLI,
and then completed the remainder of their doxorubicin protocol.*32°
WLI may provide more therapeutic benefit if administered earlier in
the disease process, such as immediately after amputation or in com-
bination with adjuvant chemotherapy.

Finally, our inability to observe a significant improvement in DFI
in this patient population does not necessarily indicate that WLI
would not be beneficial in any patient. It is possible that WLI may be
of benefit to specific patients and tumour types, such as those with a
poor response to chemotherapy. Previous studies have shown that
percent necrosis of the primary tumour after neoadjuvant chemother-
apy with doxorubicin is able to predict survival, and that different
gene expression patterns can predict chemotherapy response and
clinical outcome.®>3 Therefore it may be more prudent in future stud-
ies to consider the use of WLI in specific patient populations that are
predicted to be poor responders to chemotherapy.

Limitations of this study include a small population size and a lack
of randomization between treatment and control groups. In addition
to a lack of statistical power to be able to detect a difference in out-

come, the treatment group size of 12 may not have allowed for
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observation of an idiosyncratic or potentially rare adverse event. The
average follow-up time for dogs in this study was 6 months after radi-
ation therapy was completed. Pulmonary fibrosis is known to develop
9-12 months after radiation therapy.?? Therefore, the incidence of
this late term side effect may be lower than would be expected if
follow-up time was longer. However it is worth noting that most dogs
(n = 8) experienced disease progression from osteosarcoma during
the follow-up period, and therefore a larger study may still not result
in longer follow up times. Dogs were not randomized into treatment
versus control groups. Care was taken to match the control group to
the treatment group as much as possible in terms of disease status
and standard of care treatment schedule. Many dogs in the control
group were a part of a standard of care arm in contemporaneous clini-
cal trials at the author's institution, which allowed for thorough stag-
ing and follow-up in that group. However, the control population did
not have a uniformly standard follow-up schedule, which could have
influenced the DFI and ST calculations.

In conclusion, this study supports the safety and feasibility of WLI
in dogs. It emphasizes the need for further studies to confirm the
expected acute and late term side effect profile. Adjustments in
the timing of WLI compared to standard of care local and systemic
treatments should be investigated with a larger, randomized clinical
trial. In addition, delineation of osteosarcoma patient populations that
display early chemoresistance may allow for the benefit of WLI to be
further elucidated.
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