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ABSTRACT
Pet dogs with naturally occurring cancers provide valuable models for comparative oncology and pathology tumour registries 
offer a powerful resource for onco-epidemiological research. Here, we analysed the Small Animal Veterinary Surveillance 
Network (SAVSNET) pathology-based tumour registry (PTR), one of the largest veterinary tumour registries to date, focusing on 
four major canine tumours: mast cell tumour (MCT), osteosarcoma (OSA), haemangiosarcoma (HSA), and melanoma (MEL). A 
case–control study was conducted using a subset of 130 998 histologically confirmed tumours drawn from the pathology tumour 
registry containing over 1.1 million canine tumour records from 1.02 million dogs collected in the UK between 2010 and 2023. 
Case–control analyses were performed for melanoma, haemangiosarcoma, OSA and MCT using a denominator population of 
dogs attending first-opinion veterinary practices. Additionally for MCT, comparisons were made against dogs diagnosed with 
other tumour types (‘tumour denominator’ approach). Breed-specific risks were identified, including high odds ratios (OR) for 
Bulldog-related breeds and Retrievers with mast cell tumours (MCTs) (OR up to 6.8, 95% CI 6.0, 7.6), Rottweilers, Shar Pei and 
Giant-Schnauzer with melanoma (OR up to 50.3, 95% CI 24.7, 102.5), and German Shepherd Dogs, Mastiffs, and Bullmastiffs 
with haemangiosarcoma (OR up to 28.0, 95% CI 10.6, 40.9). Higher-grade MCT were diagnosed at older ages and certain breeds 
were more predisposed to higher-grade MCT (Shar Pei, Rottweiler) while others were more prone to low-grade MCTs (Boxer, 
Boston Terrier). Neutered dogs generally had higher tumour odds than entire dogs; for example, in MCTs, female-neutered vs. 
female-entire showed OR 1.81 (95% CI 1.6, 2.0) in ages 3–6, with similar patterns across older age bands. In general, the differ-
ence in OR values between entire and neutered dogs was consistently more pronounced in females than in males. These findings 
demonstrate the value of the SAVSNET PTR as a comprehensive resource for canine tumour surveillance, with potential to sup-
port health initiatives and cancer research by identifying breed-specific and demographic risk factors as well as a foundational 
tool for comparative cancer epidemiology.
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1   |   Introduction

For more than 10 000 years, dogs and humans have co-evolved 
[1], thriving in shared environments and facing similar chal-
lenges, such as food scarcity, hostile climates, a diverse range 
of infectious diseases, and more recently, chemical pollution [2].

There is increasing evidence that the narrowing of genetic het-
erogeneity within dog breeds alongside the shared environment 
of humans and dogs makes several spontaneous canine cancers 
occurring in immunocompetent free-living pet dogs an invalu-
able comparative tool for cancer investigations [1]. For example, 
canine haemangiosarcoma(HSA), which mirrors human an-
giosarcoma, occurs more frequently in dogs, making it a strong 
model for understanding disease mechanisms and evaluating 
novel treatments. In osteosarcomas (OSAs), large-breed dogs 
have provided critical insights into tumour biology and drug 
development that would be difficult to achieve in human stud-
ies. The increasing use of canine models in biomarker discovery 
and targeted therapy validation highlights their growing role in 
translational cancer research [3].

Cancer in pet dogs is also a problem with its own societal rele-
vance. There are now millions of pet dogs worldwide that provide 
a variety of benefits to their owner families [4]. Cancer is now 
recognised as the most frequent cause of death in pet dogs, both 
in Europe [5, 6] and the US [7] and the commercial Veterinary 
Oncology market for companion animals is estimated at USD 
1.18 billion in 2023 [8].

Recognising One Health Opportunities, the Global Initiative 
for Veterinary Cancer Surveillance (GIVCS) was launched in 
2018 [9] to promote international collaboration in developing 
and linking cancer registries worldwide [9]. In 2021, the first 
version of the Small Animal Veterinary Surveillance Network 
(SAVSNET) pathology-based tumour registry (PTR) was pub-
lished [10]. This included more than 100 000 tumours identified 
by applying rule-based text-mining techniques to more than 
180 000 electronic pathology records (EPR) pertaining to UK 
dogs and cats seen in veterinary practice and sampled during 
routine veterinary practice and diagnosed between April 2018 
to June 2019.

Although large in size, the utility of this PTR was limited by its 
short duration of coverage. In this study, we developed a much 
larger PTR, using an expanded collection of EPRs received by 
SAVSNET over the last decade to provide a dataset of more than 
a million canine and feline tumours. To our knowledge, this is 
the largest dataset of its kind at the time of writing.

Concomitantly, we have developed tools to enhance the robust-
ness of data accrual and processing in near real-time to enhance 
the usability for surveillance. We also established a relevant de-
nominator database derived from the electronic health records 
(EHRs) of pet dogs attending UK first-opinion veterinary prac-
tices [11].

To test these enhanced functionalities, in this study, we provide 
an analysis of four tumour types. The first three, melanomas, 
osteosarcoma, and haemangiosarcoma, are tumours for which 
the dog tumour has been proposed as a One Medicine model for 

their human counterparts [1, 2]. The fourth, mast cell tumours, 
are the most frequently diagnosed malignant tumours in dogs 
[12] and are therefore of significant veterinary interest.

Canine melanomas (MEL), especially those located in the oral 
cavity, digits, and uveal tract, are highly relevant models of 
non-UV-induced melanoma in humans. Unlike the more com-
mon UV-induced cutaneous melanomas frequently diagnosed 
in fair-skinned humans, these subtypes are rarer, carry poorer 
prognoses, and are more prevalent in individuals with darker 
pigmentation [13, 14]. Dogs spontaneously develop melanomas 
at these anatomical sites more frequently, often with breed-
specific predispositions, providing an opportunity to investigate 
both somatic mutations and germline risk factors [13, 14].

Canine haemangiosarcoma (HSA) is a common and aggressive 
cancer of endothelial origin [15] that closely mirrors the human 
counterpart, angiosarcoma (AS) [16], which is a rare but aggres-
sive malignancy. While AS present's challenges for research 
due to its low incidence and clinical heterogeneity, dogs spon-
taneously develop HSA at much higher frequencies, making 
them valuable models for translational studies [17]. Molecular 
profiling has revealed shared driver mutations such as NRAS 
(neuroblastoma RAS viral oncogene homolog), TP53 (tumour 
protein p53), or KIT (KIT proto-oncogene receptor tyrosine ki-
nase), along with activation pathways like the PI3K pathway in 
both species [17].

Osteosarcoma (OSA) is the most common primary bone tu-
mour in both dogs and humans. While it is a rare malignancy 
in humans, particularly affecting adolescents and young adults, 
it is relatively common in large and giant breed dogs. Canine 
OSA shares key biological, molecular, and clinical features with 
human OSA, including aggressive behaviour, early metasta-
sis, and recurrent mutation or copy number alteration of TP53 
[18, 19].

These parallels in histopathology, molecular features, and clini-
cal behaviour across tumour types position canine cancers such 
as haemangiosarcoma, melanoma, and OSA as robust sponta-
neous models for human disease, playing a key role in testing 
immunotherapies and novel targeted treatments, investigating 
risk factors like body size and replicative stress, and accelerating 
the discovery of molecular targets and predictive biomarkers for 
improved translational outcomes, particularly in paediatric and 
rare human cancers [13, 17, 18].

Mast cell tumours (MCTs) are the most commonly diagnosed 
malignant skin neoplasm in dogs, accounting for a significant 
proportion of all canine tumours across multiple studies and re-
gions, including the UK [20], Germany [21], Switzerland [12], 
Italy [22], Denmark [23], Portugal [24], Spain [25], the US [26], 
South Korea [27] and Australia [28].

Although MCTs are not established models to specific human 
tumours, they are recognised to be of comparative interest due 
to shared molecular features in relation to mutations in the KIT 
Proto-Oncogene Receptor Tyrosine Kinase (KIT) [29, 30].

The aim of this study was to characterise these four major 
tumour types in the canine population using data from the 
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SAVSNET pathology tumour registry (PTR). By leveraging this 
large-scale dataset, we aimed to describe epidemiological pat-
terns by breed, age, sex, and neuter status.

More specifically, the aims of this study were to: (a) evaluate 
the frequency of four major tumour types: MCT, MEL, HSA, 
and OSA in the SAVSNET PTR and assess temporal trends in 
their diagnosis over the study period; (b) provide a descriptive 
analysis of each tumour type, including anatomical distribu-
tion and age at diagnosis, and explore associations between 
histological grade and age or breed in the case of MCT; (c) 
investigate breed-specific odds of tumour diagnosis using 
multivariable models adjusted for age, sex, and neuter status; 
(d) assess the influence of neuter status across sex and age 
groups on the odds of tumour occurrence, with a focus on sex-
hormone–sensitive patterns.

2   |   Materials and Methods

SAVSNET receives veterinary data from two main sources: 
veterinary clinicians (vet data) and diagnostic laboratories 
(lab data).

The laboratory data includes pathology reports (histologies and 
cytologies) identified and classified under the label ‘Pathologist 
Report’. The current version of the PTR contains cytology and 
histopathology reports submitted between January 2010 to 
December 2023 from three UK veterinary laboratories (IDEXX 
Laboratories, the Veterinary Pathology Group (VPG) and Batt 
Laboratories Ltd).

For the PTR, the first step involves filtering pathology reports 
from SAVSNET lab data and, from this filtered dataset, only 
reports that contain a diagnosis of cancer (inclusion criteria) 
within the diagnosis/interpretation section of the report are 
retained.

In this sense, a tumour diagnosis was assigned when an exact 
text string match was detected in the diagnosis/interpretation 
section of the electronic pathology report (EPR). This match-
ing process was conducted using Python (PY) scripts (version 
3.12.7) (described in the Supporting Information [PY script] in 
Data S2) which identify terms from a tailored list based on the 
Vet-ICD-O Canine-1 [31] and, complementary, sources such as 
‘Tumours of Domestic Animals’ [32].

Beyond identifying tumour diagnosis, the PY scripts performed 
additional data processing and cleaning operations to generate 
the final normalised dataset including standardised terminol-
ogy for anatomical locations, grades, and breeds. It also removed 
false-positive narratives (such as reports containing expressions 
such as ‘no evidence’, ‘no neoplas’, ‘no tumo’, ‘no remain’ or 
‘inconclusive’).

For this study, we included a canine subset of the PTR com-
prised of mast cell tumours (MCTs), melanomas (MEL), hae-
mangiosarcomas (HSA) and OSAs confirmed by histology 
(Table 1). Reports including any of these four diagnoses along 
with an additional alternative differential diagnosis such as for 
example, ‘chondrosarcoma vs chondroblastic osteosarcoma’ or 

‘dermal melanoma, most likely benign (syn. melanocytoma)’ 
were excluded.

For exploratory analysis, MEL and HSA cases were stratified ac-
cording to their more common anatomical locations, as follows: 
(1) Oral MEL (those found within the oral cavity); (2) Cutaneous 
MEL (those located on the haired skin); (3) Cutaneous digital 
MEL (those located on the digits, toes, claws, nail bed, foot-
pad, phalanges, or ungual regions) [13]; and (4) Uveal MEL (lo-
cated within the eye and adnexal tissues). Haemangiosarcomas 
were classified as follows: (1) Splenic HSA (those found in the 
spleen); and (2) Cutaneous HSA (located in the external parts 
of the body).

We then conducted a case–control study to evaluate the role 
of breed, age, sex, and neuter status as risk factors for each of 

TABLE 1    |    Number of mast cell tumours, melanomas, 
haemangiosarcomas, and osteosarcomas identified during the study 
period, and numbers of dogs included in the case–control analyses.

Tumour type Tumours (n)

% of all 
reported 
tumours

Descriptive analysis

Mast cell tumour 97 879 13.2%

Melanoma 16 964 2.3%

Haemangiosarcoma 11 308 1.5%

Osteosarcoma 4847 0.7%

130 998

Tumour type Cases (dogs, n)
Controls 
(dogs, n)*

Case–control analyses

Mast cell tumour 24 735 83 365

Oral melanoma 3889 88 382

Cutaneous melanoma 2059 87 966

Cutaneous digital 
melanoma

835 62 731

Uveal melanoma 644 69 409

Splenic 
haemangiosarcoma

2380 79 858

Cutaneous 
haemangiosarcoma

1820 82 686

Osteosarcoma 2166 83 131

38 528

Mast cell tumour 
(univariable tumour-
denominator model)

68 235 440 366

Note: The descriptive analysis includes all records of the four tumour types 
under study (n = 130 998). The case–control analyses comprised a main 
multivariable model, performed for all tumour types using dogs attending first-
opinion practices as the reference population, and a complementary univariable 
tumour-denominator model, conducted only for mast cell tumours and using 
dogs diagnosed with other tumour types as the control population.



327Veterinary and Comparative Oncology, 2026

the cancers under study. For this study we used a dog popula-
tion comprised of dogs presented to 73 UK first opinion veter-
inary premises (vet data) between the period January 2014 and 
December 2023 as a reference\control population.

The case group included dogs diagnosed with at least one of 
the tumours under study, ensuring that multiple diagnoses of 
the same tumour type in a single individual (for instance, two 
MCTS) were counted as one case.

To prevent overlap between cases and controls, we generated a 
unique identifier (Dog_ID) for each dog in both the PTR dataset 
and vet data, using date of birth (DOB), breed, vet-postcode, and 
sex, formatted as follows:

Records with missing values for any of these variables were re-
moved. For each tumour type, a specific denominator popula-
tion was constructed by excluding dogs whose Dog_ID matched 
cases of that particular tumour. The final cases included on the 
case–control analysis are shown in Table 1.

Statistical analyses were performed using R software (version 
4.4.1). Categorical variables were summarised as numbers and 
percentages, and age was expressed as median and interquartile 
range (IQR) although only for preliminary assessments of com-
parability between cases and controls, Welch's t-test was used to 
compare mean ages.

Normality was firstly assessed using the Anderson-Darling 
test for datasets with more than 5000 observations and the 
Shapiro–Wilk test for smaller samples. For comparisons be-
tween more than two groups, we used the Kruskal-Wallis 
test, followed by post hoc pairwise comparisons using the 
Conover test when significant differences were detected. For 
two-group comparisons, the Wilcoxon rank-sum test (Mann–
Whitney U test) was used. Associations in contingency tables 
were assessed using the Chi-square test. Additionally, changes 
in the relative proportion of tumour types over time were an-
alysed using the two-sample proportion test, comparing the 
frequency of each tumour type at the beginning and end of 
the study period.

Logistic regression (binomial family) was performed using 
the glm() function from base R (stats package) to assess the 
association between dog breed and the odds of tumours. The 
main multivariable model included breed (restricted to breeds 
with at least five individuals and at least as many controls as 
cases), age group, and sex/neuter status (four categories: fe-
male neutered, female entire, male neutered, and male entire), 
with an interaction term between sex and age group model 
<− glm(group ~ Breed + Sex*groupedAge, data = study_data, 
family = ‘binomial’).

To minimise age-related confounding, individuals younger than 
2 and older than 18 years were excluded, which reduced the mean 
age difference between cases and controls to < 1 year (cases: 
8.55 ± 2.60; controls: 7.43 ± 3.61; Welch's t-test, p < 0.0001). For 

further direct comparisons between sex and neuter status com-
binations, estimated marginal means (EMMs) were computed 
on the link scale within each age group using the emmeans() 
function, and post hoc pairwise contrasts were obtained via 
Tukey's adjustment.

Because the predefined inclusion criteria (≥ 5 individuals per 
breed and at least as many controls as cases) excluded some 
well-documented high-risk breeds for MCT (e.g., there were 
17 691 Boxer cases, 6616 French Bulldog cases, and 7900 Pug 
cases in the tumour group, but only 1079 Boxers, 577 French 
Bulldogs, and 795 Pugs in the control population), we there-
fore implemented an alternative approach frequently applied 
in cancer-registry studies in the absence of suitable population 
denominators [33], performing a complementary univariable 
tumour-denominator analysis restricted to this tumour type. 
This model was restricted to dogs diagnosed with tumours and 
breeds with at least five individuals. The binary outcome was 
the diagnosis of MCT versus other tumour types, using the total 
number of tumours affecting each breed as the denominator in-
stead of animals attending veterinary practices.

For both analyses, crossbreeds were used as the reference cat-
egory. In this sense, dogs with a clearly specified breed were 
classified accordingly while any combination or mixed-breed 
descriptions were categorised as crossbreeds, and dogs with no 
breed information were labelled as NA and excluded from anal-
yses involving breed. In all tests, exact p-values and 95% confi-
dence intervals (CIs) were reported.

3   |   Results

The frequency of diagnosis of each tumour increased during 
the study period (Supporting Information Figure  S1) but 
the mean number of diagnoses per affected dog for each tu-
mour type over the study period remained stable (Supporting 
Information Table  S1) with MCTs showing the highest av-
erage number of diagnoses (1.10), followed by HSAs (1.025), 
MELs (1.033) and OSAs, which have the lowest mean (1.011). 
The 95% CI across all tumour types ranged from 1.011 to 1.10 
suggesting that for the majority of dogs under study only one 
tumour was reported with minimal evidence of multiple si-
multaneous diagnoses.

Additionally, slight but significant changes in the relative pro-
portion of MCTs, HSAs, and OSAs occurred from January 
2010 to December 2023 (p < 0.05, proportion test), as shown in 
Table 2, while proportions of MELs remained stable.

4   |   Mast Cell Tumours

MCTs predominantly affected the skin (n = 86 087; 91%) while 
the oral cavity (n = 1831; 1.9%) and lymph node (n = 1629; 
1.7%) were the most predominant non-cutaneous locations 
(Supporting Information Table S2a,b).

Concerning grades of MCT, from those with available infor-
mation for the Patnaik's (3-tier) histological grading system 
(Supporting Information Table S3), 90.1% were graded as Grade 

Breed+ +Sex+ +DOB+ +Vet−Postcode (e. g. ,Crossbreed

+ +Male+ +07∕05∕2009+ +vet−postcodexx)
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2, followed by Grade 1 and Grade 3, while for the Kiupel's (2-
tier) approach, the relation for High-Grade and Low-Grade was 
15.5% to 84.5% respectively (Supporting Information Table S4). 
MCT were generally diagnosed in the latter part of middle age 
(8 years IQR: 6, 10) (Supporting Information statistical anal-
ysis for MCT) with ranges (6–9) and (9–12) showing the larg-
est odds when compared with the reference group (3–6) years 
(Supporting Information Table S5).

Additionally, higher grades MCTs were significantly more com-
mon in older dogs across both Patnaik and Kiupel histologic 
grading systems (Supporting Information statistical analysis for 
MCT in Data S2).

For the Patnaik approach, the Kruskal-Wallis test revealed a sig-
nificant difference in age across the three grades (χ2 = 711.69, 
df = 2, p < 0.0001) and post hoc Conover's test confirmed that 
all pairwise comparisons were statistically significant (Grade 2 
vs. Grade 1, Grade 3 vs. Grade 1, and Grade 3 vs. Grade 2, all 
p < 0.0001) (Supporting Information statistical analysis for MCT 
in Data S2).

For those graded as High or Low grade (Kiupel approach), the 
Wilcoxon rank-sum test confirmed a statistically significant dif-
ference between both groups (W = 187 740 287, p < 0.0001), indi-
cating that high-grade MCTs are more frequently diagnosed in 
older dogs (Supporting Information statistical analysis for MCT 
in Data S2).

When it comes to breeds, Hungarian Vizsla (OR: 2.61 [2.20, 
3.10]), Irish Terrier (OR: 2.20 [1.54, 3.17]), and Labrador 
Retriever (OR: 2.12 [2.03, 2.22]) showed greater odds for MCT, 
while Cavalier King Charles Spaniel (OR: 0.025 [0.02, 0.04]) 
and Poodle (Toy) (OR: 0.07395 [0.03, 0.16]) had the lowest 
(Supporting Information Table S5).

Additionally, in Table  3, when analysing ORs of MCT in con-
trast with other tumour diagnoses across different breeds 
(complementary univariable tumour-denominator model), 
bulldog-related breeds such as Boston Terrier, Staffordshire Bull 
Terrier and Boxer, along with Retrievers (Curly Coated, Nova 
Scotia Duck Tolling, Golden and Labrador) and Shar Pei showed 
significantly greater odds when compared with Crossbreed dogs.

Certain breeds showed a clear tendency toward either higher or 
lower grade MCT forms. For instance, according to the Patnaik 
grading scheme (Supporting Information Table S7), crossbreed 
dogs (n = 7992) were assigned Grade 3 with a frequency of 4.9% 
while Gordon Setter (n = 14), Leonberger (n = 17), and Shar Pei 
(n = 368) had Grade 3 tumours in 42.9%, 29.4%, and 23.1% of 
cases, respectively.

Under the Kiupel grading system (Supporting Information 
Table  S8), crossbreed dogs (n = 6159) were classified as high-
grade in 16.2% of cases. In contrast, MCTs in Shar Pei (n = 268) 
were graded high-grade in 54.1% of cases, whereas MCTs in 
Pugs (n = 2988) were high-grade in only 2.15% of cases.

Regarding sex, when comparing ME with FE dogs, the only sig-
nificant difference was within 3–6 years old where FE showed 
a lower odd of developing MCT compared to ME (OR: 0.8 
[0.7–0.9]) (Supporting Information Table S9).

For neuter status, MN showed significantly higher odds than 
ME from 3 to 15 years old with ORs from 1.4 [1.2, 1.5] to 1.7 [1.4, 
2.0] while FN showed greater odds than FE for all ages with ORs 
ranging from 1.7 [1.6, 1.9] to 2.3 [1.3, 4.2].

5   |   Melanomas

Melanomas were analysed according to the most common to-
pographies (Table  4): oral cavity (oral melanoma), eye/adnexa 
(uveal melanoma), digits (cutaneous digital melanoma) and skin 
other than the digits (cutaneous melanoma).

Significant differences in age at diagnosis were found across 
melanoma topographies (χ2 = 1170, df = 3, p < 0.0001) and, 
when comparing topographies to each other, oral melanomas 
were diagnosed at a significantly older age (11.50 years IQR: 
10.00, 13.00) than cutaneous (9.92 years IQR: 7.83, 11.58), cu-
taneous digital (10.00 years IQR: 8.00, 11.58) and uveal mel-
anoma (9.42 years IQR: 7.08, 11.33). No significant difference 
was found between cutaneous and cutaneous digital melanoma 
(Supporting Information statistical analysis for melanomas in 
Data S2). Regarding breeds (Table 5), Rottweiler and Shar Pei 
ranked among the top five high-odds breeds for three out of 
the four melanoma topographies. In contrast, Border Collie ap-
peared among the five lowest-odds breeds for three out of the 
four melanoma topographies.

Across all but uveal MEL topographies, and from 6 years old on-
wards, FE showed significantly lower odds of developing MEL 
compared to ME in animals ranging from 0.4 [0.2, 0.6] to 0.6 
[0.5, 0.9] (Supporting Information Table S11a–d).

MN showed significant higher odds than ME in dogs older 
than 9 years old for oral MEL ([9–12] years: OR: 1.2 [1.1, 1.4]; 
12–15 years: OR: 1.4 [1.2, 1.7]) and digital MEL (9–12 years: OR: 
1.7 [1.3, 2.4]).

A similar pattern was observed when comparing FN with 
FE dogs although in this case, significantly greater odds 

TABLE 2    |    Changes in relative proportion of tumour types over time.

2010 2023 Difference (95% CI) p

Mast cell tumour 12.81% 13.56% 0.75% (0.29%, 1.22%) 0.002

Melanoma 2.27% 2.41% 0.14% (−0.08%, 0.35%) 0.215

Haemangiosarcoma 1.65% 1.45% −0.20% (−0.38%, −0.03%) 0.019

Osteosarcoma 0.67% 0.50% −0.17% (−0.28%, −0.06%) 0.001
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TABLE 3    |    Breeds with significantly increased odds of mast cell tumour diagnosis compared with crossbreeds from the complementary 
univariable tumour-denominator model.

Breed OR 95% CI p n (%) (Controls) n (%) (Cases)

Boston terrier 6.8 [6.0, 7.6] < 0.001 651 (0.1) 589 (0.9)

Retriever (curly coated) 5.9 [4.1, 8.6] < 0.001 62 (0.0) 49 (0.1)

Hungarian wirehaired vizsla 5.2 [2.0, 13.7] < 0.001 10 (0.0) 7 (0.0)

Shar pei 3.8 [3.4, 4.3] < 0.001 883 (0.2) 452 (0.7)

Boxer 3.7 [3.6, 3.8] < 0.001 13 746 (3.1) 6834 (10.0)

Staffordshire bull terrier 3.6 [3.5, 3.7] < 0.001 23 617 (5.4) 11 301 (16.6)

American bulldog 3.5 [2.5, 4.8] < 0.001 108 (0.0) 50 (0.1)

Pit bull terrier 3.3 [1.3, 7.9] 0.009 16 (0.0) 7 (0.0)

Spaniel (sussex) 3.2 [2.1, 4.8] < 0.001 77 (0.0) 33 (0.0)

Weimaraner 3 [2.8, 3.3] < 0.001 2352 (0.5) 954 (1.4)

Retriever (nova scotia duck tolling) 2.9 [1.6, 5.4] < 0.001 36 (0.0) 14 (0.0)

American staffordshire terrier 2.8 [2.0, 3.7] < 0.001 152 (0.0) 56 (0.1)

Pharaoh hound 2.5 [1.1, 5.9] 0.037 21 (0.0) 7 (0.0)

French bulldog 2.4 [2.2, 2.5] < 0.001 4749 (1.1) 1512 (2.2)

Retriever (golden) 2.3 [2.2, 2.4] < 0.001 11 952 (2.7) 3670 (5.4)

Spaniel (irish water) 2.3 [1.6, 3.1] < 0.001 152 (0.0) 46 (0.1)

Bullmastiff 2.2 [1.9, 2.5] < 0.001 1206 (0.3) 353 (0.5)

Retriever (labrador) 2.1 [2.1, 2.2] < 0.001 52 471 (11.9) 15 062 (22.1)

Retriever (generic) 2.1 [1.9, 2.3] < 0.001 2161 (0.5) 610 (0.9)

Canaan dog 1.9 [0.8, 4.6] 0.172 24 (0.0) 6 (0.0)

Manchester terrier 1.9 [1.3, 2.7] < 0.001 140 (0.0) 35 (0.1)

Mastiff 1.7 [1.4, 2.0] < 0.001 750 (0.2) 169 (0.2)

Bulldog 1.6 [1.5, 1.7] < 0.001 4027 (0.9) 845 (1.2)

Bull terrier 1.6 [1.4, 1.7] < 0.001 1941 (0.4) 404 (0.6)

Irish terrier 1.4 [1.1, 1.8] 0.004 424 (0.1) 81 (0.1)

New zealand huntaway 1.4 [0.5, 3.6] 0.506 27 (0.0) 5 (0.0)

Italian greyhound 1.4 [0.9, 2.1] 0.165 138 (0.0) 25 (0.0)

Bernese mountain dog 1.3 [1.1, 1.6] 0.006 790 (0.2) 137 (0.2)

Goldendoodle 1.3 [0.5, 3.3] 0.602 29 (0.0) 5 (0.0)

Beagle 1.2 [1.1, 1.3] < 0.001 5654 (1.3) 927 (1.4)

Unknown 1.2 [0.7, 2.0] 0.431 110 (0.0) 18 (0.0)

Hungarian vizsla 1.2 [1.1, 1.3] < 0.001 2778 (0.6) 447 (0.7)

Maltese 1.2 [1.0, 1.5] 0.120 638 (0.1) 101 (0.1)

Jack russell terrier 1.1 [1.1, 1.2] < 0.001 18 683 (4.2) 2795 (4.1)

Norwich terrier 1.1 [0.5, 2.1] 0.857 63 (0.0) 9 (0.0)

Parson russell terrier 1 [0.8, 1.4] 0.792 388 (0.1) 54 (0.1)

Great dane 1 [0.8, 1.3] 0.774 724 (0.2) 100 (0.1)

Norfolk terrier 1 [0.7, 1.4] 0.971 334 (0.1) 45 (0.1)

Crossbreed 1 76 258 (17.3) 10 214 (15.0)

Note: Reference category for the breed variable: crossbreed (OR = 1). Model restricted to dogs diagnosed with tumours. Complete logistic regression results are provided 
in Supporting Information Table S6.
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were observed for uveal MEL from 6–9 (OR: 2.2 [1.2, 4.1]) to 
12–15 years old (OR: 5.8 [1.8, 18.8]) (Supporting Information 
Table S11a–d).

6   |   Haemangiosarcomas

Haemangiosarcoma primarily affected the spleen (n = 5262; 
47.7%), followed by the skin (n = 4104; 37.2%) (Supporting 
Information Table S12).

Splenic HSA (10.00 years IQR: 8.75, 11.17) was diagnosed at 
later ages than the cutaneous form (9.58 years IQR: 7.50, 11.25) 

(W = 4 952 618, p-value < 0.001; Supporting Information statisti-
cal analysis for HSA in Data S2).

Concerning breeds (Table 6), the German Shepherd Dog had 
the highest odds for splenic HSA while Mastiff and Bullmastiff 
had the top two ORs for cutaneous HSA. Conversely, the 
Yorkshire Terrier, West Highland White Terrier, and Border 
Terrier were among the five breeds with the lowest odds 
for HSA.

In relation to sex, FE showed significantly lower odds than 
ME for cutaneous HSA on ranges of age 3–6 (OR: 0.5 [0.3, 
0.8]) years and 9–12 years (OR: 0.4 [0.3, 0.6]) as well as signifi-
cantly lower odds for splenic HSA from 6–9 years (OR: 0.5 [0.3, 
0.7]) to 9–12 years (OR: 0.7 [0.5, 0.9]) (Supporting Information 
Table S14a,b).

MN held greater odds for both cutaneous and splenic HSA than 
ME in dogs 6–15 years old with ORs ranging from 1.5 [1.2, 1.8] 
to 2.1 [1.5, 3.1], similarly to comparisons between FN and FE 
where ORs ranged from 1.7 [1.2, 2.5] to 2.5 [1.8, 3.5] (Supporting 
Information Table S14a,b).

7   |   Osteosarcomas

Overall, OSA were mostly located in the long bones (hindlimbs 
[n = 648] and forelimbs [n = 593]; 26.6%), oral cavity (n = 1091; 

TABLE 4    |    Most common melanoma topographies.

Location Count (n) Valid proportion*

Oral cavity (oral 
melanoma)

8183 49.4%

Skin (cutaneous 
melanoma)

4665 28.2%

Digits (cutaneous 
digital melanoma)

1715 10.4%

Eye and adnexa (uveal 
melanoma)

1467 8.9%

Note: Valid Proportion* includes only cases without unknown values.

TABLE 5    |    Top five and bottom five breed odds ratios for melanomas from the multivariable case–control model.

Melanoma 
location Oral Cutaneous Cutaneous digital Uveal

Top 5 breeds with 
the highest risk OR 
(95% CI)

Rottweiler
12.2 [9.5, 15.6]

Shar Pei
16.2 [10.6, 24.6]

Giant Schnauzer
50.3 [24.7, 102.5]

Dogue De Bordeaux
30.1 [14.9, 60.7]

Shar Pei
10.3 [6.1, 17.4]

Hungarian Vizsla
15.5 [11.6, 20.8]

Rottweiler
37.5 [27.5, 51.2]

Hungarian Vizsla
18.1 [11.5, 28.7]

Chow Chow
8.7 [3.6, 21.1]

Chow Chow
12.4 [5.8, 26.3]

Scottish Terrier
19.6 [12.5, 30.9]

Irish Terrier
17.8 [7.8, 40.3]

Mastiff
8.7 [2.9, 25.4]

Rottweiler
10.6 [8.1, 13.7]

Bullmastiff
14.8 [6.2, 35.3]

Shar Pei
17.5 [9.1, 34.0]

Bernese Mountain Dog
8.5 [3.9, 18.6]

Giant Schnauzer
9.5 [4.3, 20.9]

Schnauzer
12.2 [6.5, 23.00]

Spaniel (Generic)
12.8 [6.2, 26.4]

Bottom 5 breeds 
with the lowest risk 
OR (95% CI)

Lhasa Apso
0.5 [0.3, 0.8]

Jack Russell Terrier
0.3 [0.2, 0.5]

Retriever (Golden)
2.7 [1.8, 4.1]

Dachshund (Standard)
2.2 [1.0, 4.9]

Lurcher
0.5 [0.3, 0.8]

Lhasa Apso
0.3 [0.2, 0.7]

Labradoodle
2.2 [0.9, 5.5]

Retriever (Golden)
2.1 [1.3, 3.3]

Cairn Terrier
0.4 [0.2, 0.9]

Spaniel (English Springer)
0.3 [0.2, 0.5]

Spaniel (Cocker)
2.2 [1.6, 3.1]

Retriever (Labrador)
1.6 [1.2, 2.1]

Greyhound
0.2 [0.1, 0.5]

Border Collie
0.2 [0.2, 0.4]

German Shepherd Dog
1.9 [1.2, 3.1]

WHWT
0.4 [0.2, 0.9]

WHWT
0.2 [0.1, 0.3]

WHWT
0.2 [0.1, 0.4]

Border Collie
0.2 [0.1, 0.5]

Border Collie
0.2 [0.1, 0.5]

Note: Reference category for the breed variable: crossbreed (OR = 1). Complete multivariable logistic regression results for oral, cutaneous, cutaneous digital, and uveal 
melanomas are available in Supporting Information Tables S10a–d.
Abbreviation: WHWT, West Highland White Terrier.
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23.4%), and the mammary gland (n = 431; 9.3%) (Supporting 
Information Table  S15) with a different location distribution 
between high-odds and low-odds breeds (χ2 = 237.32, df = 35, 
p < 0.0001) (Supporting Information statistical analysis for 
OSA). Specifically, OSA most commonly affected long bones 
in high-odds breeds, whereas mammary gland and oral cavity 
tumours were more frequent in low-odds breeds (Supporting 
Information Tables S16 and S17).

For age, again significant differences were observed between 
breeds. Dogs from breeds at high-odds of OSA were diagnosed 
at a younger median age (8.08 years IQR: 6.83, 10.00) compared 
to those from low-odds breeds (10.00 years IQR: 8.50, 12.00) 
(W = 42 254, p-value < 0.0001) (Supporting Information statisti-
cal analysis for OSA in Data S2).

Large breeds, such as Rottweiler (OR: 10.6 [8.4, 13.3]), and 
Bullmastiff (OR: 9.6 [5.6, 16.6]), as well as sighthounds like the 
Deerhound (OR: 8.2 [3.4, 20.1]), were among the top 10 high-odd 
breeds for OSA while lowest-odd breeds were typically smaller, 
including Lhasa Apso (OR: 0.2 [0.1, 0.6]) and Cavalier King 
Charles Spaniel (OR: 0.2 [0.1, 0.4]) (Table 7).

Regarding sex, a significant difference between entire dogs of 
both sexes was found only within the range of age 12–15 (OR: 
1.8 [1.2, 2.9]) (Supporting Information Table S19). Neutered dogs 
from both sexes showed significantly greater odds for OSA than 
their entire counterparts. In males, the age range was from 6 to 

15 years old, while in females, it was only from 6 to 12 years old 
(Supporting Information Table S19).

8   |   The Role of Hormonal Alterations in Tumour 
Development

As detailed above for each tumour type, the effect of being neu-
tered was evaluated separately in females and males across age 
groups (e.g., in MCT, MN consistently showed higher odds than 
ME from 3 to 15 years, while FN showed higher odds than FE 
across all age ranges).

In a final step, we directly compared the magnitude of this 
neuter–status association between sexes for each tumour–age 
combination by contrasting the OR for FN versus FE with the 
corresponding OR for MN versus ME within the same age group 
for instance, comparing the FN–FE OR for MCT in the (6–9) 
range with the MN–ME OR for that same age range.

Figure 1 displays these comparisons for four illustrative tumour 
types (MCT, oral melanoma, splenic haemangiosarcoma and os-
teosarcoma). For each tumour, red and blue points represent the 
ORs for female (FN vs. FE) and male (MN vs. ME) comparisons, 
respectively, with their 95% confidence intervals. The black 
segment linking both points at each age band reflects the mag-
nitude and direction of the sex-specific difference in the neuter–
status association. An asterisk next to an age band indicates that 

TABLE 6    |    Top five and bottom five breed odds ratios for haemangiosarcomas from the multivariable case–control model.

Haemangiosarcoma location Splenic Cutaneous

Top 5 breeds with the highest risk OR (95% CI) German Shepherd Dog
7 [5.9, 8.3]

Mastiff
20.8 [10.6, 40.9]

Retriever (Flat Coated)
6.2 [4.2, 9.3]

Bullmastiff
14.2 [8.4, 23.9]

Hungarian Vizsla
5.6 [3.7, 8.5]

Dogue De Bordeaux
13.3 [7.4, 24.0]

Italian Spinone
5.5 [2.4, 12.4]

Bulldog
5.9 [3.9, 9.1]

Belgian Shepherd Dog
5.1 [2.0, 13.3]

Boxer
5.4 [4.2, 6.9]

Bottom 5 breeds with the lowest risk OR (95% CI) Jack Russell Terrier
0.3 [0.2, 0.5]

Spaniel (English Springer)
0.5 [0.3, 0.7]

Spaniel (English Springer)
0.3 [0.2, 0.5]

Terrier (Generic)
0.4 [0.2, 0.9]

WHWT
0.3 [0.2, 0.5]

Border Terrier
0.3 [0.2, 0.5]

Yorkshire Terrier
0.3 [0.1, 0.5]

CKCS
0.2 [0.1, 0.5]

Border Terrier
0.2 [0.1, 0.4]

Yorkshire Terrier
0.2 [0.1, 0.4]

Note: Reference category for the breed variable: crossbreed (OR = 1). Complete multivariable logistic regression results for splenic and cutaneous haemangiosarcomas 
are available in Supporting Information Table S13a,b.
Abbreviations: CKCS, Cavalier King Charles Spaniel; WHWT, West Highland White Terrier.
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the neutered-versus-entire contrast was statistically significant 
in both sexes for that tumour–age combination. Full estimated 
marginal means and pairwise comparisons for all tumour types 
and age groups are provided in the Supporting Information 
emmeans output Tables (S9, S11a–d, S14a,b, and S19), together 
with individual plots for each tumour (Supporting Information 
Figures S10–S17).

In total, 18 tumour–age combinations were significantly and 
positively associated with tumour diagnosis in both sexes (12 
of these combinations are shown with an asterisk in Figure 1), 
while the other 6 appear in the tumour-specific figures: 
Supporting Information Figure S12 Cutaneous melanoma (2 as-
terisks), Supporting Information Figure S13 Cutaneous digital 
melanoma (1 asterisk)- and Supporting Information Figure S16 
Cutaneous haemangiosarcoma (3 asterisks).

Among them, females consistently exhibited higher ORs than 
males in 12 cases, with the exceptions of MCT in the (12–15) 
age group, cutaneous HSA in the (6–9) and (12–15) age groups, 
splenic HSA in the (9–12) age group, and OSA in the (6–9) and 
(9–12) age groups. Consistent with this pattern, the mean OR 
for females was 1.87 (SD ± 0.41), compared with 1.66 (SD ± 0.31) 
in males.

9   |   Discussion

In this study we present the largest veterinary PTR to date, cov-
ering over a million tumours diagnosed in dogs across the UK. 
Given the wealth of data available we opted to focus on four 
major tumour types: MCT, MEL, HSA and OSA, and shed light 
upon important trends in their frequency, breed predispositions, 
topographical distribution, and associations with age, sex, and 
neuter status.

Our findings on breed-specific cancer odds are broadly consistent 
with previous literature, reinforcing known associations such as 
dark-coated dogs being more prone to MEL, molossoid breeds to 
OSA, bulldog-related breeds to MCT, and German Shepherds to 

HSA; thus, confirming similar genetically-associated risk in UK 
breeds as in the same breeds in other countries.

Moreover, the large scale of our registry enabled the identifica-
tion of new, often underrepresented, breed associations such as 
the Irish Terrier for MCT, Newfoundland and British terriers 
(such as the Norfolk and Welsh Terriers) for different MEL to-
pographies, and the Italian Spinone for both HSA and OSA.

The analysis also revealed significant effects of neuter status, 
age, and sex on tumour odds, with notable variation across tu-
mour types. Notably, in comparison with other studies in the 
field [34, 35], that evaluated age and neuter status as additional 
covariates in multivariable models, our large sample size en-
abled a more refined assessment of neuter status by directly 
comparing neutered and entire dogs within the same age groups, 
thereby substantially reducing age-related confounding.

Mast cell tumour was the most frequent tumour type in our 
study. MCTs were mostly located on the skin (90%) [23–25, 27, 
36–39]. The vast majority of cases for which grade was anno-
tated were Grade 2 and low-grade primarily affecting middle-to 
elderly animals, consistent with previous work that found 
less common and more aggressive MCTs affecting older dogs 
[25, 40]. Similarly, in keeping with previous literature, we identi-
fied Bulldog-derived breeds such as Boston Terrier, Bullmastiff, 
French Bulldog or Boxer as well as Retrievers (Curly and Flat 
Coat, Golden and Labrador), Shar Pei and Weimaraner as being 
predisposed to MCT [24, 25, 36–38].

The finding of increased risk in Bulldog-derived breeds, such 
as the Boxer and Bullmastiff, may reflect a shared ancestral 
configuration associated with excessive risk for MCTs. This 
idea was first proposed by Peters in 1969 [41] who demon-
strated that the high prevalence of MCTs in Boxers, Boston 
Terriers, and Bullterriers could be traced back to common 
lineage involving the Bulldog and the (now-extinct) English 
Terrier. More recently, genomic analysis led to the definition 
of the European Mastiff clade, which also includes Boxer, 
Bull Terrier and Boston Terrier, along with French Bulldog, 

TABLE 7    |    Top 10 and bottom 10 breed odds ratios for osteosarcoma from the multivariable case–control model.

Top 10 breeds with the highest OR (95% CI) Bottom 10 breeds with the lowest OR (95% CI)

Leonberger: 17.2 [8.6, 34.2] Spaniel (Cocker): 0.5 [0.4, 0.7]

Mastiff: 13.6 [6.7, 27.4] Yorkshire Terrier: 0.5 [0.3, 0.7]

Rottweiler: 10.6 [8.4, 13.3] Bichon Frise: 0.4 [0.2, 0.8]

Bullmastiff: 9.6 [5.6, 16.6] Border Collie: 0.4 [0.3, 0.6]

Deerhound: 8.2 [3.4, 20.1] Jack Russell Terrier: 0.4 [0.3, 0.5]

St. Bernard: 6.6 [2.5, 17.1] West Highland White Terrier: 0.4 [0.3, 0.6]

Dobermann: 6.3 [4.3, 9.4] Border Terrier: 0.3 [0.2, 0.6]

Italian Spinone: 5.4 [2.5, 11.6] Spaniel (English Springer): 0.3 [0.2, 0.4]

Old English Sheepdog: 5 [2.4, 10.1] Cavalier King Charles Spaniel: 0.2 [0.1, 0.4]

Rhodesian Ridgeback: 4.6 [2.8, 7.4] Lhasa Apso: 0.2 [0.1, 0.6]

Note: Reference category for the breed variable: crossbreed (OR = 1). Complete multivariable logistic regression results are available in Supporting Information 
Table S18.
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Bullmastiff and Bulldog, that in our study showed consis-
tently elevated odds for MCT in line with former epidemiolog-
ical literature on the field [20, 24, 25, 36–38].

Our study found associations between breed and MCT grade, 
thus suggesting a genetic link underlying not only tumour de-
velopment but also tumour behaviour and aligning with previ-
ous studies [40, 42, 43]. For example, MCTs affecting Pug and 
Boston Terrier were more commonly lower grade, whereas those 
on Shar Pei are more frequently higher grade. Understanding 
these subtly different disease phenotypes can provide useful 
opportunities for a more tailored approach for canine health 
screening and potential breed-specific prevention strategies, 
ultimately improving the outcomes for at-risk breeds. Former 
studies [20, 24, 44] have failed to find a sex predisposition for 
MCT. In our case, we only found significantly lower odds for FE 

compared with ME within the range of 3 to 6 years old, while 
across other age groups, the differences were not significant. In 
this sense, given the absence of a consistent pattern across age 
groups and the lack of supporting evidence in the literature, we 
acknowledge that this result should be interpreted with caution 
given that it may reflect a statistical fluctuation or an unmea-
sured confounding factor.

Canine melanomas closely resemble non-UV-induced human 
melanomas in several aspects.

Regarding tumours located on the distal extremities, canine 
digital melanoma may serve as a translational model for human 
acral lentiginous melanoma [13]. However, important anatom-
ical differences exist: human acral melanomas typically arise 
on the palmar, plantar, or subungual regions [45], while canine 

FIGURE 1    |    Sex-specific associations between neuter status and tumour diagnosis for four representative tumour types and their age groups. 
Red and blue points represent odds ratios (OR) for being neutered versus entire in females (FN vs. FE) and males (MN vs. ME), respectively, for each 
tumour–age combination, with horizontal lines indicating their 95% confidence intervals. The black segment joins the female and male estimates 
within each age group to illustrate the magnitude and direction of the sex-specific difference. An asterisk next to an age band denotes tumour–age 
combinations in which the neutered-versus-entire contrast was statistically significant in both sexes. The vertical dashed line marks the null value 
(OR = 1). Full estimated marginal means and pairwise comparisons for all sex–age combinations are presented in the Supporting Information em-
means output Tables (S9, S11a–d, S14a,b, and S19), together with tumour-specific plots displayed in Supporting Information Figures S10–S17.
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digital melanomas are more restricted to the digits, footpad, or 
nail bed [13]. To reflect this anatomical specificity, in this dis-
cussion we will refer to the human condition as cutaneous acral 
melanoma and to its canine counterpart as digital melanoma.

Specifically, canine oral and cutaneous digital melanomas ex-
hibit aggressive behaviour similar to that of human mucosal 
and cutaneous acral melanomas [13]. In humans, these tumours 
are more common in certain ethnic groups, suggesting a ge-
netic component of the risk [46, 47]. We identified several dog 
breeds, especially dark-coated breeds, at increased risk of non-
UV-induced melanomas, supporting previous findings of their 
potential as models of genetic risk factors for these tumours [13].

Oral and cutaneous acral melanomas are rare in humans 
[46, 48, 49]. In contrast, half of the canine melanomas reported 
here were located in the oral cavity, and 10% were located on 
the digital region, consistent with previous studies [13, 50, 51]. 
However, similarities arise in uveal melanomas, which are the 
most common malignant ocular primary tumours in both hu-
mans [52] and dogs, as evidenced by our study and others [53].

Women appear to be more frequently affected by mucosal mel-
anomas, likely due to the higher incidence of urogenital forms, 
which are more common in females [53] while men have a higher 
risk of uveal melanoma [54]. When it comes to cutaneous acral 
melanoma, while survival outcomes are poorer in men com-
pared to women [45], the incidence is similar between sexes [55].

In our study, cutaneous, cutaneous digital and oral melanomas 
showed significantly lower odds in entire females compared to 
entire males in line with previous studies [54] with no signifi-
cant difference observed for uveal melanoma. Concerning age, 
human mucosal (oral) and cutaneous acral melanomas are diag-
nosed at a median age of greater than 65 years [45, 56], followed 
by cutaneous at 65 years [49] and uveal at 62 [57] years. Similarly, 
in dogs, we also found oral melanomas were diagnosed at sig-
nificantly older ages in comparison with other analysed topog-
raphies [54] although unlike in humans, where cutaneous acral 
melanomas tend to appear later than UV-induced cutaneous 
melanomas, no significant age difference was observed between 
cutaneous and cutaneous digital melanomas in dogs reflecting 
potential species-specific differences in tumour development or 
variations in exposure to environmental risk factors.

Melanomas appear to be influenced by pigmentation in both hu-
mans and dogs. In humans, cutaneous and uveal melanomas are 
more prevalent among fair-skinned and light-eyed individuals 
[49, 57, 58], whereas cutaneous acral melanomas tend to occur 
more frequently in darker-skinned populations [49]. Finally, 
some studies suggest that ethnicity may be a risk factor for the 
anatomical distribution of mucosal melanomas, with anorectal 
tract melanomas being more common in Asian populations, 
genitourinary melanomas in Caucasians, and head and neck 
mucosal melanomas in non-Hispanic White populations [59].

Conversely, in dogs, pigmentation appears to be associated with 
increased odds for melanoma across all topographies, including 
both cutaneous and non-cutaneous. Our analysis consistently 
identified breeds with darker or more pigmented coats, such as 
Rottweiler, Scottish Terrier, Bernese Mountain Dog, Schnauzer, 

Hungarian Vizsla, Flat Coated Retriever among others as hav-
ing higher odds of developing melanomas across multiple ana-
tomical sites. Conversely, lighter-coated breeds, such as the West 
Highland White Terrier and Lhasa Apso, showed a lower asso-
ciation with both cutaneous and non-cutaneous melanomas, 
supporting a potential role of pigmentation in melanoma sus-
ceptibility. This difference may reflect the balance of the solar 
protection offered by the hair coat versus the total number of 
melanocytes on a dog (and thus the number of cells in which a 
malignant transformation could occur).

Canine haemangiosarcoma is pathologically similar to angio-
sarcoma in humans and shows similar biological behaviours, 
including rapid growth, high invasiveness, and a tendency to 
metastasize [17].

In a study of human angiosarcoma, 72.3% of cases were cuta-
neous, subcutaneous, or breast-associated, and 60.8% occurred 
in women. Among the remaining cases, 24.4% were visceral, 
most commonly involving the liver (27.6%) and heart (13.4%) 
[16]. Within the SAVSNET PTR, approximately three-quarters 
of visceral HSA cases affected the spleen, which is consistent 
with previous veterinary literature [60]. Notably, in contrast to 
previous studies that reported no sex predilection [61, 62], we 
observed a higher odds in male dogs for both splenic and cuta-
neous HSA.

In humans, the median age at diagnosis of all skin, subcutane-
ous, and breast angiosarcomas is 72 [62–80] years, while those 
presenting with visceral angiosarcoma are, on average, younger 
(65 [52–75] years) [16]. However, according to our data, splenic 
HSA were diagnosed at older ages than cutaneous HSA con-
sistent with cases from the Golden Retriever Lifetime Study 
(GRLS) where visceral HSA was diagnosed at 8.7 years old and 
cutaneous HSA at 8.1 years old [61].

Previous studies have identified common breeds, such as 
German Shepherd Dogs and Golden Retrievers, having high 
odds for splenic HSA [61, 63]. In our study, although German 
Shepherd dogs displayed the highest OR for splenic HSA, sev-
eral less frequent breeds like the Flat Coated-Retriever, Belgian 
Shepherd Dog and Hungarian Vizsla obtained higher odds than 
Golden Retrievers.

For cutaneous HSA, the literature distinguishes between an ac-
tinic form, which is related to chronic sun exposure, and a non-
actinic form, for which the aetiology is less clear [63].

Actinic HSA tends to occur in breeds predisposed by their lightly 
pigmented and glabrous skin, such as Whippets, Greyhounds, 
Beagles, Pit Bulls, and Dalmatians, where the higher preva-
lence of cutaneous HSA is linked to their reduced protection 
against solar radiation. These findings are consistent with re-
cent human data showing that ambient UV radiation is asso-
ciated with increased incidence of cutaneous angiosarcoma, 
particularly in sun-exposed regions such as the head and neck 
and among light-skinned individuals [64]. This further supports 
the biological plausibility of UV-driven tumorigenesis in both 
humans and dogs, and underscores the relevance of actinic HSA 
in certain canine breeds as a spontaneous model for studying 
UV-induced vascular cancers.
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In contrast, non-actinic cutaneous HSA occurs more fre-
quently in breeds with darker, pigmented skin and thicker 
coats with typically no history of sun exposure and not dis-
playing histopathological features indicative of sun-related 
damage [63].

In this sense, we also identified lightly pigmented and gla-
brous skin breeds such as Beagle, Greyhound, Whippet 
or English Pointer to be at greater odds of cutaneous HSA. 
However, within this group, we also identified a cluster of 
molossoid breeds, including the Bullmastiff, Mastiff, Boxer, 
and Bulldog included in the European Mastiff clade [65], a 
genetically defined group that shares a common ancestral 
background and morphological features, and which showed 
markedly elevated odds for cutaneous HSA despite not fitting 
the actinic phenotype but rather being breeds with typically 
darker pigmentation and thicker skin, suggesting a potential 
non-actinic, genetically driven subtype.

Some studies have pointed to potential ethnic differences in the 
incidence of certain soft tissue sarcomas in humans, including 
malignant vascular tumours; the role of other potential import-
ant confounding factors such as socioeconomic and environ-
mental influences remains to be determined [66].

Osteosarcomas primarily affect the long bones of both humans 
and dogs, typically occurring in younger individuals. In both 
species, these tumours are highly metastatic and often spread 
to the lungs [19, 67].

A recent study analysing 5000 cases of human OSA found that 
the majority of cases were reported in individuals 10–24 years 
old, with a secondary peak (only in males) in individuals older 
than 80 years [19]. For all ages, most cases occurred in the lower 
long bones, although the axial locations became more frequent 
with age. Among all ages, males were slightly more at risk than 
females. In addition, two studies found Black/Non-hispanic 
Black Americans showed an increased incidence rate suggesting 
a possible genetic risk [19, 66].

In dogs, known differences in breed risk have been used to 
support the underlying genetic risk. We found that molosoids 
(such as Bullmastiff and Rottweiler) and Sighthound (like 
Greyhound) were at a higher odds of developing OSA of the 
appendicular skeleton and at younger ages, reinforcing the 
previous findings linking large breed with increased OSA 
risk; [18, 34, 67, 68] in contrast, small breeds, where OSAs 
were more commonly found in the oral cavity or the mam-
mary glands of female dogs, tended to be diagnosed at older 
ages. In contrast to humans, we found no sex predilection for 
OSA, which is consistent with the results of previous studies 
[34, 67].

Mechanistic similarities in OSA between dogs and humans 
have been proposed [69] and the tyrosine kinase c-Met recep-
tor has also been suggested as an important oncogenic fac-
tor in human OSA [70]. Interestingly, in dogs, the Rottweiler 
breed, identified as having a higher risk of OSA in this and 
other studies [34, 67], has been found to have a high incidence 
of c-Met germline mutations [71], suggesting an avenue for 
further comparative studies.

Finally, when it comes to analysing the role of neutering as a 
risk factor for developing the tumours under study, we explored 
both the differences between neutered and entire dogs as well 
as the impact of neutering by sex adjusted by age. In general, 
entire (non-neutered) dogs (of both sexes) consistently exhibited 
lower odds ratios (ORs) for developing tumours compared to 
neutered dogs.

More in detail, when analysing the difference between ORs 
from comparison between entire and neutered dogs from both 
sexes (Female neutered vs. Female entire and Male neutered vs. 
Male entire), neutering had a consistently greater impact in fe-
males than in males across most tumour types. This pattern was 
observed in MCTs, all but uveal MEL topographies (oral, cuta-
neous, cutaneous digital) and HSAs (splenic and cutaneous), 
where the odds ratios for FN versus FE were consistently higher 
than those observed for MN versus ME.

Overall, these findings are in line with several epidemiological 
studies that have reported similar results regarding neuter sta-
tus and various types of cancer. For instance, the Swiss Canine 
Cancer Registry (SCCR) [68] reported higher ORs for both neu-
tered male and female dogs with MCT. Conversely, While et al. 
identified neutering as a risk factor only in female dogs [72], 
Shoop et al. found lower odds of MCT in both male and female 
neutered dogs but noted limitations in data accuracy for this 
variable [20].

For bone tumours in the SCCR, only neutered males showed 
higher ORs [68], whereas two UK studies on OSA found that 
both neutered females and males had higher ORs than all dogs 
[34, 67]. Additionally, the SCCR [68] reported higher ORs only 
for neutered females with vascular and melanocytic tumours, 
and finally, a 1999 study focusing exclusively on cardiac tu-
mours [73], found that neutered females and males had a relative 
risk more than 5 and 2.4 times greater, respectively, than their 
entire counterparts.

The basis for these repeatable findings is currently uncertain. 
Castration and ovariectomy are common practices used in ca-
nine population management. In humans, similar surgical pro-
cedures are sometimes performed for health reasons (although 
typically in older populations). Recent European and American 
studies have found that women over 45 years of age who under-
went bilateral salpingo-oophorectomy (BSO) had an increased 
risk of developing chronic medical conditions, including cancer 
[74, 75]. Biological mechanisms underlying the higher risk of 
cancer in women who have undergone BSO or in neutered dogs 
(especially female dogs) are not entirely clear, but one possible 
explanation could be related to the chronic elevation of luteiniz-
ing hormone (LH) that occurs after gonadal removal (or similar 
conditions such as menopause or testicular cancer) in both male 
and female individuals of both species, resulting from the loss 
of negative feedback to the hypothalamus and anterior pituitary 
following the removal of the gonads [76–79] and given the ubiq-
uity of LH receptors in different organs [77, 80–83].

However, it is important to acknowledge that we do not know 
the age at neutering in the animals included in this study, and 
consequently, the duration of exposure to hormonal effects re-
mains unknown. A clinical records-based approach would be 
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required to accurately assess the timing of neutering and its 
long-term impact.

In the canine population, socioeconomic factors may also play a 
role, as pet dog owners who have their dogs spayed or neutered 
are often more likely to pursue tumour biopsies [84]. Large data-
sets such as those presented herein offer new and unparalleled 
opportunities to explore the wider impact of neutering on can-
cer risk.

10   |   Strengths and Limitations of This Study

The primary strength of the SAVSNET PTR lies in its scale and 
ability to deliver near real-time analysis of tumour trends. The 
extensive dataset enabled the identification of breeds not previ-
ously recognised as being at altered risk and offers the potential 
to investigate less frequent or poorly characterised tumours that 
were not included in the present analysis, demonstrating a key 
advantage of a large-scale registry.

While this paper presents the current state of the PTR, its na-
ture as a digital tool means it is continually evolving, with the 
capacity to integrate new data sources and adapt to emerging 
research priorities. For instance, data on environmental expo-
sures (e.g., air pollution, pesticide use, UV radiation), biolog-
ical conditions (e.g., obesity, antibiotic resistance, infectious 
disease history), and even owner-linked variables—such as 
socioeconomic status, smoking habits, obesity, or personal 
cancer diagnoses—could be integrated. These additions 
would allow for a more holistic perspective on cancer risk in 
companion animals.

Therefore, while the scope of this work is limited to veteri-
nary epidemiology, the insights generated may support future 
comparative oncology research in such a way that dogs can be 
viewed as sentinels of shared environmental and health risks, 
providing valuable insight not only into veterinary oncology 
but also into factors relevant to human health. The PTR is well 
aligned with comparative oncology principles, which form 
a core component of the One Medicine framework. It is a re-
source to bridge veterinary and human cancer research by iden-
tifying breed-associated cancer risks with potential analogues 
in human populations, offers large-scale epidemiological data 
to support studies of shared genetic and environmental risk 
factors, and provides a foundation for collaborative research, 
particularly in tumour types where canine models have transla-
tional relevance, such as the ones covered in this paper.

The limitations of this study include the possibility that more 
easily biopsied (i.e., external) or clinically concerning tumours 
are more likely to be submitted for analysis, potentially intro-
ducing selection bias. Tumour diagnosis and reporting are not 
mandated in veterinary populations and, as such, the lack of 
completeness in the PTR must be taken into account, as the 
findings can only represent tumours that were submitted for 
histopathology. Socioeconomic factors may also influence 
both dog breed ownership and access to diagnostic services, 
thereby affecting which animals are represented in the pathol-
ogy data [84]. In addition, a UK study on dogs with suspected 
multicentric lymphoma found that owners of entire dogs were 

less likely to pursue tissue confirmation, particularly in more 
socioeconomically deprived households. Although lymphoma 
was not included in our analysis, a similar pattern could plau-
sibly affect other tumour types, leading to under-representation 
of entire dogs in pathology submissions and thereby potentially 
inflating the apparent association between neuter status and tu-
mour diagnosis [85].

Another constraint lies in the absence of a true, up-to-date ref-
erence population of dogs, which limits our ability to directly es-
timate population-level risk. As a result, we relied on secondary 
demographic sources, such as veterinary consultation records, 
which may not fully reflect the actual breed distribution in the 
general population (as not all animals are presented to a veteri-
nary surgery).

A further consideration is that, while veterinary professionals 
are highly experienced in identifying dog breeds, the secondary 
nature of the data prevents confirmatory checking, although 
systematic bias in breed identification is unlikely.

The structure of our tumour registry means that submission 
of material from one case by more than one practice (e.g., two 
branches of the same group) could not be detected and therefore 
the dataset is likely to include a small number of duplicate cases. 
Similarly primary and metastatic lesions submitted in separate 
submission events would not be detected as linked.

These limitations are further compounded by constraints inher-
ent to the study design. For example, despite the well-documented 
predisposition of Boxer, French Bulldog, and Pug to MCTs, these 
breeds were excluded from the primary logistic regression analy-
sis due to an insufficient number of eligible controls.

Limitations related to the rules-based text-mining (TM) approach 
used for diagnosis extraction must also be considered. Although 
previous validation [10] showed TM achieved an average accu-
racy of 95% in extracting diagnosis from EPR, demonstrating its 
reliability in structured datasets, they are not without error due to 
their lack of contextual understanding [86]. This limitation is par-
ticularly relevant when dealing with complex, context-dependent 
free-text medical narratives, such as those found in pathology 
reports that commonly include differential diagnosis, staging de-
tails, ambiguous language, or non-standard terminology, which 
can challenge deterministic rule-based systems. For instance, 
while lymphomas typically originate in lymphoid tissues, other 
tumour types recorded at lymph node locations may, in fact, 
represent metastases rather than primary neoplasms. This may 
be most relevant for MCTs in the present study. Additionally, in 
order to minimise false positives, we excluded records containing 
explicitly non-diagnostic terms selected based on expert criteria 
and previous literature [87]. In this sense, this study also lays the 
groundwork for the development of AI-based models that can in-
terpret these narratives more effectively, potentially improving 
future risk assessments in veterinary oncology.

11   |   Conclusion

•	 Our findings in relation to breed associations with cer-
tain canine tumours confirm previously recognised breed 
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predispositions, including Bulldog-related breeds for MCT, 
dark-coated breeds for MEL, German Shepherd Dogs for 
HSA, and molossoid breeds for OSA while also expanding 
upon them by identifying additional breeds at increased or 
reduced risk within these tumour types.

•	 Neutering is positively associated with tumour occurrence 
across the major tumour types studied and this association 
is partly independent of age, suggesting potential additional 
biological or hormonal mechanisms.

•	 Together, these findings demonstrate the power of large-
scale, pathology-based registries to generate robust, real-
time epidemiological evidence in veterinary oncology. Such 
registries make it possible to reveal associations between 
specific tumours and dogs from less common or geograph-
ically restricted breeds that would otherwise remain un-
detected in smaller datasets. By the same principle, less 
common or poorly characterised tumour types can also 
emerge within these comprehensive datasets, expanding 
opportunities for discovery and advancing our understand-
ing of canine cancer.

•	 The PTR could also serve as a valuable tool to identify cases 
of interest, which can then be followed up for targeted mo-
lecular investigation. In previous work, we described the 
development of a ‘virtual biobank’, which enables us to lo-
cate and annotate such cases and request archived tissue 
samples from participating laboratories for genotyping and 
further analysis [88].

•	 In the broader context of One Health and Comparative 
Oncology, this registry provides a valuable bridge between 
veterinary and human cancer research. By linking natu-
rally occurring tumours in dogs with comparable human 
cancers, it supports the identification of shared genetic and 
environmental risk factors and fosters collaborative re-
search. Future efforts to enhance data capture, longitudi-
nal follow-up, and integration with molecular datasets will 
further strengthen its role as a foundational tool for cross-
species cancer surveillance and translational research.

•	 Future efforts to expand data capture, integrate longitudi-
nal follow-up, and align veterinary data with human cancer 
research will be critical for realising the full value of this 
resource in comparative oncology and cross-species cancer 
surveillance.
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