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Abstract 

Background Canine cancer is a leading cause of canine deaths, often resulting from complex interactions 
between germline-risk genetics, somatic mutations, and environmental exposures. To help identify major die-
tary, genetic, and environmental exposure risk factors for canine cancer, Morris Animal Foundation launched 
the Golden Retriever Lifetime Study, the first prospective longitudinal study in veterinary medicine. We hypoth-
esized that responses from the physical activity section of the GRLS annual questionnaire could be used to develop 
a BiMM forest model that accurately classifies which Golden Retrievers develop cancer within the first seven years 
of the study. Furthermore, we expected that the most important predictors of cancer development would be the fre-
quency and duration of the physical activity, with more rigorous activities—such as swimming—would be the most 
important predictors of cancer development.

Methods Activity and lifestyle questionnaire data for 3,044 purebred Golden Retrievers enrolled in the Golden 
Retriever Lifetime Study were obtained from Morris Animal Foundation. Two BiMM forest models were developed 
to predict the development of cancer: the “Years 0–7” model using consistently asked questions over the seven years, 
and the “Years 3–7” model, which incorporated additional questions about the pace and duration of physical activity 
starting in study year 3.

Results Of the enrolled dogs, 277 were diagnosed with cancer. The “Years 3–7” model achieved the best perfor-
mance, with overall accuracy of 80.7%, a F1 score of 74.9% and a fair ROC AUC of 0.763. Key predictors of cancer 
development included year in study, frequency, pace, duration, and the frequency of warm and cold weather swim-
ming. After Golden Retrievers were diagnosed with cancer, owners reported an 8–10% increase in exercise frequency 
and a 15.6% to 68.88% increase in cold weather swimming whereas warm weather swimming decreased by 2.0% 
to 13.9%. Similar declines in the pace and duration were also observed. The surface type where the exercise took 
place and the specific types of physical activity were lower in importance.

Conclusions Including pace and duration of the physical activity improved model performance, highlighting these 
predictors as high importance alongside the frequency of the physical activity. Future prospective studies should seek 
to determine specific physical activity guidelines for dogs, focusing on frequency, duration, and pace to potentially 
reduce cancer risk.
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Background
Neoplasia is a leading cause of canine deaths [1–5], with 
retrospective and survey-based research studies docu-
menting that cancer accounts for 14.9% to 39% of all 
canine deaths in the examined populations [1, 4]. Deter-
mining the true incidence rates of spontaneous cancers 
remains challenging. This is due to factors such as vari-
able access to veterinary care, inconsistent screening 
approaches due to owner financial constraints or clini-
cian recommendations, and the absence of a national 
database for canine deaths [6]. Canine cancer is a com-
plex, often multifactorial disease process [7, 8], and some 
risk factors vary based upon the specific type of neoplas-
tic disease. For example, 50–70 percent of all neoplastic 
processes in intact female dogs are mammary tumors [7, 
9]. Non-spayed females are at a greater risk of developing 
cancer compared to those spayed before their first heat 
cycle [10]. Schneider and colleagues reported mammary 
tumors occur in only 0.05% of females spayed prior to 
their first heat cycle, but this incidence rose dramatically 
to 8% and 26% if spaying was delayed until after the first 
or second heat cycle, respectively [10]. Ovarian estrogen 
and progesterone drive this increased risk by stimulating 
mammary duct and lobe proliferation and growth [11].

Furthermore, certain breeds are at a significantly 
increased risk of developing cancer, suggesting a breed-
associated mode of inheritance for some cancers [7]. 
Golden Retrievers, for instance, show an increased inci-
dence of hemangiosarcoma and lymphoma diagnoses 
[3, 5, 12]. Approximately 50 percent of Golden Retriev-
ers deaths are attributed to cancer based on data from 
the Veterinary Medical Database (VMDB), a database 
containing abstracted medical record information from 
participating veterinary teaching hospitals [5]. Other 
retrospective studies assessing breed-related causes 
of death document similar mortality rates in Golden 
Retrievers [3, 13].

Due to their high reported cancer incidence and other 
factors such as breed popularity, researchers selected 
Golden Retrievers as the study breed for a Morris Ani-
mal Foundation (MAF) project designed to focus on four 
canine cancers: lymphoma, hemangiosarcoma, high-
grade mast cell tumors and osteosarcoma [14]. In 2012, 
MAF launched the Golden Retriever Lifetime Study 
(GRLS), the first prospective longitudinal study in vet-
erinary medicine [15]. Considering that canine cancer 
involves complex germline-risk genetics and somatic 
mutations driven partly by environmental exposure [7], 
GRLS aims to identify major dietary, genetic, and envi-
ronmental risk factors for canine cancer and other dis-
eases [15].

Longitudinal cohort studies like GRLS generate large 
amounts of data, or “big data”, and offer researchers the 

ability to identify and relate disease diagnoses to specific 
lifestyle choices and environmental exposures [16]. With 
the advent of electronic medical records, fitness trackers, 
and other emerging technology, the generation of “big 
data” continues to grow the type of data contributing to 
clinical informatics—an emerging field where clinicians 
can make quicker and more accurate decisions about 
diagnosis, treatment, and prognosis of their patients 
using all types of patient data [17].

In clinical informatics and human oncology, relatively 
few studies have applied machine learning (ML) to ana-
lyze the “big data” generated from longitudinal cohort 
studies for predicting cancer risk, detecting cancer 
(including early detection), or identifying cancer recur-
rence [18]. Instead, the rapid expansion of ML algorithms 
has primarily focused on “big data” studies that assess 
multi-omics datasets (e.g. proteomic, genomics, tran-
scriptomics, and metabolomics) and clinical data (e.g. 
serum chemistry) to discover modifiable risk factors, bio-
markers, and disease prognostic indicators [19, 20].

Analyzing longitudinal cohort data, such as the MAF 
GRLS, presents challenges due to clustering and cor-
related observations, including serial correlation from 
repeated measures of each enrolled subject [21]. Apply-
ing classification ML methods to this type of data is par-
ticularly difficult, because many ML algorithms assume 
that each datapoint is independently sampled from a 
population [21], an assumption violated in longitudinal 
cohort studies with repeated sampling of the enrolled 
subjects. Classical statistical models also have limita-
tions; some methodologies cannot be applied to longitu-
dinal cohort datasets when the number of observations is 
smaller than the number of predictors [22].

Given these difficulties, researchers and veterinar-
ians have largely underutilized the MAF GRLS owner 
questionnaire, which owners complete annually. Our 
study leverages a novel methodology developed by Spei-
ser et  al., which combines the generalized linear mixed 
model (GLMM), a classical statistical model, with the 
random forest ML algorithm. This binary mixed model 
(BiMM) forest, has been shown to effectively analyze 
clustered, high-dimensional data with interactions 
between predictors and nonlinear relationships between 
predictors and the outcome of interest [22]—specifi-
cally in our study, which Golden Retrievers will develop 
cancer.

This study aims to use the MAF GRLS annual owner 
questionnaire to determine whether the BiMM for-
est can build cancer prediction models that identify the 
key physical activity predictors of neoplastic diagno-
ses. Most research on canine physical activity research 
focuses on physiological responses, such as hematologi-
cal changes, antioxidant defenses, and body condition 
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[23]. Few studies examine the relationship between 
physical activity and a disease, with most limited to areas 
such as canine osteoarthritis and obesity [24]. With no 
prior investigations into a link between canine physical 
activity and cancer development, we hypothesize that 
owner-reported responses from the physical activity sec-
tion of the GRLS annual questionnaire can be used to 
develop a BiMM forest model that accurately classifies 
which enrolled Golden Retrievers would develop cancer 
within the first seven years of the study. Furthermore, 
we hypothesized that the most important predictors of 
cancer development will be the frequency and duration—
amount—of physical activity with more rigorous types of 
physical activities such as swimming would be the most 
important predictors of cancer development.

Methods
Study population
We obtained data from 3,044 purebred Golden Retriev-
ers enrolled in the MAF GRLS. Guy et al. [15] provides 
a detailed description of this observational cohort study 
[15]. In brief, privately owned dogs were eligible for 
enrollment if their pedigrees were known for at least two 
generations, lived in the contiguous United States, and 
were between six months and two years of age at the time 
of enrollment in the study. Owners and their veterinar-
ians were required to commit to filling out an annual 
internet-based questionnaire, completing annual veteri-
nary physical examinations, and collecting biological (e.g. 
blood and fecal) samples. MAF’s Animal Welfare Advi-
sory Board reviewed and approved the study. Informed 
consent was obtained from all owners and their vet-
erinarians before enrolling each Golden Retriever in the 
study.

Raw data
All data was obtained from MAF’s Data Commons Por-
tal. At the time of this study, the portal included data 
from years zero through seven, with future years una-
vailable due to an embargo period. We analyzed data 
from the “Dog Demographics” (Supplemental Table  1) 
and “Activity and Lifestyle” (Supplemental Tables  2, 3, 
4 and 5) sections of the Annual Owner Questionnaire 
Survey, and “Conditions Neoplasia” dataset which is 
data from the Annual Veterinarian Questionnaire, Addi-
tional Veterinarian Visit Questionnaire, Malignancy 
Related Questionnaire and Death and Necropsy Related 
Questionnaire. Changes to activity-related questions 
on the annual owner questionnaire resulted in three 
“Activity and Lifestyle” datasets: 1) Activity Overview—
questions held consistent years zero through seven 
(Supplemental Table  6), 2) Activity Details Through 
SY2—data from questions addressed years zero through 

two (Supplemental Table 7), and 3) Activity Details SY3 
Beyond—data from questionnaire addressed questions 
beginning from year three (Supplemental Table  8). We 
conducted all data preparation, preprocessing, and analy-
sis using Microsoft Excel 365 and R (version 4.3.2) [25] 
within the integrated development environment RStudio 
(version 2023.6.0.421) [26].

Data preparation
Prior to merging the following three activity datasets 
1) Activity Overview, 2) Activity Details Through SY2, 
and 3) Activity Details SY3 Beyond, we modified the 
structures to be uniform. Specifically, we converted the 
reported binary fetch and binary walking activity vari-
ables in the first two years into the format reported for 
years three through seven as illustrated in Table 1. Ques-
tions where the owner response rate was lower than 50% 
were not included in the analysis (Table 1).

Upon merging all datasets, we removed duplicate rows 
and manually reviewed all 1,428 free text entries in the 
“other specify” column. Activities that referred to one of 
the standard activity options were revised to the appro-
priate format/column. For activities labeled as swim-
ming, we entered the activity under the “swim” variable, 
and recorded frequency and location when available. We 
grouped the 138 unique entries for other activities under 
a single “other activities” variable. To ensure consistency, 
we standardized total time entries for each row by adjust-
ing all total time entries to reflect only the reporting year. 
We calculated each dog’s age and additional details for 
the data preparation are outlined in the Supplemental 
data.

Data preprocessing
The Binary Mixed Model (BiMM) random forest mod-
els created for this study are only able to use numerical 
data, therefore we converted all non-numerical data to a 
numerical format using the processes described in this 
section. We performed ordinal encoding of ranked fac-
tors using the R package dplyr (version 1.1.4) [27] and 
one-hot encoded the activity variable using the R pack-
ages data.table (version 1.14.10) [28] and mltools (ver-
sion 0.3.5) [29]. Data from years zero through seven was 
combined into one dataset (Data Years 0–7), and selected 
variables are listed in Table 1 and Supplemental Table 6 
and 7. Data from years three through seven was com-
bined into a second dataset (Data Years 3–7), with vari-
ables listed in Supplemental Table 8.

Missing values in Data Years 0–7 dataset and Data 
Years 3–7 dataset were imputed using multivariate impu-
tation by chained equations (MICE) with the random for-
est algorithm within the mice package (version 3.16.0) 
[30]. We performed five imputations with 30 iterations 
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for each dataset. To balance each dataset, we applied the 
synthetic minority over-sampling technique for nominal 
and continuous variables (SMOTE-NC) using the RSBID 
package (version 0.0.2.0) [31]. The final k-values for 
SMOTE-NC were based on model performance, using 
k = 7 for Data Years 3–7 and k = 3 for Data Years 0–7. 
Continuous variables were scaled between 0 and 1 using 
the caret package (version 6.0.94) [32]. This ensured all 
variables were on the same scale.

Each imputed dataset was divided into training and 
testing sets. The training dataset contained 50 percent of 
the Golden Retrievers with cancer and 50 percent without 
cancer. To prevent overlap, no subject patient included in 
the training set appeared in the testing set, ensuring data 
independence through a cluster approach [33].

Model construction
BiMM random forest models were constructed using 
the R code obtained from Speiser et  al. 2019 [22]. We 
employed the H3 method with an error tolerance of 0.01 
and one iteration, as recommended [22]. BiMM models 
were run on each of the five imputations of Data Years 
0–7 dataset (Supplemental Table 6) and Data Years 3–7 
dataset (Supplemental Table  7 and 8) and pooled the 
results into a single confusion matrix. This matrix was 
used to calculate the overall accuracy, sensitivity/recall, 

specificity, precision, F1 and the area under the receiver 
operating characteristic curve ROC Curve (AUC) along 
with the 95% confidence intervals [34].

Variable exploration by year
We calculated the mean (with standard deviation) and 
the median (with range) for the top five most important 
exercise variables—frequency, duration, pace, swim fre-
quency in warm weather, and swim frequency in cold 
weather—for dogs with and without a neoplastic diag-
nosis by study year. These calculations were performed 
using the R package dplyr (version 1.1.4) [27].

To determine the average lifetime percent change 
for each variable, we first calculated the average val-
ues reported in the year(s) prior to the diagnosis and 
the year(s) post-diagnosis. We then subtracted the pre-
diagnosis average from the post-diagnosis average and 
divided this difference by the sum of the two averages. 
This calculation provided the percent change in exer-
cise behavior over the dog’s lifetime following the cancer 
diagnosis.

Results
Demographics
A total of 3,044 Golden Retrievers were enrolled in the 
study with 1 cancer diagnosis the first year of the study. 

Table 1 The reported raw variables in the dataset “Activity Details Through SY2” with details on how they were converted to be in the 
same format as the “Activity Details SY3 Beyond” variables

Activity details through SY2 variable Conversion Activity details SY3 
beyond variable

subject_id Did not change subject_id

year_in_study Did not change year_in_study

record_date Did not change record_date

activity_level Did not change activity_level

walk_frequency Changed to frequency frequency

walk_duration Changed to duration duration

walk_pace Average on lead/leash walk pace pace

walk_reason_bathroom Binary variable changed to “On leash (obedience training, walking, or running)” 
and reported under the activity variable

activity

walk_reason_general_enjoyment Binary variable changed to “On leash (obedience training, walking, or running)” 
and reported under the activity variable

activity

walk_reason_training Binary variable changed to “On leash (obedience training, walking, or running)” 
and reported under the activity variable

activity

walk_reason_other_specify Free text variable changed to “On leash (obedience training, walking, or running)” 
or “Off leash (obedience training, walking, or running)”

activity

walk_without_leash Binary variable changed to “Off leash (obedience training, walking, or running)” 
and reported under the activity variable

activity

aerobic_duration Eliminated due to few owner responses -

aerobic_pace Eliminated due to few owner responses -

aerobic_frequency Eliminated due to few owner responses -

fetch_games_frequency Character value reporting the frequency of fetch changed to “fetch” and reported 
under the activity variable and under the frequency variable

activity and frequency
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At baseline (year 0), 219 were intact females, 431 were 
intact males, 1,109 were neutered males, and 1,285 were 
spayed females. Cancer diagnosis sequentially increased 
over the first seven years of the study with 277 enrolled 
dogs being diagnosed with cancer (Table 2). The median 
age of a cancer diagnosis was 6.1 years (Table 2).

Model performance
We constructed two BiMM random forest models. The 
model using variables consistent over Years 3–7 achieved 
the best performance, with overall accuracy of 80.7%, 
a F1 score of 74.9% and a fair ROC AUC of 0.763. The 
model using variables consistent over years 0–7 per-
formed poorly with an overall accuracy of 68.2%, a F1 
score of 56.4%, and a ROC AUC of 0.622. We did not fur-
ther develop or explore the Years 0–7 model, due to its 
poor performance (Table 3). Table 3 summarizes the cal-
culated performance metrics for both models.

Years 3–7 Most important predictors for development 
of cancer
The larger the mean decrease Gini value, the more 
important the variable. Of the top 10 most important 
predictors for classifying if a Golden Retriever had can-
cer or did not have cancer, 4 were directly related to the 
frequency and duration of aerobic physical activity. The 
top 7 most important predictors for developing can-
cer in descending order were year in study, frequency, 
pace, duration, the frequency of warm and cold weather 

swimming, and the overall activity level reported by the 
owner (Fig. 1). The surface where the activities took place 
and the specific activity types ranked lower in impor-
tance. Figure 1 displays all variables included in the final 
Year 3–7 model.

Exercise frequency
Exercise frequency was recorded over all 7 years and 
increased over time, with dogs exercising weekly to less 
than once per week at entry into the study progressing 
to daily exercise by year seven. Over years three through 
seven, the exercise frequency for all activities (excluding 
swimming) showed minimal variation between Golden 
Retrievers with a cancer diagnosis and those without 
cancer (Fig.  2A, Supplemental Table  9). However, the 
average lifetime changes in exercise frequency starting 
the year after diagnosis notably increased by approxi-
mately 8–10 percent for dogs diagnosed between years 
one and five but decreased for those diagnosed in year six 
(Fig. 2B, Supplemental Table 9).

Exercise pace
Exercise pace was recorded only from year three and 
onwards. Among years three through seven, the exer-
cise pace for all activities was classified by the owners 
as brisk/brisk walk and the average varied minimally 
between Golden Retrievers with a cancer diagnosis and 
those without cancer (Fig.  3A, Supplemental Table  11). 
The average lifetime changes in exercise pace showed a 

Table 2 The number of enrolled golden retrievers during the first seven years of the MAF GRLS

The age range of all enrolled dogs reported alongside the mean with the standard deviation (SD) and median age with the range of enrolled Golden Retriever 
subjects when cancer was diagnosed

Year of study Number of enrolled 
dogs

Age range of enrolled 
dogs

Number of cancer 
diagnosis

Mean age of diagnosis 
(SD)

Median age 
of diagnosis 
(Range)

0 3,044 0.4–3.3 1 1.1 1.1

1 2,706 1.4–4.3 14 2.6 ± 0.6 2.8 (1.5—3.5)

2 2,604 2.4–4.0 14 3.5 ± 0.6 3.8 (2.6—4.0)

3 2,494 3.4–5.0 29 4.5 ± 0.6 4.5 (3.5—5.5)

4 2,379 4.4–6.0 41 5.3 ± 0.5 5.3 (4.6—6.2)

5 2,187 5.4–7.0 59 6.5 ± 0.6 6.4 (5.5—7.8)

6 1,992 6.4–8.0 49 7.3 ± 0.6 7.4 (6.6—8.3)

7 1,943 7.4–9.0 70 8.4 ± 0.4 8.3 (7.6—9.1)

All Years Up to 3,044 0.4–9.0 277 6.0 ± 1.7 6.1 (1.1—9.1)

Table 3 Performance metrics for Years 0–7 and Years 3–7 models with 95% confidence intervals

Model Accuracy Sensitivity/recall Specificity Precision F1 AUC 

Years 0–7 68.2% (68.1%, 68.4%) 56.4% (56.0%, 56.8%) 74.9% (74.7%, 75.3%) 56.4% (56.2%, 56.6%) 56.4% (56.2%, 56.6%) 0.622

Years 3–7 80.7% (80.4%, 80.8%) 84.9% (84.8%, 85.1%) 78.6% (77.8%, 78.9%) 67.3% (67.2%, 67.4%) 75.0% (74.9%, 75.2%) 0.763
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slight increase for Golden Retrievers diagnosed in year 4 
(Fig.  3B). For those diagnosed in years five and six, the 
average exercise pace decreased by 5.7 percent and 2.1 
percent, respectively (Fig. 3B, Supplemental Table 12).

Exercise duration
Exercise duration was recorded starting in year three. 
During years three through seven, the mean and median 
exercise duration for all activities ranged between 10–60 
min. While the duration showed minimal variation 
between Golden Retrievers with a cancer diagnosis and 

those without cancer (Fig.  4A, Supplemental Table  13), 
the average lifetime changes in exercise duration consist-
ently decreased overall, with dogs diagnosed in year four 
exhibiting the greatest decline—a 7.8 percent reduction 
in exercise duration post-diagnosis (Fig. 4B, Supplemen-
tal Table 12).

Swim frequency
All dogs swam more frequently in warm weather, with 
frequencies ranging from rarely to daily, compared to 
cold weather, where frequencies ranged from never to 
monthly (Fig.  5A, Supplemental Tables  14 and 15). In 

Fig. 1 Predictors included in the Year 3–7 Model, ranked by their mean Gini importance. Larger Gini values indicate higher relative importance 
of the predictors to the model’s performance. The light red variables relate to the frequency of a physical activity. The orange variables describe 
the pace, duration, and grade of the physical activity. The yellow variables relate to sun exposure. The green variables describe the type of physical 
activity, and all other variables describing the location of the activity are in gray
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Fig. 2 A The frequency of exercise reported by owners in the survey is presented for Golden Retrievers without a cancer diagnosis and those 
with a cancer diagnosis. Golden Retrievers increased from the baseline of walking less than once/week to walking weekly in years 1 and 2 to more 
frequently beginning in year 3. Supplement Table 8 provides additional details on the ordinal encoding used to convert the owner categorical 
responses to numerical values. B Changes in average exercise frequency for Golden Retrievers diagnosed with cancer, expressed as percentage 
change from pre-diagnosis levels by study year of diagnosis

Fig. 3 A The pace of exercise reported by owners in the survey is presented for Golden Retrievers without a cancer diagnosis and those 
with a cancer diagnosis. B Changes in average exercise pace for Golden Retrievers diagnosed with cancer, expressed as percentage change 
from pre-diagnosis levels by study year of diagnosis
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warm weather, Golden Retrievers diagnosed with can-
cer swam daily to monthly, while those without can-
cer swam rarely to monthly. Owners of dogs diagnosed 
with cancer during years three through seven reported a 
slightly higher frequency of swimming in warm weather 
(Fig. 5A). Over years one through seven, owners reported 
a slightly higher average swimming frequency in cold 
weather compared to those without a cancer diagnosis 
(Fig.  5A). Dogs diagnosed with cancer in year one and 
years three through seven swam less in warm weather 
but notably swam 15.6 percent to 68.88 percent more 
frequently in cold water during years one through six 
(Fig. 15B).

Activity level
Over the first seven years of the study, most dogs were 
reported as having little activity to moderate activity 
levels. Owners of Golden Retrievers without a cancer 
diagnosis reported the highest activity levels at study 
year zero (baseline), with many owners reporting the 
classification of very active activity levels. Activity levels 
gradually declined over the subsequent years (Fig.  6A, 
Supplemental Table  17). The activity levels of Golden 
Retrievers diagnosed with cancer did not show as con-
sistent of a pattern of decline (Fig.  6A, Supplemental 
Table  17). However, once diagnosed with cancer, their 
lifetime activity level declined as much as 15.5%.

Sun exposure duration
At baseline and during the first year of the study, Golden 
Retrievers without cancer were exposed to the sun for 
three to eight hours per day. In subsequent years, their 
sun exposure decreased to less than three hours daily 
(Fig.  7A, Supplemental Table  18). At baseline and years 
two through seven, dogs diagnosed with cancer received 
less than three hours of sun exposure (Fig.  7A, Supple-
mental Table  18). The average sun exposure duration 
was consistently slightly lower for dogs diagnosed with 
cancer. The change in average sun exposure duration 
was highly inconsistent in dogs with cancer. Dogs diag-
nosed with cancer in year one and year six had notable 
decreases in sun exposure duration, while dogs diagnosed 
in year two through five had minimal changes (Fig. 7B).

Discussion
Canine cancers are one of the most devastating diseases, 
affecting one in four dogs [35, 36], and are a leading cause of 
death in dogs over 10 years [1, 2]. While most epidemiologic 
studies on canine cancer are retrospective, the MAF GLRS 
study offers a unique opportunity as a prospective cohort 
study [37]. Our study is the first to analyze owner-reported 
physical activity questionnaire data from all enrolled dogs in 
the MAF GRLS. Additionally, this is the first report to apply 
ML prediction models to explore potential environmental 
factors influencing cancer risks in Golden Retrievers.

Fig. 4 A The duration of exercise reported by owners in the survey for Golden Retrievers without a cancer diagnosis and those with a cancer 
diagnosis. B Changes in average exercise duration for Golden Retrievers diagnosed with cancer, expressed as percentage change 
from pre-diagnosis levels by study year of diagnosis
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Fig. 5 A The swimming frequency in cold weather (blue) and warm weather (pink) reported by owners in the survey for Golden Retrievers 
without a cancer diagnosis and those with a cancer diagnosis. B Changes in average swimming frequency in cold (blue) and warm (red) for Golden 
Retrievers diagnosed with cancer, expressed as percentage change from pre-diagnosis levels by study year of diagnosis

Fig. 6 A The activity level reported by owners in the survey for Golden Retrievers without a cancer diagnosis and those with a cancer diagnosis 
shows a decline over the course of the first 7 years of the study. B Decline in the activity levels for Golden Retrievers diagnosed with cancer, 
expressed as percentage change from pre-diagnosis levels by study year of diagnosis
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Moderate-to-vigorous physical activity has been 
strongly associated with a reduced risk of several cancers, 
including colon, intestinal, kidney, liver, and mammary 
cancers, even in individuals with a genetic predisposition 
in humans [38–40]. For example, in human medicine, 
moderate physical activity has been shown to delay can-
cer onset in women who are genetically predisposed to 
breast cancer [38]. Despite robust evidence in humans, 
the relationship between exercise and cancer develop-
ment in dogs has never been explored. To address this 
knowledge gap, we investigated whether cancer develop-
ment in Golden Retrievers could be predicted by physi-
cal activity patterns, the surfaces on which activities 
occurred, and the amount of daily sun exposure—all data 
within the MAF GRLS physical activity datasets.

The BiMM random forest model, using data available 
for years three through seven, achieved an overall clas-
sification accuracy of approximately 81% and a sensitivity 
of approximately 85%. This performance is good, con-
sidering that of the 3,044, only 248 were diagnosed with 
cancer between years three and seven. This performance 
aligns with the performance of classification ML algo-
rithms applied to human cohort studies [22, 41, 42].

We selected the BiMM forest due to the statistical limi-
tations of employing generalized linear mixed models 
(GLMMs) to clustered and longitudinal binary outcomes 
[22, 33]. BiMM forests effectively handle the interactions 

among variables and non-linear variable relationships 
with the outcomes of our study [22, 42], relating to 
diagnosis of cancer or no cancer diagnosis. Unlike the 
traditional random forest algorithm, which requires sum-
marizing the predictors (e.g. averaging over all the time 
points) or selecting a single time point, the BiMM forest 
was designed to account for repeated measures or clus-
tered patient data [22, 33].

Our BiMM forest models enabled us to assess the 
relative importance of activity predictors to answer our 
hypothesis. Study results confirmed that physical activity 
frequency, duration, pace (intensity) and swimming fre-
quency in both warm and cold weather emerged as top 
predictors (Fig.  1) while surprisingly, the different types 
of physical activity were shown to be of relatively low 
importance (Fig. 1).

While no established physical activity recommen-
dations or guidelines exist for dogs, there are several 
well-established guidelines for humans. For instance, 
the American Cancer Society recommends that adults 
“engage in 150 to 300 min of moderate-intensity physical 
activity per week, or 50 to 150 min of vigorous-intensity 
physical activity…achieving or exceeding the upper limit 
of 300 min is optimal” [39]. According to the United 
States Department of Health and Human Services, only 
1 in 4 adults and 1 in 5 adolescents [43] meet the physical 
activity guidelines [39, 40]. Most GRLS owners reported 

Fig. 7 A The sun exposure duration reported by owners in the survey is presented for Golden Retrievers without a cancer diagnosis and those 
with a cancer diagnosis. B The inconsistent changes in average sun duration exposure for Golden Retrievers diagnosed with cancer, expressed 
as percentage change from pre-diagnosis levels by study year of diagnosis
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walking their dogs once to a few times a week at a brisk 
pace, which qualifies as moderate-intensity activity 
according to the Physical Activity Guidelines for Ameri-
cans [40]. With the average physical activity duration of 
31–60 min and a median of 10–30 min, many enrolled 
Golden Retrievers appear to engage in less activity than 
the recommended 150 to 300 min per week for humans. 
This observation mirrors the finding that 75 percent of 
the US population does not meet the physical activity 
guidelines [43].

Interestingly, Golden Retrievers diagnosed with can-
cer were less frequently physically active compared to 
the study average. This finding is obscured in large part 
because owners increased the frequency of exercise after 
their dog’s cancer diagnosis, leading to an average post-
diagnosis increase in the physical activity frequency by 
about 10% (Fig. 2A and B). Similar increases are observed 
in human patients with approximately three out of four 
human cancer survivors meeting the physical activity 
guidelines [44]. This post-diagnosis change in exercise 
could reflect recommendations from their veterinar-
ian, or alternatively, owners could find information on 
websites and blogs emphasizing the benefits of physical 
activity for canine cancer. Few resources, apart from the 
Animal Cancer Foundation, acknowledge the lack of evi-
dence for the effect of exercise on pets [45].

Starting in year three, MAF added questions about the 
duration and pace (intensity) of the physical activity to 
the annual owner questionnaire. Both predictors were 
identified as highly important (Fig.  1), likely explaining 
why the model using data from years 0 through 7 per-
formed worse than the model using years 3 through 7. 
Our findings on frequency, intensity (equivalent to pace 
on the MAF GRLS questionnaire), and duration of the 
physical activity align with the few clinical trials that 
suggest these factors have measurable effects on cancer 
biomarkers.

Several case–control studies have shown that the dura-
tion of physical activity impacts the risk of breast cancer 
development. Women who reported exercising 2–3 h per 
week had an average 9% reduction in breast cancer risk, 
while those who reported exercising 6.5 h per week had 
a 30% reduction in risk [46]. However, these studies did 
not account for the specific duration of individual exer-
cise sessions. Evidence from animal studies suggests that 
the duration of individual sessions may have less impact 
than the overall quantity of exercise. For instance, rats 
performing treadmill exercise at moderate-intensity lev-
els demonstrated a lower incidence of mammary cancer 
and a reduction in cancer multiplicity, with no significant 
difference between groups running for 20 min or 40 min 
per day [47].

The Golden Retrievers in the GRLS participated in 
physical activity lasting 10–60 min on average and was 
conducted at a moderate-intensity level. Moderate-inten-
sity physical activity is optimal for cancer prevention in 
other species and has been shown to inhibit cancer cell 
proliferation and induced apoptosis [48, 49]. While high-
intensity physical activity can also be protective, strenu-
ous physical activity may exacerbate certain cancers, 
such as breast cancer, by promoting the growth of can-
cerous cells in animal models [48, 50]. This suggests that 
the Golden Retrievers typically engaged in appropriately 
intense physical activity to support cancer prevention per 
accepted human guidelines. However, post-diagnosis, the 
observed decrease in intensity and duration (Figs. 3B and 
4B) may have negated the potential benefits of increased 
exercise frequency.

The most notable increase in physical activity fre-
quency was in cold weather swimming, with post-
diagnosis of cancer, the Golden Retrievers swimming 
frequency increased by 15.60% to 66.88%. In humans, 
physical activity, including swimming, is well-established 
to reduce the severity of chemotherapy and radiother-
apy side effects while concurrently improving survival 
[48]. The growing popularity of aquatic therapy, such as 
underwater treadmills [51], warrants further investiga-
tion. Future studies should consider surveying veteri-
nary oncologists to determine whether aquatic therapy is 
commonly recommended as part of their patient’s cancer 
treatment and rehabilitation.

The most common swimming locations reported were 
pools, ponds and lakes. According to the United States 
(US) Environmental Protection Agency (EPA) most 
recent National Water Quality Inventory Report to Con-
gress, over 13 million acres of lakes and ponds (exclud-
ing the Great Lakes) are considered for activities such as 
swimming due to pollution [52]. Unfortunately, dogs can 
also be exposed to pollutants in pools. While research-
ers suggest the benefits of pool swimming outweigh the 
risks [53], more research is needed to determine if breeds 
predisposed to cancer should limit pool swimming. Epi-
demiologic studies in humans have linked disinfection-
by-products, such as trihalomethanes, to increased 
cancer risk [54, 55]. Similarly, a study found that dogs 
with urothelial cell carcinoma were more likely to have 
swam in pools compared to dogs without cancer [56].

The average age of cancer diagnosis in dogs is 8.5 years, 
with a median of 8.8 years [57]. Due to an embargo period, 
this study assessed only the first seven years of the MAF 
GRLS data, meaning many dogs were yet to be diagnosed 
with cancer. With fewer than 10 percent of the study 
population diagnosed with cancer and a range of can-
cer types and grades represented, there were insufficient 
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cases to develop a ML model for any specific cancer type. 
Consequently, a limitation of this study is the grouping of 
all cancer types and grades together. BiMM forest model 
performance is likely to improve as more enrolled Golden 
Retrievers are diagnosed, enabling the creation of models 
specific to individual cancer types. After the data embargo 
expires, future studies should reassess these findings and 
the use of the BiMM forest model to determine whether 
the key predictors change and if model performance 
improves with additional years of data.

Another limitation of this study was the lack of body 
condition score (BCS) data for many of the enrolled 
dogs. Approximately 41 percent of the physical exam 
records did not report a BCS. Furthermore, BCS was only 
recorded for years three through seven, as the Hill’s Body 
Fat Index was used during years zero through two. Addi-
tionally, many records lacked body fat index scores, and 
no published methods are available to convert body fat 
index scores to BCS, which further complicates the inclu-
sion of this variable. Golden Retrievers are overrepre-
sented in studies as being overweight [58], and low levels 
of physical activity, particularly when limited to walk-
ing, are associated with an increased risk of obesity [59]. 
Since obesity has been linked to the development of spe-
cific types of canine cancer [60], it would be worthwhile 
to educate the veterinarians participating in the study 
about the importance of complete physical exam records.

Conclusions
Our findings highlight that the frequency, pace, and 
duration of exercise, combined with exercise-related 
environmental factors over time, are strong predictors 
of cancer development in Golden Retrievers, suggesting 
that cumulative lifestyle exposures over time may play a 
critical role in cancer risk assessment.

These results underscore the importance of consid-
ering social determinants of health in future studies, as 
owner behaviors, geographic location, and access to cer-
tain environmental features may shape a Golden Retriev-
er’s activity profile. Additionally, future research should 
focus on identifying optimal activity levels and potential 
environmental exposure risks. By identifying integrating 
these findings, veterinarians can better guide pet own-
ers on exercise recommendations and environmental 
modifications that may help reduce cancer risk in Golden 
Retrievers.
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