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Body composition metrics such as bodyweight, body condition score (BCS) and muscle condition score (MCS) can be readily recorded as part of veterinary examinations in ageing cats. However, the description of how these parameters change with age, whilst accounting for sex and age-related morbidity, is limited. The aim of this prospective cohort study was to evaluate age, sex and health-related changes in bodyweight, BCS and MCS in client-owned pet cats. A total of 1,231 veterinary examinations were performed on 209 pet cats aged 6.7–16.4 years enrolled on the Cat Prospective Ageing and Welfare Study. Cats were followed every 6 months for up to 7 years. Mixed-effects models using natural cubic splines were applied to investigate non-linear age-related changes, adjusting for sex and disease status. All three metrics showed significant non-linear associations with age. Bodyweight increased slightly from age 7 to 10 (estimated marginal mean 4.77–4.82 kg) before decreasing to 4.30 kg by age 16 years. Body condition score also increased slightly during middle age, before declining after age 10.5 years. The combined MCS (maximum 30 points, based on 10 skeletal landmarks) decreased gradually from 30 points to 28 points between ages 7 and 10, before decreasing at a greater rate to 15 points by age 16. After age 10, the cats had a greater probability of mild muscle loss than no muscle loss, and by age 14, they were more likely to be underweight than obese. Male cats were heavier and had 2.8 times greater odds of being overweight (p = 0.002); there were no sex differences in MCS. Cats that developed chronic disease had a greater age-related decline in all three metrics. Associations with various chronic diseases were identified, including a positive association between orthopaedic abnormalities and bodyweight. These findings indicate that muscle loss begins before middle age in cats, whilst loss of body condition and bodyweight begins after age 10. The results also outline the importance of monitoring body composition metrics in veterinary examinations of ageing cats.
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1 Introduction

The median lifespan of cats attending UK primary care practices has been estimated at 14 years (1), although this lifespan does not necessarily correspond with ‘healthspan’, defined as the length of time living in good health (2). Cats enter the ‘mature’ life stage at 7 years of age, and the ‘senior’ life stage at >10 years of age (3). As in humans, advancing age is a risk factor for morbidity in cats, including cardiovascular disease, cancer, chronic kidney disease (CKD), endocrinopathies and musculoskeletal disorders (4–7). Body composition also changes with age in cats, with a loss of lean body mass in senior cats (8). Such changes are associated with underlying physiological mechanisms of the ageing process (9), as well as being affected by (and potentially increasing the risk of) certain age-related diseases (10–13). In clinical practice, metrics such as bodyweight, body condition score (BCS) and muscle condition score (MCS) can be routinely measured and provide insights into body composition, without the need for specialist equipment (14, 15). Understanding how such metrics change as cats age, whilst accounting for possible effects of sex and chronic disease, could help to identify targets for improving quality of life in ageing cats, for example, through interventions such as diet, environmental modifications and pharmaceutical treatments.

Age-related changes in bodyweight and BCS in cats have been investigated in cross-sectional studies (16–18), although such studies are limited by the fact that the rate of ageing varies amongst individual cats due to genetics, environment, diet and disease (19, 20). Longitudinal studies of ageing have advantages over cross-sectional studies because they enable changes in physiological biomarkers to be assessed over time both within and between subjects. For example, changes in body composition in ageing cats living in research colonies have been examined in longitudinal studies, although these studies have not accounted for differences in sex (8, 21, 22). Retrospective data from electronic health records have been used to assess longitudinal changes in bodyweight and sex with age in cats, but not accounting for health status (23). Longitudinal studies have also been used to examine alterations in body composition resulting from chronic diseases, including hyperthyroidism (12), CKD (24) and heart failure (25).

Therefore, there is currently a gap in the literature regarding prospective longitudinal age, sex and health related changes in body composition metrics in client-owned pet cats. Findings from mature cats (aged 7 to 10 years) at enrolment to a longitudinal study of ageing in a client-owned cat cohort have recently been reported (26). The objectives of the current study were to use data collected from the same cohort of client-owned pet cats followed from middle age onwards for up to 7 years to determine longitudinal changes in bodyweight, BCS and MCS with ageing, whilst adjusting for the effects of sex and illness.



2 Materials and methods


2.1 Study design and ethical approval

This was a prospective, longitudinal study of ageing in client-owned pet cats [the Cat Prospective Ageing and Welfare Study (CatPAWS) (26)]. A brief overview of design and study methodology is provided below, with the full details already reported elsewhere (26, 27). Ethical approval was granted by the University of Liverpool Veterinary Research Ethics Committee, under the code VREC491 (with amendments abcde), and the Royal Canin Ethical Review Committee. All owners gave informed, written consent for their cat’s participation.



2.2 Data collection

Data were collected from cats who were first enrolled aged 6.7 to 10 years between February 2017 and March 2020. Follow-up visits were scheduled every 6 months thereafter, until death or censoring or until the time of review for this study (January 2024). At each visit, a thorough clinical history was obtained using owner questionnaires (to ascertain changes in the cats’ behaviour and activity) and additional non-scripted questioning as required. A physical examination was conducted by either a veterinarian (yearly in cats <10 years and biannually in cats >10 years) or a registered veterinary nurse (at interim 6-monthly appointments for cats <10 years). Any evidence of lameness was recorded, and a complete orthopaedic examination (OE) was conducted on amenable cats (26, 28). Blood samples were collected, by jugular venepuncture, for serum biochemical and haematological analysis, whilst systolic blood pressure was measured using the Doppler method (Thames medical CAT+ Doppler or Vet BP Doppler; cuff size 2.5–3.0 cm) according to standard guidelines (29). The systolic blood pressure, serum biochemistry and haematology tests were used to diagnose associated diseases, although specific results were not addressed in the current study.



2.3 Body composition metrics

At each examination, bodyweight was measured using portable V20 feline scales (Burtons, United Kingdom), which were regularly calibrated with a ‘test’ weight, whilst BCS was assessed using a 9-unit scale, as previously described (14). Muscle condition score was assessed at 10 separate skeletal landmarks: skull, neck, thoracic vertebrae, lumbar vertebrae, left and right scapula, left and right gluteal muscle group and left and right hindlimb muscle groups caudal to the femur (Figure 1). Each skeletal landmark was graded from 0 (severe muscle wastage) to 3 (no muscle wastage) using a validated scale (15), with a combined MCS score up to a maximum of 30 points created by summing results from all 10 landmarks.
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FIGURE 1
 Skeletal landmarks palpated to ascertain the combined muscle condition score in cats. Each of the 10 skeletal landmarks were graded from 3 (no muscle loss) to 0 (severe muscle loss), giving a combined muscle condition score of up to 30 points.




2.4 Classification of health and disease status

For each visit, the presence of any chronic diseases and abnormal clinical findings were recorded, including CKD, hyperthyroidism, hypertension, neoplasia, heart murmurs, diabetes mellitus and dental disease. Diagnostic criteria for such diseases and clinical findings have been reported previously (26–28). The presence or absence of abnormalities on OE was also recorded, except for cats which did not tolerate an OE, which were instead recorded as ‘unable to perform OE’ (26–28).

To investigate the possible impact of chronic disease on body composition metrics, cats were assigned a health status of “healthy” or “not healthy” at each visit. Cats were defined as “healthy” if they fulfilled the following criteria: (1) absence of hypertension, CKD, hyperthyroidism, a heart murmur ≥ grade 3, arrythmia or diagnosed cardiac disease, neoplasia, diabetes mellitus or cognitive dysfunction; (2) absence of other chronic diseases that might plausibly affect body composition [e.g., gastrointestinal (GI) disease, chronic cat flu, feline immunodeficiency virus (FIV)]; (3) absence of a severe acute systemic disease at time of sampling (e.g., infectious disease, pancreatitis, liver disease); (4) no signs of orthopaedic disease or severe dental disease. Finally, an “overall health status” was assigned for each cat across the study period. Cats that did not die or develop any chronic disease by the time of study completion or censoring were classified as ageing healthily. All other cats were considered not to be ageing healthily overall.



2.5 Statistical analysis

All statistical analysis was performed using an open-access statistical language and environment [R version 4.4.1; (30)]. The following body composition metrics were examined: bodyweight, BCS and combined MCS. Normality of these metrics were examined using histograms, Q-Q plots and Shapiro–Wilk testing, and metrics were described using either mean and standard deviation (SD) or median and interquartile range (IQR), depending on whether or not their distribution was gaussian.

Linear mixed-effects models, with restricted maximum likelihood, were used to investigate changes in body composition metrics with age. The packages in R used for these analyses were ‘lme4’ version 1.1–35.4 (31) and ‘splines’ [version 4.4.1; (30)], whilst graphs and tables were created with ‘ggplot2’ version 3.5.1 (32) and ‘sjPlot’ version 2.8.16 (33).

For bodyweight, BCS and combined MCS, the following research questions were asked:


	(1) How does the body composition metric change with increasing age, accounting for potential non-linear relationships between age and the body composition metric, and does this change differ by sex?

	(2) How does the body composition metric change with increasing age, accounting for potential non-linear relationships between age and the body composition metric, and does this change differ by both sex and health status over the course of the study?

	(3) How does the body composition metric change with increasing age, accounting for potential non-linear relationships between age and body composition metric, and how does this relationship differ according to different disease states?



To answer these questions, three separate linear mixed-effects models were developed for each body composition metric as indicated below:


	Model 1. Fixed effects of age, sex, and the interaction between age and sex; individual cat included as a random effect.

	Model 2. Fixed effects of age, sex and the interaction of age and sex, overall health status and the interactions of overall health status and age; individual cat included as a random effect.

	Model 3. Fixed effects of age, sex, and diagnosis of CKD, hyperthyroidism, hypertension, neoplasia, heart murmurs, diabetes mellitus and dental disease plus whether OE abnormalities were present; individual cat included as a random effect.



The R code for these models are given in the Supplementary Table 1.

Breed was not included as a covariate in the models because the majority of cats in the cohort were of mixed breed (180/209, 86%), whilst the remaining 14% (29 cats) represented 14 different pedigree breeds. The sample sizes for individual breeds were therefore too small to allow meaningful statistical comparisons. Additionally, only two cats were of a large-framed breed (Maine Coons: one male and one female) with an even distribution of age and sex.

Natural cubic splines were included in all models to investigate possible non-linear effects of age (34, 35). The degrees of freedom used were selected based on investigations of the generalisability of models which used different degrees of freedom (from 2 to 5), and selecting the model of best fit using log likelihood ratio test, Akaike Information Criterion (AIC) and Bayesian Information Criterion (BIC). The position of the internal knot for natural cubic splines applied to age in two degrees of freedom was determined by the 50th percentile of the age data distribution, which was marginally greater than 10 years of age. The ‘check_model’ function of the ‘performance’ package [version 0.12.0; (36)] was used to assess model performance, with specific checks including a posterior predictive check (to compare the distribution of data for the outcome variable with predictions from the model), homogeneity of variance, influential observations, multicollinearity (by analysing variance inflation factors), normality of residuals and normality of random effects. In addition, autocorrelation was assessed by plotting autocorrelation function plots. Estimated marginal means (EMMs) were obtained from the linear mixed-effects models by the ‘emmeans’ package [version 1.10.2; (37)].

Multinomial mixed-effects models were created to investigate changes in categorical variables with age, sex and health status using the ‘mblogit’ function of the ‘mclogit’ package version 0.9.6 (38). Body condition score was separated into four categories: underweight (BCS 1–3/9), ideal weight (BCS 4–5/9), overweight (BCS 6–7/9) and obese (BCS 8–9/9). The combined MCS, derived from the 10 skeletal landmarks, was originally categorised into no muscle loss (MCS 30/30), mild muscle loss (MCS 20–29/30), moderate muscle loss (MCS 10–19/30) and severe muscle loss (MCS 0–9/30). However, given that only one cat had a combined MCS classed as severe, this category was subsequently amalgamated with the moderate muscle loss category to create a combined moderate-to-severe muscle loss category (MCS 0–19/30). The resulting 4-unit variable (for BCS) and 3-unit variable (for the combined MCS) were modelled using cat age (again using natural cubic splines with 2 degrees of freedom), sex and overall health status; interactions amongst these variables were added to models if they improved the fit (based on log likelihood ratio test and AIC). Plots of the predicted effects of these models were visualised using ggplot2, with generalised additive model (GAM) or locally estimated scatterplot smoothing (LOESS) applied depending on the default ‘geom_smooth’ function setting (32).

Body condition score and the combined MCS data were therefore analysed as both continuous variables using linear mixed-effects models and as categorical variables using multinomial mixed-effects models. Treating these variables as continuous enabled the assessment of overall age-related trajectories using spline-based modeling and allowed comparison with bodyweight. Although BCS and MCS are technically ordinal, their scale (9-point for BCS; 30-point for combined MCS) supports approximation as continuous measures for modeling purposes (39–41). Multinomial models were then also employed to assess age-related changes in grouped BCS and MCS categories. This dual approach allowed for both visual interpretation of non-linear age-related trajectories and consideration of categories of body condition and muscle condition.

To account for multiple testing, the Benjamini–Hochberg false discovery rate (FDR) correction was applied to the p-values associated with the fixed effects in each model. Significance was set as FDR adjusted p-value of <0.05.




3 Results


3.1 Summary of study population and body composition data

A summary of the available observations of cats and their bodyweight, BCS and combined MCS are shown in Table 1. Sample sizes differed amongst body composition metrics depending on whether measurement of the metric during a particular examination had been possible as a result of the temperament of the cat. Most data were available for bodyweight (median 6 per cat, IQR 3–9, range 1–12) and BCS (median 6 per cat, IQR 3–9, range 1–12), with fewer observations available for MCS (median 5, IQR 2–8, range 1–12). There were 98 male and 111 female cats, with all but 2 (both males with a total of 4 observations from age 7.0–8.3 years) being neutered. Median age was 10.3 years (IQR 8.8–12.0, range 6.7–16.4 years). Twenty-nine of the 209 cats (14%) were pedigrees, with 14 different breeds represented (Supplementary Table 2), whilst the remaining cats (180, 86%) were from non-pedigree breeds. In total, 59/209 cats (28%) died over the study period. There was a relatively even distribution of sex and health status across the age range studied. However, cats that remained healthy over time tended to be slightly younger than those that developed morbidity (healthy cats: median 9.6 years, IQR 8.2–11.0; not healthy: median 10.6 years, IQR 9.1–12.3; Table 1). Distributions of age by sex, health status, and breed are shown in Supplementary Figure 1.


TABLE 1 An overview of the total sample sizes for each body composition metric recorded in cats enrolled on the Cat Prospective Ageing and Welfare Study.

	Dependent variable
	Total
	Sex1
	Overall health status2
	Enrolment3
	Age4



	Obs5
	Cats
	Obs5
	Cats
	Obs5
	Cats

 

 	Bodyweight (kg) 	1,231 	209 	587/644
 (48/52%) 	98/111
 (47/53%) 	321/910
 (26/74%) 	73/136
 (35/65%) 	4.65
 (3.98–5.39) 	Female: 10.3 (8.7–11.9; 6.7–16.0)
 Male: 10.4 (9.0–12.0; 6.9–16.4)
 Healthy: 9.6 (8.2–11; 6.9–15.4)
 Not healthy: 10.6 (9.1–12.3; 6.7–16.4)


 	Body condition 6 	1,220 	209 	585/628
 (48/52%) 	98/111
 (47/53%) 	314/906
 (26/74%) 	73/136
 (35/65%) 	6 (5–7) 	Female: 10.3 (8.8–11.9; 6.7–16.0)
 Male: 10.4 (9.0–12.0; 6.9–16.4)
 Healthy: 9.6 (8.2–11; 6.9–15.4)
 Not healthy: 10.6 (9.1–12.3; 6.7–16.4)


 	Muscle condition 7 	1,144 	208 	554/590
 (48/52%) 	97/111
 (47/53%) 	287/857
 (25/75%) 	72/136
 (35/65%) 	30 (28–30) 	Female: 10.2 (8.7–11.9; 6.7–16.0)
 Male: 10.4 (9.0–12.0; 6.9–16.4)
 Healthy: 9.5 (8.2–10.9; 6.9–15.4)
 Not healthy: 10.6 (9.1–12.3; 6.7–16.4)





1Sex reported as number (%) of cats (male / female). 2Overall health status over the study period is the presence (“not healthy”) or absence (“healthy”) of chronic diseases or death that each cat developed over the study period with results reported as number (%) of cats (healthy/not healthy). 3Results of the dependent variable at enrolment to the study reported as median (inter-quartile range). 4Age is given in years, presented as median (IQR; range). 5Obs: observations. 6Body condition assessed using a 9-unit scale (14). 7Muscle condition is the combined score for 10 separate landmarks, with each graded from 0 (severe muscle wastage) to 3 (no muscle wastage) using a validated scale (15).
 

The sample sizes for variables used in models 1 and 2 are provided in Table 1. For model 3, which included various disease states, the sample sizes are shown in Table 2. For each model, only complete cases with all variables recorded were included, therefore sample sizes were smaller in model 3 than those used in models 1 and 2 because of removal of missing values from certain covariates where data were not available.


TABLE 2 An overview of the total sample sizes for each body composition metric where details on various morbidity diagnoses were also available in cats enrolled on the Cat Prospective Ageing and Welfare Study.

	Dependent variable
	Total
	Sex1
	CKD2
	Hyperthyroid2
	Hypertension2
	Neoplasia2
	Heart murmur2
	Diabetes mellitus2
	Dental disease2
	OE abnormalities3



	Obs4
	Cats
	Obs4
	Cats
	Obs4
	Cats
	Obs4
	Cats
	Obs4
	Cats
	Obs4
	Cats
	Obs4
	Cats
	Obs4
	Cats
	Obs4
	Cats
	Obs4
	Cats

 

 	Bodyweight (kg) 	1,055 	203 	525/530 (50/50%) 	98/105 (48/52%) 	90 (9%) 	22 (11%) 	64 (6%) 	18 (9%) 	139 (13%) 	52 (26%) 	9 (1%) 	8 (4%) 	320 (30%) 	122 (60%) 	9 (1%) 	4 (2%) 	599 (57%) 	170 (84%) 	124/331/600 (18/31/ 57%) 	75/156/169 (37/77/57%)


 	Body condition5 	1,052 	203 	524/528 (50/50%) 	98/105 (48/52%) 	90 (9%) 	22 (11%) 	64 (6%) 	18 (9%) 	139 (13%) 	52 (26%) 	9 (1%) 	8 (4%) 	320 (30%) 	122 (60%) 	9 (1%) 	4 (2%) 	598 (57%) 	170 (84%) 	124/328/600 (18/31/ 57%) 	75/154/169 (37/76/57%)


 	Muscle condition6 	1,013 	202 	507/506 (50/50%) 	98/104 (49/51%) 	88 (9%) 	22 (11%) 	63 (6%) 	18 (9%) 	136 (13%) 	52 (26%) 	9 (1%) 	8 (4%) 	313 (31%) 	122 (60%) 	7 (1%) 	4 (2%) 	578 (57%) 	170 (84%) 	121/303/589 (18/30/ 58%) 	75/154/169 (37/76/58%)





1Sex reported as number (%) of cats (male / female). 2Results reported as number (%) of cats with diagnosis. 3Orthopaedic examination (OE) abnormalities reported as either no OE abnormalities (“No”), OE not performed or OE abnormalities present (“Yes”). Results reported as number (%) of cats (No/OE not performed/Yes). 4Obs: observations. 5Body condition assessed using a 9-unit scale (14). 6Muscle condition is the combined score for 10 separate landmarks, with each graded from 0 (severe muscle wastage) to 3 (no muscle wastage) using a validated scale (15). CKD, chronic kidney disease; OE, orthopaedic examination. The sample sizes shown in this table were used in multivariate linear mixed effects models where all morbidity diagnoses were included as covariates.
 



3.2 Bodyweight

Bodyweight measurements were recorded at 1,231 visits for 209 cats (Table 1). Median bodyweight at enrolment was 4.65 kg (IQR 3.98–5.39 kg). Spaghetti plots, displaying longitudinal trends within cats, are included in the Supplementary Figure 2. The outcomes of the three linear mixed-effects models investigating changes in bodyweight in the cats with age, sex and health-status are shown in Table 3 and Figure 2. There was substantial variability in bodyweight amongst cats, with the variance of the random intercept being 0.78–0.80. The intraclass correlation coefficient (ICC) was large (0.86–0.87), indicating that ~86–87% of the variance in bodyweight is due to the differences amongst cats. The fit of all three models was good, with 90–91% of the variance in bodyweight being explained by the combination of fixed and random effects.


TABLE 3 Outcomes of linear mixed-effects models with natural cubic splines for age examining the effects of age, sex, overall health status, and morbidities on bodyweight in 209 cats enrolled on the Cat Prospective Ageing and Welfare Study.

	Predictors
	Bodyweight (kg) [model 1]
	Bodyweight (kg) [model 2]
	Bodyweight (kg) [model 3]



	Estimates
	CI
	Raw p-value
	FDR adjusted p-value
	Estimates
	CI
	Raw p-value
	FDR adjusted p-value
	Estimates
	CI
	Raw p-value
	FDR adjusted p-value

 

 	(Intercept) 	4.35 	4.16–4.54 	<0.001 	<0.001 	4.32 	4.06–4.58 	<0.001 	<0.001 	4.25 	4.04–4.46 	<0.001 	<0.001


 	Age (years) [1st degree] 	−0.60 	−0.82 – −0.38 	<0.001 	<0.001 	−0.20 	−0.51 – 0.12 	0.226 	0.254 	−0.60 	−0.85 – −0.35 	<0.001 	<0.001


 	Age (years) [2nd degree] 	−0.83 	−1.02 – −0.65 	<0.001 	<0.001 	−0.54 	−0.95 – −0.14 	0.009 	0.016 	−0.66 	−0.87 – −0.45 	<0.001 	<0.001


 	Sex [Male v Female at baseline] 	0.83 	0.55–1.10 	<0.001 	<0.001 	0.80 	0.52–1.08 	<0.001 	<0.001 	0.80 	0.52–1.09 	<0.001 	<0.001


 	Age (years) [1st degree] x Sex [Male] 	0.62 	0.30–0.95 	<0.001 	<0.001 	0.74 	0.41–1.06 	<0.001 	<0.001 	0.74 	0.40–1.09 	<0.001 	<0.001


 	Age (years) [2nd degree] x Sex [Male] 	0.25 	−0.01 – 0.52 	0.063 	0.063 	0.29 	0.02–0.56 	0.034 	0.051 	0.18 	−0.10 – 0.47 	0.213 	0.246


 	Health status over study [Not Healthy vs Healthy at baseline] 	 	 	 	 	0.07 	−0.22 – 0.37 	0.630 	0.630 	 	 	 	


 	Age (years) [1st degree] x Health status over study [Not Healthy] 	 	 	 	 	−0.63 	−0.99 – −0.27 	0.001 	0.002 	 	 	 	


 	Age (years) [2nd degree] x Health status over study [Not Healthy] 	 	 	 	 	−0.34 	−0.77 – 0.08 	0.115 	0.147 	 	 	 	


 	CKD 	 	 	 	 	 	 	 	 	−0.21 	−0.38 – −0.05 	0.013 	0.019


 	Hyperthyroidism 	 	 	 	 	 	 	 	 	−0.40 	−0.55 – −0.25 	<0.001 	<0.001


 	Hypertension 	 	 	 	 	 	 	 	 	−0.02 	−0.10 – 0.07 	0.729 	0.729


 	Neoplasia 	 	 	 	 	 	 	 	 	−0.40 	−0.67 – −0.14 	0.003 	0.005


 	Heart murmur 	 	 	 	 	 	 	 	 	−0.03 	−0.10 – 0.03 	0.273 	0.292


 	Diabetes mellitus 	 	 	 	 	 	 	 	 	−0.35 	−0.68 – −0.02 	0.039 	0.054


 	Dental disease 	 	 	 	 	 	 	 	 	0.04 	−0.01 – 0.09 	0.144 	0.180


 	OE abnormalities [Unable to perform OE] 	 	 	 	 	 	 	 	 	0.16 	0.07–0.25 	<0.001 	<0.001


 	OE abnormalities [Yes] 	 	 	 	 	 	 	 	 	0.15 	0.07–0.24 	<0.001 	<0.001


 	 	Random effects 	 	 	 	 	


 	σ2 	0.12 	 	0.12 	 	0.12 	


 	τ00 	0.78 Cat_ID 	 	0.78 Cat_ID 	 	0.81 Cat_ID 	


 	ICC 	0.86 	 	0.87 	 	0.87 	


 	N 	209 Cat_ID 	 	209 Cat_ID 	 	203 Cat_ID 	


 	Observations 	1,231 	 	1,231 	 	1,055 	


 	Marginal R2/Conditional R2 	0.252/0.899 	 	0.258/0.901 	 	0.263/0.907 	





Age (years) 1st and 2nd degree relate to the 1st and 2nd degrees of freedom for a natural cubic spline model considering non-linear associations of age. Health status over study relates to whether the cat aged “healthily” or “not healthily” over the study period, i.e., whether the cat had developed morbidity or mortality by the end of the study period. p-values were adjusted for false discovery rate using the Benjamini-Hochberg method. CI, 95% confidence intervals; CKD, chronic kidney disease; OE, orthopaedic examination; ICC, intraclass correlation; FDR, false discovery rate. Values in bold indicate raw and FDR adjusted p-values of <0.05.
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FIGURE 2
 Longitudinal changes in bodyweight in cats enrolled on the Cat Prospective Ageing and Welfare Study. (A,B) Show the outcome of linear mixed-effects models with fixed effects of age (modelled with natural cubic splines for age in two degrees of freedom to account for non-linear associations of bodyweight and age), sex and the interactions of age and sex from 1,231 veterinary examinations from 209 cats, whilst (C) also included the overall health status of the cat over the course of the study and its interactions with age. The individual cat was added as a random effect. (A) Overall changes in bodyweight for all cats; (B) Overall changes in bodyweight for all cats separated by sex; (C) Overall changes in bodyweight in cats separated by sex (male cats shown in the left-side plot, female cats in the right-side plot) and whether the cat remained healthy over the study period or developed chronic morbidities and/or died (classed as “Not healthy”).


A non-linear association between age and bodyweight was identified in all models (Table 3, Figure 2). There was also an association between age and sex for the first spline coefficient in all three models, with different rates of bodyweight change between male and female cats. In male cats, the EMMs for bodyweight increased from 5.19 kg (95% CI 4.98, 5.40) at age 7 to 5.38 kg (95% CI 5.18, 5.57) at age 10.5 before decreasing to 4.93 kg (95% CI 4.64, 5.23) by age 16. In female cats, the association was negative between 7 and 10 years and more sharply negative thereafter, with EMMs decreasing from 4.35 kg (95% CI 4.17, 4.54) at age 7 to 4.28 kg (95% CI 4.10, 4.45) at age 10 and 3.67 kg (95% CI 3.40, 3.94) by age 16 (Figure 2B). On average, male cats were 0.83 kg heavier than female cats at baseline (the youngest age; 95% CI 0.29–0.96, FDR adjusted p < 0.001; Table 3; Figure 2B). In model 2, bodyweight was also negatively associated with the health status of the cat throughout the study period (Table 3), although there was also an interaction between age and health status with the first-degree spline term for age; in this respect, cats that remained healthy tended to be heavier than cats that developed morbidity or mortality as they aged (Figure 2C). Besides overall health status, there was a similar association between age and sex as that described for model 1 (Figure 2C). In model 3, cats with CKD, hyperthyroidism and neoplasia were lighter on average than cats without these conditions by 0.21 kg, 0.40 kg and 0.40 kg, respectively (Table 3), whilst cats with OE abnormalities were heavier on average by 0.16 kg than cats without OE abnormalities (Table 3).



3.3 Body condition score

Data on BCS were available from 1,220 examinations from 209 cats (Table 1), with the median BCS at enrolment being 6 (IQR 5–7). Spaghetti plots, displaying longitudinal trends in BCS, are shown in the Supplementary Figure 3. The outcomes of the three linear mixed-effects models investigating changes in BCS with age in the cats are shown in Table 4 and Figure 3. As with bodyweight, a substantial amount of variation in BCS was due to differences amongst individual cats, with an ICC of 0.69–0.70. All three models fitted moderately well, with 70–72% of the variance in BCS being explained by a combination of the fixed and random effects.


TABLE 4 Outcomes of linear mixed-effects models with natural cubic splines for age examining the effects of age, sex, overall health status, and morbidities on body condition score in 209 cats enrolled on the Cat Prospective Ageing and Welfare Study.

	Predictors
	BCS [model 1]
	BCS [model 2]
	BCS [model 3]



	Estimates
	CI
	Raw p-value
	FDR adjusted p-value
	Estimates
	CI
	Raw p-value
	FDR adjusted p-value
	Estimates
	CI
	Raw p-value
	FDR adjusted p-value

 

 	(Intercept) 	5.79 	5.49–6.09 	<0.001 	<0.001 	5.75 	5.35–6.16 	<0.001 	<0.001 	5.69 	5.35–6.03 	<0.001 	<0.001


 	Age (years) [1st degree] 	−0.44 	−0.92 – 0.04 	0.071 	0.085 	0.15 	−0.54 – 0.84 	0.672 	0.672 	−0.38 	−0.91 – 0.15 	0.160 	0.201


 	Age (years) [2nd degree] 	−1.45 	−1.86 – −1.03 	<0.001 	<0.001 	−0.72 	−1.62 – 0.18 	0.115 	0.173 	−1.01 	−1.47 – −0.55 	<0.001 	<0.001


 	Sex [Male v Female at baseline] 	−0.13 	−0.57 – 0.31 	0.563 	0.563 	−0.16 	−0.61 – 0.28 	0.465 	0.598 	−0.19 	−0.63 – 0.26 	0.405 	0.434


 	Age (years) [1st degree] x Sex [Male] 	1.06 	0.36–1.76 	0.003 	0.006 	1.22 	0.50–1.93 	0.001 	0.004 	1.33 	0.60–2.07 	<0.001 	0.001


 	Age (years) [2nd degree] x Sex [Male] 	0.65 	0.07–1.24 	0.029 	0.043 	0.73 	0.14–1.31 	0.015 	0.045 	0.57 	−0.05 – 1.19 	0.073 	0.109


 	Health status over study [Not Healthy vs. Healthy at baseline] 	 	 	 	 	0.10 	−0.36 – 0.57 	0.658 	0.672 	 	 	 	


 	Age (years) [1st degree] x Health status over study [Not Healthy] 	 	 	 	 	−0.90 	−1.68 – −0.11 	0.026 	0.058 	 	 	 	


 	Age (years) [2nd degree] x Health status over study [Not Healthy] 	 	 	 	 	−0.85 	−1.79 – 0.09 	0.076 	0.137 	 	 	 	


 	CKD 	 	 	 	 	 	 	 	 	−0.34 	−0.67 – 0.00 	0.051 	0.109


 	Hyperthyroidism 	 	 	 	 	 	 	 	 	−0.66 	−0.98 – −0.34 	<0.001 	<0.001


 	Hypertension 	 	 	 	 	 	 	 	 	−0.05 	−0.24 – 0.14 	0.594 	0.594


 	Neoplasia 	 	 	 	 	 	 	 	 	−1.82 	−2.39 – −1.25 	<0.001 	<0.001


 	Heart murmur 	 	 	 	 	 	 	 	 	−0.12 	−0.26 – 0.01 	0.067 	0.109


 	Diabetes mellitus 	 	 	 	 	 	 	 	 	−0.40 	−1.10 – 0.30 	0.260 	0.300


 	Dental disease 	 	 	 	 	 	 	 	 	0.10 	−0.01 – 0.22 	0.069 	0.109


 	OE Abnormalities [Unable to perform OE] 	 	 	 	 	 	 	 	 	0.15 	−0.04 – 0.34 	0.123 	0.168


 	OE Abnormalities [Yes] 	 	 	 	 	 	 	 	 	0.18 	0.01–0.36 	0.043 	0.108


 	 	Random effects 	 	 	 	 	


 	σ2 	0.59 	 	0.59 	 	0.56 	


 	τ00 	1.32 Cat_ID 	 	1.33 Cat_ID 	 	1.29 Cat_ID 	


 	ICC 	0.69 	 	0.69 	 	0.70 	


 	N 	209 Cat_ID 	 	209 Cat_ID 	 	203 Cat_ID 	


 	Observations 	1,220 	 	1,220 	 	1,052 	


 	Marginal R2/Conditional R2 	0.032/0.700 	 	0.039/0.705 	 	0.067/0.718 	





Age (years) 1st and 2nd degree relate to the 1st and 2nd degrees of freedom for a natural cubic spline model considering non-linear associations of age. Health status over study relates to whether the cat aged “healthily” or “not healthily” over the study period, i.e., whether the cat had developed morbidity or mortality by the end of the study period. P-values were adjusted for false discovery rate using the Benjamini-Hochberg method. BCS, body condition score, assessed using a 9-unit scale (14); CI, 95% confidence intervals; CKD, chronic kidney disease; OE, orthopaedic examination; ICC, intraclass correlation; FDR, false discovery rate. Values in bold indicate raw and FDR adjusted p-values of <0.05.
 

[image: Three line graphs labeled A, B, and C compare Body Condition Score (BCS) by age. Graph A shows a general trend of BCS decreasing slightly after peaking around age eleven. In graph B, separate lines for males (red) and females (blue) show similar trends, with males peaking slightly higher. Graph C displays differences in BCS for healthy (orange) and not healthy (purple) individuals, with separate panels for males and females, both showing higher scores for healthy individuals.]

FIGURE 3
 Longitudinal changes in body condition score (BCS) in cats enrolled on the Cat Prospective Ageing and Welfare Study. (A,B) Show the outcome of linear mixed-effects models with fixed effects of age (modelled with natural cubic splines for age in two degrees of freedom to account for non-linear associations of BCS and age), sex and the interactions of age and sex from 1,220 veterinary examinations from 209 cats, whilst (C) also included the overall health status of the cat over the course of the study and its interactions with age. The individual cat was added as a random effect. (A) Overall changes in BCS for all cats; (B) Overall changes in BCS for all cats separated by sex; (C) Overall changes in BCS in cats separated by sex (male cats shown in the left side plot, female cats in the plot on the right side of the figure) and whether the cat remained healthy over the study period or developed chronic morbidities and/or died (classed as “Not healthy”).


A negative association between age and BCS was identified for the second-degree spline term in models 1 and 3 (FDR adjusted p < 0.001), indicating that associations were non-linear, being positive until approximately 10.5 years, decreasing thereafter (Figure 3A). Whilst individual spline coefficients are not directly interpretable due to the nature of spline basis functions, the plotted trajectory reflects the overall effect of age on BCS. Estimated marginal means for BCS in model 1 increased from 5.77 (95% CI 5.56, 5.98) at age 7 to 6.03 (95% CI 5.86, 6.21) at age 10, then decreased to 4.96 (95% CI 4.66, 5.25) by age 16 (Figure 3A). There were no differences in BCS between male and female cats at younger ages, but the rate of change in BCS differed between male and female cats (Table 4; Figure 3B); in male cats, the association was positive until 11 years, and then negative thereafter whilst, in female cats, the association was flat until either 10 years (healthy ageing cats) or 9 years (unhealthy cats) before becoming negative (Figures 3B,C). In model 3, hyperthyroidism and neoplasia were negatively associated with BCS (Table 4).

When BCS was grouped into categories (14), there were 32 underweight (BCS 1–3/9) observations from 20 cats, 473 ideal weight (BCS 4–5/9) observations from 129 cats, 559 overweight (BCS 6–7/9) observations from 150 cats, and 156 obese (BCS 8–9/9) observations from 51 cats. The association between BCS category and age was again non-linear (Table 5; Figure 4). The probability of a cat having either an obese or overweight condition was relatively stable until approximately 10 years and 12 years, respectively. The probability of an obese or overweight body condition then decreased from 14.5% and 47.0% to 0.4% and 33.2%, respectively, by age 16 (Figure 4). The probability of a cat having an underweight condition remained relatively stable until approximately 12 years but increased thereafter from 2.7% to 13.6% by age 16 (Figure 4). By approximately 14 years of age, there was a greater predicted probability for a cat having a BCS 4–5/9 than BCS 6–7/9, and a greater probability of cats having a BCS of <3/9 compared with 8–9/9 (Figure 4). Further, the odds of a male cat being in overweight condition were 2.8 times greater than for a female cat (FDR adjusted p = 0.005; Table 5; Figure 4B).


TABLE 5 Results of a multinomial mixed-effect model examining associations of age and sex with body condition categories in 209 cats enrolled on the Cat Prospective Ageing and Welfare Study.

	Predictors
	Underweight vs. ideal weight
	Overweight vs. ideal weight
	Obese vs. ideal weight



	Odds ratios
	CI
	Raw p-value
	FDR adjusted p-value
	Odds ratios
	CI
	Raw p-value
	FDR adjusted p-value
	Odds ratios
	CI
	Raw p-value
	FDR adjusted p-value

 

 	(Intercept) 	0.17 	0.06–0.45 	<0.001 	0.002 	0.87 	0.42–1.80 	0.705 	0.846 	0.02 	0.00–0.12 	<0.001 	<0.001


 	Age (1st degree) 	0.66 	0.12–3.48 	0.622 	0.846 	1.22 	0.39–3.86 	0.733 	0.846 	15.08 	0.41–558.22 	0.141 	0.301


 	Age (2nd degree) 	0.04 	0.01–0.24 	0.001 	0.002 	0.29 	0.10–0.85 	0.024 	0.060 	23.84 	4.79–118.72 	<0.001 	0.001


 	Sex (Male vs. Female) 	1.30 	0.59–2.87 	0.522 	0.782 	2.75 	1.47–5.14 	0.002 	0.005 	1.71 	0.67–4.36 	0.264 	0.440


 	Health status over study (Not healthy vs. Healthy) 	1.05 	0.44–2.52 	0.906 	0.906 	0.63 	0.32–1.23 	0.175 	0.328 	0.87 	0.27–2.84 	0.820 	0.879


 	N Cat_ID 	 	209 	


 	Observations 	 	1,220 	





Age (years) 1st and 2nd degree relate to the 1st and 2nd degrees of freedom for a natural cubic spline model considering non-linear associations of age. Health status over study relates to whether the cat aged “healthily” or “not healthily” over the study period, i.e., whether the cat had developed morbidity or mortality by the end of the study period. Underweight (BCS 1–3/9; N = 32 observations from 20 cats), ideal weight (BCS 4–5/9; N = 473 observations from 129 cats; reference category), overweight (BCS 6–7; N = 559 from 150 cats) and obese (BCS 8–9; N = 156 observations from 51 cats). P-values were adjusted for false discovery rate (FDR) using the Benjamini-Hochberg method. Values in bold indicate raw and FDR adjusted p-values of <0.05.
 

[image: Graph showing predicted probabilities of body condition categories by age in cats. Part A displays data for all cats, with trends for ideal weight, obese, overweight, and underweight categories from age 8 to 16. Part B separates data for female and male cats, showing similar trends, with probabilities plotted against age. Each category is color-coded and includes trend lines with shaded confidence intervals.]

FIGURE 4
 Changes in the predicted probabilities of body condition score categories with age in 209 cats enrolled on the Cat Prospective Ageing and Welfare Study. BCS group: “Obese” = BCS 8–9/9 (N = 156 observations from 51 cats); “Overweight” = BCS 6–7/9 (N = 559 from 150 cats); “Underweight” = 1–3/9 (N = 32 observations from 20 cats); “Ideal weight” = BCS 4–5/9 (N = 473 observations from 129 cats). (A) All cats; (B) Separated by sex (female cats in the left hand side figure, male cats in the right hand side figure).




3.4 Muscle condition score

Muscle condition scores were available from 1,144 clinical examinations of 208 cats, with a median of 5 assessments per cat (IQR 2–8, range 1–12). The median combined MCS at enrolment was 30 (IQR 28–30). Spaghetti plots displaying longitudinal trends in combined MCS within cats are provided in the Supplementary Figure 4. Based on ICC, 34–38% of the variance in combined MCS was due to differences amongst cats (Table 6), whilst the fixed and random effects in the three models explained ~69–70% of the variance in the data. Combined MCS decreased with age, in a non-linear fashion, whereby the association was more strongly negative after 10 years (Figure 5). The EMMs for model 1 showed MCS decreased gradually from 30.0 points to 27.7 points between ages 7 and 10, before decreasing at a greater rate to 14.5 points by age 16 (Figure 5A). In contrast to bodyweight and BCS, no differences were evident between sexes (Figure 5B; Table 6). However, there was a negative association between combined MCS, age and overall health status, whereby the age-associated decrease in combined MCS was steeper after 10 years for cats categorised as ‘not healthy’ during the study period (Figure 5C; Table 6). Further, combined MCS was less in cats diagnosed with hyperthyroidism, neoplasia and heart murmurs than for cats without these conditions by an average of 3.2, 7.0, and 0.8 points, respectively, (FDR adjusted p ≤ 0.001 for all; Table 6).


TABLE 6 Outcomes of linear mixed-effects models with natural cubic splines for age examining the effects of age, sex, overall health status, and morbidities on combined muscle condition score in 208 cats enrolled on the Cat Prospective Ageing and Welfare Study.

	Predictors
	MCS [model 1]
	MCS [model 2]
	MCS [model 3]



	Estimates
	CI
	Raw p-value
	FDR adjusted p-value
	Estimates
	CI
	Raw p-value
	FDR adjusted p-value
	Estimates
	CI
	Raw p-value
	FDR adjusted p-value

 

 	(Intercept) 	30.44 	29.62–31.26 	<0.001 	<0.001 	30.35 	29.21–31.49 	<0.001 	<0.001 	30.72 	29.77–31.67 	<0.001 	<0.001


 	Age (years) [1st degree] 	−13.69 	−15.33 – −12.06 	<0.001 	<0.001 	−11.27 	−13.67 – −8.87 	<0.001 	<0.001 	−11.82 	−13.57 – −10.07 	<0.001 	<0.001


 	Age (years) [2nd degree] 	−16.20 	−17.63 – −14.77 	<0.001 	<0.001 	−12.68 	−15.91 – −9.45 	<0.001 	<0.001 	−13.96 	−15.52 – −12.40 	<0.001 	<0.001


 	Sex [Male v Female at baseline] 	−0.26 	−1.47 – 0.96 	0.680 	0.680 	−0.36 	−1.58 – 0.86 	0.562 	0.632 	−0.28 	−1.48 – 0.91 	0.644 	0.795


 	Age (years) [1st degree] x Sex [Male] 	1.51 	−0.89 – 3.90 	0.217 	0.325 	2.02 	−0.39 – 4.44 	0.101 	0.151 	1.96 	−0.49 – 4.40 	0.116 	0.201


 	Age (years) [2nd degree] x Sex [Male] 	0.53 	−1.49 – 2.55 	0.607 	0.680 	0.81 	−1.22 – 2.84 	0.433 	0.556 	0.35 	−1.75 – 2.46 	0.742 	0.795


 	Health status over study [Not Healthy vs Healthy at baseline] 	 	 	 	 	0.31 	−0.98 – 1.60 	0.637 	0.637 	 	 	 	


 	Age (years) [1st degree] x Health status over study [Not Healthy] 	 	 	 	 	−3.47 	−6.16 – −0.78 	0.011 	0.026 	 	 	 	


 	Age (years) [2nd degree] x Health status over study [Not Healthy] 	 	 	 	 	−4.02 	−7.37 – −0.67 	0.019 	0.034 	 	 	 	


 	CKD 	 	 	 	 	 	 	 	 	−0.24 	−1.18 – 0.71 	0.623 	0.795


 	Hyperthyroidism 	 	 	 	 	 	 	 	 	−3.19 	−4.16 – −2.23 	<0.001 	<0.001


 	Hypertension 	 	 	 	 	 	 	 	 	−0.50 	−1.13 – 0.13 	0.120 	0.201


 	Neoplasia 	 	 	 	 	 	 	 	 	−6.98 	−8.88 – −5.07 	<0.001 	<0.001


 	Heart murmur 	 	 	 	 	 	 	 	 	−0.80 	−1.24 – −0.36 	<0.001 	0.001


 	Diabetes mellitus 	 	 	 	 	 	 	 	 	−0.84 	−3.14 – 1.46 	0.474 	0.711


 	Dental disease 	 	 	 	 	 	 	 	 	0.01 	−0.37 – 0.39 	0.972 	0.972


 	OE abnormalities [Unable to perform OE] 	 	 	 	 	 	 	 	 	−0.12 	−0.75 – 0.51 	0.710 	0.795


 	OE Abnormalities [Yes] 	 	 	 	 	 	 	 	 	−0.47 	−1.07 – 0.12 	0.118 	0.201


 	 	Random effects 	 	 	 	 	


 	σ2 	7.16 	 	7.11 	 	6.80 	


 	τ00 	4.43 Cat_ID 	 	4.39 Cat_ID 	 	3.50 Cat_ID 	


 	ICC 	0.38 	 	0.38 	 	0.34 	


 	N 	208 Cat_ID 	 	208 Cat_ID 	 	202 Cat_ID 	


 	Observations 	1,144 	 	1,144 	 	1,013 	


 	Marginal R2/Conditional R2 	0.500/0.691 	 	0.510/0.697 	 	0.545/0.700 	





Age (years) 1st and 2nd degree relate to the 1st and 2nd degrees of freedom for a natural cubic spline model considering non-linear associations of age. Health status over study relates to whether the cat aged “healthily” or “not healthily” over the study period, i.e., whether the cat had developed morbidity or mortality by the end of the study period. MCS, muscle condition score, relates to a combined score for 10 skeletal landmarks each graded 0 (severe muscle loss) to 3 (no muscle loss (15);) to a total of 30 points; CI, 95% confidence intervals. p-values were adjusted for false discovery rate using the Benjamini-Hochberg method. CKD, chronic kidney disease; OE, orthopaedic examination; ICC, intraclass correlation; FDR, false discovery rate. Values in bold indicate raw and FDR adjusted p-values of <0.05.
 

[image: Line charts labeled A, B, and C display the relationship between age and Combined MCS. A shows a single line; B compares males and females, showing minimal difference. C highlights health status differences for both sexes, with ‘Not Healthy’ in purple and ‘Healthy’ in orange, indicating varied trends as age increases.]

FIGURE 5
 Longitudinal changes in combined muscle condition score (MCS) in cats enrolled on the Cat Prospective Ageing and Welfare Study. Combined MCS relates to a combined score for 10 skeletal landmarks each graded 0 (severe muscle loss) to 3 [no muscle loss (15);], to a total of 30 points. (A,B) Show the outcome of linear mixed-effects models with fixed effects of age (modelled with natural cubic splines for age in two degrees of freedom to account for non-linear associations of combined MCS and age), sex and the interactions of age and sex from 1,144 veterinary examinations from 208 cats, whilst (C) also included the overall health status of the cat over the course of the study and its interactions with age. The individual cat was added as a random effect. (A) Overall changes in MCS for all cats; (B) Overall changes in MCS for all cats separated by sex; (C) Overall changes in MCS in cats separated by sex (male cats shown in the left side plot, female cats in the right-side plot) and whether the cat remained healthy over the study period or developed chronic morbidities and/or died (classed as “Not healthy”).


Muscle loss was also categorised into mild (MCS 20–29/30; 556 observations from 164 cats), moderate-to-severe (MCS 0–19/30; 68 observations from 44 cats) or no (MCS 30/30; 540 observations from 177 cats) muscle loss and, again, age was associated with severity. Compared with cats having no muscle loss, the odds of a cat having muscle loss increased with age in a non-linear fashion (Table 7). The predicted probability of a cat having mild muscle loss increased from 16.3% at age 7, to 41.5% at age 10 and surpassed the probability of no muscle loss at 10.5 years (Figure 6A). The predicted probability of a cat having moderate-to-severe muscle loss increased from 0.0% at age 7 to 48.4% by age 16 and surpassed that of having no muscle loss at ~13 years and mild muscle loss at ~16 years (Figure 6A). Cats classified as not ageing healthily had 8 times the odds of having moderate-to-severe muscle loss compared with those classified as ageing healthily (FDR adjusted p = 0.011; Table 7). In both healthy and not healthy ageing cats over age 10.5 years, the predicted probability of mild muscle wastage exceeded that of no muscle wastage (Figure 6B). The probability of moderate-to-severe muscle loss exceeded that of mild muscle loss after age 16 years only in cats not ageing healthily; in healthy ageing cats the probability of moderate to severe muscle loss did not exceed that of mild muscle loss across the age range studied (Figure 6B).


TABLE 7 Results of a multinomial mixed-effects model examining changes in grade of muscle wastage with increasing age, sex and whether the cat remained healthy over the study period in 208 cats enrolled on the Cat Prospective Ageing and Welfare Study.

	Predictors
	Mild vs none
	Moderate to severe vs none



	Odds ratios
	CI
	Raw p-value
	FDR adjusted p-value
	Odds Ratios
	CI
	Raw p-value
	FDR adjusted p-value

 

 	(Intercept) 	0.14 	0.08–0.26 	<0.001 	<0.001 	0.00 	0.00–0.00 	<0.001 	<0.001


 	Age (1st degree) 	1.09e+03 	3.72e+02–3.19e+03 	<0.001 	<0.001 	6.65e+07 	1.10e+04–4.00e+11 	<0.001 	<0.001


 	Age (2nd degree) 	0.72 	3.35e+02–9.55e+03 	<0.001 	<0.001 	6.61e+05 	4.71e+04–9.28e+06 	<0.001 	<0.001


 	Sex (Male vs Female) 	1.21 	0.49–1.04 	0.081 	0.101 	0.66 	0.34–1.30 	0.231 	0.257


 	Health status over study (Not healthy vs Healthy) 	1.21 	0.80–1.83 	0.364 	0.364 	8.04 	1.74–37.22 	0.008 	0.011


 	N Cat_ID 	 	208 	


 	Observations 	 	1,144 	





Age (years) 1st and 2nd degree relate to the 1st and 2nd degrees of freedom for a natural cubic spline model considering non-linear associations of age. Health status over study relates to whether the cat aged “healthily” or “not healthily” over the study period, i.e., whether the cat had developed morbidity or mortality by the end of the study period. A combined muscle condition score was taken from 10 skeletal landmarks each score from 3 (no muscle loss) to 0 (severe muscle loss). Muscle wastage was then graded as none (combined score of 30/30, N = 540 observations from 177 cats, reference category in model); Mild (combined score of 20–29/30, N = 556 observations from 164 cats); Moderate to Severe (combined score of 0–19/30, N = 68 observations from 44 cats). P-values were adjusted for false discovery rate (FDR) using the Benjamini-Hochberg method. Values in bold indicate raw and FDR adjusted p-values of <0.05.
 

[image: Graph illustrating predicted probabilities of muscle loss in cats by age. Panel A shows data for all cats, with curves for mild, moderate to severe, and no muscle loss categories. Panel B compares healthy and not healthy cats, showing similar trends with separate plots. Probability on the y-axis and age in years on the x-axis.]

FIGURE 6
 Predicted probabilities of muscle condition score categories in 208 cats enrolled on the Cat Prospective Ageing and Welfare Study. Predicted probabilities were extracted from a multinomial mixed effects model investigating effects of age, sex and overall health status of the cat over the study period on categories of muscle condition scores. A combined muscle condition score was taken from 10 skeletal landmarks each score from 3 (no muscle loss) to 0 (severe muscle loss). Muscle condition scores were then categorised as none (combined score of 30/30, N = 540 observations from 177 cats); Mild (combined score of 20–29/30, N = 556 observations from 164 cats); Moderate to Severe (combined score of 0–19/30, N = 68 observations from 44 cats). (A) All cats; (B) Separated by health status over study. “Healthy” (left side) relates to cats that aged healthily, “Not healthy” (right side) related to cats that had developed morbidity or mortality by the end of the study period.





4 Discussion

In this prospective cohort study of ageing in cats, we have analysed age-related changes in three body composition metrics (bodyweight, BCS and combined MCS), and assessed associations with sex and health status. For all three metrics, the association with age was non-linear; bodyweight and BCS both slightly increased over middle age on average, before decreasing after age 10 years. There was a decrease in combined MCS during middle age, but the rate of decrease was greater after around 10 years of age. These findings concur with a previous study examining changes in bodyweight, BCS and body fat and lean tissue content measured by dual energy X-ray absorption [DEXA; (22)]. Although sex differences were not examined in that study, cats on average gained bodyweight until 9 years, then lost bodyweight thereafter. Body condition score also increased until ~11 years of age, before decreasing, and cats had a substantial decline in lean tissue mass after 12 years of age (22). Similar trajectories, to those noted for the cats in this study, have also been reported in human body composition studies (42, 43). For example, fat-free mass decline occurs from 47 years in people (44), equivalent to ~8 years of age in cats, which is similar to the decrease in muscle condition observed in the cats in this study. Body fat in humans generally increases during middle age, before decreasing in older age (43). This middle-age-related increase in body fat is thought to result from various factors, including decreased resting metabolic rate and decreased fat oxidation (45). The reasons for the decline in bodyweight, muscle mass and body fat in elderly people are complex, with a loss of the ability to maintain energy balance thought to be most likely (10, 46, 47). An age-related decline in muscle mass is increasingly considered to be an important predictor of health in both human and veterinary medicine, not least because it contributes to frailty and affects quality of life (10).

Categories of BCS (e.g., underweight, ideal weight and overweight-to-obese body condition) were relatively stable during middle age in the cats of the current study. Cats were most likely to be in overweight condition during their ‘mature’ life stage (age 7 to 10 years), a finding that agrees with the results of a recent cross-sectional study of electronic health records from cats in veterinary hospitals in the United States (48). There was a subsequent cross-over in body condition, with more cats being classed as underweight than obese, and more being classified as ideal weight than overweight after 14 years of age. The age when more cats were predicted to have mild muscle loss than no muscle loss (~10 years) also concurs with the point when cats are considered to have entered ‘old age’ (3).

There were differences between male and female cats in how changes in bodyweight and BCS evolved over time; male cats were heavier, on average, than female cats, and gained more bodyweight and body condition during middle age, before losing bodyweight and body condition after 10 years and 12 years of age, respectively; in contrast, female cats initially lost weight gradually during middle age, but then more rapidly when older than 10 years, whilst body condition initially remained stable before decreasing after 9 years. When body condition was categorised from underweight to obese, male cats were 2.8 times more likely to have an overweight condition than female cats, a finding that has been observed in previous studies (18, 49, 50). Neutered female cats have a greater resting metabolic rate than neutered male cats (51) and, therefore, males might be more prone to consuming excess energy and gaining weight. Given that male cats tend to weigh more than female cats, it has also been hypothesised that there may be some confirmation bias when observers perform a BCS on a heavier cat (52, 53). It is unclear whether this difference in body condition between sexes accounts for the increased odds of male cats developing diabetes mellitus (54–56). Further research is required to investigate the reasons for this increased risk in male cats, and any related disease associations.

In contrast to BCS, no sex differences were evident for combined MCS and muscle loss in the current study. In humans, males tend to have a greater percentage of lean tissue mass than females, and both sexes tend to gain body fat during middle age, with men accumulating more visceral fat, and women more subcutaneous fat (57). Menopause in women leads to a shift in fat distribution with a subsequent increase in visceral fat (58, 59). All but two cats in this study were neutered and, therefore, the effect of sex hormones with age will not be as impactful as in human studies. An accumulation of body fat and decrease in lean tissue can occur in cats after neutering (51); however, no study to date has examined differences between body composition in neutered and sexually-intact cats throughout the whole lifespan.

Cats that were diagnosed with a chronic disease, or died during the study period, lost bodyweight at a greater rate than those that remained healthy. Specifically, cats with hyperthyroidism and neoplasia were associated with a decreased BCS, whilst hyperthyroidism, neoplasia and CKD were associated with an overall decreased bodyweight. Hyperthyroidism, neoplasia and heart murmur presence were also associated with decreased MCS. Loss of bodyweight, BCS and MCS have previously been documented in hyperthyroidism, and are thought to be the result of effects of thyroxine on metabolism (12). An association between cardiac disease and muscle loss in cats has previously been reported (60), whilst MCS is better able to identify cachexia in cats with congestive heart failure, compared with BCS (13). Bodyweight was greater in cats with OE abnormalities, a finding that concurs with previous findings whereby the odds of having a musculoskeletal condition were greater in cats with a BCS of >6/9 (61).

The longitudinal findings outlined in this study have implications for clinical veterinary practice. Understanding the typical trajectories of bodyweight, BCS and muscle condition can improve the identification of individuals that deviate from the expected age-related patterns and therefore may be at greater risk of certain age-related diseases. For example, loss of bodyweight and BCS before the age of 11 years in male cats and 10 years in female cats, or accelerated loss of muscle condition before aged 10 years in either sex, could warrant further investigation of underlying disease or support early detection of sarcopenia and frailty. The findings also support the tailoring of nutritional interventions in mature and senior cats, particularly in order to maintain lean body mass (62). Additionally, considering proactive physiotherapy or lifestyle adjustments to encourage activity may prevent overweight and obesity in mature cats and preserve muscle mass in senior cats (63). Finally, awareness of typical trajectories of body and muscle condition should be considered when planning anaesthetics and pharmacological protocols, as decreased muscle mass may affect drug metabolism and thermoregulation (64, 65). Incorporating routine assessment of bodyweight, BCS and MCS during routine senior wellness examinations from middle age onwards in cats may support earlier intervention, preserve healthspan and improve outcomes in ageing cats.

Given that this was a cohort of pet cats, one limitation of the current study was the use of non-invasive body composition metrics, such as BCS and MCS, not least that these are subjective measurements, and less accurate than using bespoke objective techniques such as DEXA. That said, the 9-point BCS and scale used for the MCS correlate well with DEXA measurements of body fat mass (14, 66) and muscle mass (15), respectively, whilst MCS also correlates with epaxial muscle height as measured by ultrasonography (67). Further, all assessments were conducted by four trained veterinary professionals (one registered veterinary nurse and three veterinarians), which will likely have decreased subjectivity of these scores. A second limitation was the lack of definitive diagnosis of certain diseases, for example orthopaedic disease, given that detailed investigations (e.g., diagnostic imaging) were not undertaken in many of the cats. Therefore, we chose to use the term “OE abnormality” for such cats in the current study, rather than trying to classify according to the exact condition (e.g., osteoarthritis). Further categorising the level of OE abnormality could be useful, although this would have limited the available sample size. In a similar manner, the presence of both heart murmurs and hypertension were also recorded, but further investigations were often not performed to determine the exact nature of any underlying cardiac or other disease.

The cats in this study were from one geographical location (the North-West of England), and validation in more geographically diverse cat populations would allow the generalisability of the findings to be assessed. Furthermore, breed differences and the effect of clustering within owners were not accounted for in the present study. The majority of cats (86%) were non-pedigree (domestic shorthair, medium hair or long hair), with the remaining 14% representing multiple breeds that were too heterogenous and small in number to allow for meaningful statistical analysis. Future studies to explore potential breed-related differences in body composition changes with age would require larger cohorts with sufficient sample sizes of different breeds. As some cats died over the course of the study (59/209, 28%) or were lost to follow up (59/209, 28%) there is a risk of attrition bias if those cats differed systematically from those retained, which could have influenced the data at later ages. Future studies could utilise statistical techniques that incorporate both mixed-effect models and survival models, known as joint models (68). These could prove particularly useful in estimating, for example, how changes in bodyweight between veterinary examination alter the risk of death or disease.

A final limitation was the fact that the exact age of some of the cats (73/209, 35%) was not known because they had been acquired by their current owners as adults with an unknown date of birth. As a result, in some cases the age had to be estimated, which might have affected the accuracy of the results. Despite this limitation, data from these cats would still be valuable, not least because longitudinal changes could still be assessed.



5 Conclusion

Longitudinal changes in bodyweight, BCS and combined MCS have been investigated in a prospective cohort study of pet cats as they aged. There were non-linear changes over middle age and old age in cats, with decreases in bodyweight, BCS and combined MCS in older cats. These findings highlight the importance of recording body composition metrics within clinical examinations of ageing cats. They also indicate the need for an improvement in the maintenance of muscle mass in older cats, and to better understand the increased risk of overweight in male cats.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary material, further inquiries can be directed to the corresponding author/s.



Ethics statement

The animal studies were approved by University of Liverpool Veterinary Research Ethics Committee and the Royal Canin Ethical Review Committee. The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent was obtained from the owners for the participation of their animals in this study.



Author contributions

CRP: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Project administration, Visualization, Writing – original draft, Writing – review & editing. NJD: Conceptualization, Data curation, Investigation, Methodology, Writing – review & editing. KE: Data curation, Investigation, Project administration, Writing – review & editing. GP: Conceptualization, Methodology, Supervision, Writing – review & editing. VB: Conceptualization, Writing – review & editing. DM: Conceptualization, Writing – review & editing. EC: Conceptualization, Methodology, Supervision, Writing – review & editing. AJG: Conceptualization, Funding acquisition, Methodology, Project administration, Supervision, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This study was funded by Royal Canin.



Acknowledgments

The authors would like to thank all the owners who enrolled their cats into this study. We also thank the veterinary clinics in Merseyside who supported the study, including all the staff of the University Veterinary Practice, University of Liverpool.



Conflict of interest

At the time the study was performed, CRP was undertaking a post-graduate studentship funded by Royal Canin, a division of Mars Petcare. Since February 2021, CRP holds a part-time post-doctoral research position at the University of Liverpool, funded by Royal Canin. NJD previously held a postdoctoral research associate position at the University of Liverpool, funded by Royal Canin. KE previously held a research technician position at the University of Liverpool, funded by Royal Canin. AJG is an employee of the University of Liverpool whose positions are funded by Royal Canin. AJG and NJD have also received financial remuneration and gifts for providing educational material, speaking at conferences, and consultancy work. VB and DM are employees of Royal Canin.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fvets.2025.1654002/full#supplementary-material



References
	 1. O’Neill, DG, Church, DB, Mcgreevy, PD, Thomson, PC, and Brodbelt, DC. Longevity and mortality of cats attending primary care veterinary practices in England. J Feline Med Surg. (2015) 17:125–33. doi: 10.1177/1098612X14536176 
	 2. Kaeberlein, M. How healthy is the healthspan concept? Geroscience. (2018) 40:361–4. doi: 10.1007/s11357-018-0036-9 
	 3. Quimby, J, Gowland, S, Carney, HC, Deporter, T, Plummer, P, and Westropp, J. 2021 AAHA/AAFP Feline Life Stage Guidelines. J Feline Med Surg. (2021) 23:211–33. doi: 10.1177/1098612X21993657 
	 4. Bellows, J, Center, S, Daristotle, L, Estrada, AH, Flickinger, EA, Horwitz, DF , et al. Aging in cats: common physical and functional changes. J Feline Med Surg. (2016) 18:533–50. doi: 10.1177/1098612X16649523 
	 5. O’Neill, DG, Church, DB, Mcgreevy, PD, Thomson, PC, and Brodbelt, DC. Prevalence of disorders recorded in cats attending primary-care veterinary practices in England. Vet J. (2014) 202:286–91. doi: 10.1016/j.tvjl.2014.08.004 
	 6. Salt, C, Saito, EK, O’flynn, C, and Allaway, D. Stratification of companion animal life stages from electronic medical record diagnosis data. J Gerontol A Biol Sci Med Sci. (2023) 78:579–86. doi: 10.1093/gerona/glac220 
	 7. Sordo, L, Breheny, C, Halls, V, Cotter, A, Tørnqvist-Johnsen, C, Caney, SMA , et al. Prevalence of disease and age-related Behavioural changes in cats: past and present. Vet Sci. (2020) 7:85. doi: 10.3390/vetsci7030085 
	 8. Mcgrath, AP, Hancock, L, Stiers, CA, Brejda, J, and Morris, EM. Retrospective analysis of dual-energy x-ray absorptiometry data demonstrates body composition changes with age in dogs and cats. Am J Vet Res. (2024) 85:132. doi: 10.2460/ajvr.24.05.0132 
	 9. Mckenzie, BA. Comparative veterinary geroscience: mechanism of molecular, cellular, and tissue aging in humans, laboratory animal models, and companion dogs and cats. Am J Vet Res. (2022) 83:27. doi: 10.2460/ajvr.22.02.0027 
	 10. Freeman, LM. Cachexia and sarcopenia: emerging syndromes of importance in dogs and cats. J Vet Intern Med. (2012) 26:3–17. doi: 10.1111/j.1939-1676.2011.00838.x
	 11. O’Neill, DG, Gostelow, R, Orme, C, Church, DB, Niessen, SJM, Verheyen, K , et al. Epidemiology of diabetes mellitus among 193,435 cats attending primary-care veterinary practices in England. J Vet Intern Med. (2016) 30:964–72. doi: 10.1111/jvim.14365 
	 12. Peterson, ME, Castellano, CA, and Rishniw, M. Evaluation of body weight, body condition, and muscle condition in cats with hyperthyroidism. J Vet Intern Med. (2016) 30:1780–9. doi: 10.1111/jvim.14591 
	 13. Santiago, SL, Freeman, LM, and Rush, JE. Cardiac cachexia in cats with congestive heart failure: prevalence and clinical, laboratory, and survival findings. J Vet Intern Med. (2020) 34:35–44. doi: 10.1111/jvim.15672 
	 14. Laflamme, D. Development and validation of a body condition score system for cats: a clinical tool. Feline Pract. (1997) 25:13–8.
	 15. Michel, KE, Anderson, W, Cupp, C, and Laflamme, DP. Correlation of a feline muscle mass score with body composition determined by dual-energy X-ray absorptiometry. Br J Nutr. (2011) 106:S57–9. doi: 10.1017/S000711451100050X 
	 16. Bodey, AR, and Sansom, J. Epidemiological study of blood pressure in domestic cats. J Small Anim Pract. (1998) 39:567–73. doi: 10.1111/j.1748-5827.1998.tb03710.x 
	 17. Cave, NJ, Allan, FJ, Schokkenbroek, SL, Metekohy, CaM, and Pfeiffer, DU. A cross-sectional study to compare changes in the prevalence and risk factors for feline obesity between 1993 and 2007 in New Zealand. Prev Vet Med. (2012) 107:121–33. doi: 10.1016/j.prevetmed.2012.05.006 
	 18. Öhlund, M, Palmgren, M, and Holst, BS. Overweight in adult cats: a cross-sectional study. Acta Vet Scand. (2018) 60:5. doi: 10.1186/s13028-018-0359-7
	 19. Degens, H, and Onambélé-Pearson, GL. A simple framework to distinguish ‘individualistic’ from a ‘uniform rate’ of ageing within or between study populations. Geroscience. (2024) 46:2765–9. doi: 10.1007/s11357-023-00866-7 
	 20. Pollock, RD, Carter, S, Velloso, CP, Duggal, NA, Lord, JM, Lazarus, NR , et al. An investigation into the relationship between age and physiological function in highly active older adults. J Physiol. (2015) 593:657–80. doi: 10.1113/jphysiol.2014.282863 
	 21. Cupp, C, and Kerr, W. Effect of diet and body composition on life span in aging cats. From TEH Purina companion animal nutrition summit: Focus on gerontology; Clearwater Beach, FL; March 26–27 2010 (2010).
	 22. Pérez-Camargo, G. Feline decline in key physiological reserves implications for mortality. Proceedings of the nestle Purina companion animal nutrition summit: Focus on gerontology. Clearwater Beach, pp. 5–11. (2010).
	 23. Campigotto, AJ, Poljak, Z, Stone, EA, Stacey, D, and Bernardo, TM. Investigation of relationships between body weight and age among domestic cats stratified by breed and sex. J Am Vet Med Assoc. (2019) 255:205–12. doi: 10.2460/javma.255.2.205 
	 24. Freeman, LM, Lachaud, M-P, Matthews, S, Rhodes, L, and Zollers, B. Evaluation of weight loss over time in cats with chronic kidney disease. J Vet Intern Med. (2016) 30:1661–6. doi: 10.1111/jvim.14561 
	 25. Finn, E, Freeman, LM, Rush, JE, and Lee, Y. The relationship between body weight, body condition, and survival in cats with heart failure. J Vet Intern Med. (2010) 24:1369–74. doi: 10.1111/j.1939-1676.2010.0584.x 
	 26. Dowgray, N, Pinchbeck, G, Eyre, K, Biourge, V, Comerford, E, and German, AJ. Aging in cats: owner observations and clinical finding in 206 mature cats at enrolment to the cat prospective aging and welfare study. Front Vet Sci. (2022) 9:9041. doi: 10.3389/fvets.2022.859041 
	 27. Dowgray, N. An Epidemiological, Clinical and Biomechanical study into age-related changes in 206 middle aged cats. The CatPAW Study. PhD Thesis, University of Liverpool. (2020).
	 28. Dowgray, N, Comerford, E, German, AJ, Gardiner, J, Pinchbeck, G, and Bates, KT. Paw pressure and gait in middle-aged client-owned cats with and without naturally-occurring musculoskeletal disease. PLoS One. (2024) 19:e0314629. doi: 10.1371/journal.pone.0314629 
	 29. Taylor, SS, Sparkes, AH, Briscoe, K, Carter, J, Sala, SC, Jepson, RE , et al. ISFM consensus guidelines on the diagnosis and Management of Hypertension in cats. J Feline Med Surg. (2017) 19:288–303. doi: 10.1177/1098612X17693500 
	 30. R Core Team. R: A language and environment for statistical computing. Vienna, Austria: R Foundation for Statistical Computing (2024).
	 31. Bates, D, Maechler, M, Bolker, B, Walker, S, Christensen, RH, Singmann, H , et al. Package ‘lme4’. Convergence, no. 12. (2015).
	 32. Wickham, H. ggplot2: Elegant graphics for data analysis. New York: Springer-Verlag (2016).
	 33. Lüdecke, D. SjPlot: Data visualization for statistics in social science. R package version 2.8.15. (2023). Available online at: https://CRAN.R-project.org/package=sjPlot.
	 34. Elhakeem, A, Hughes, RA, Tilling, K, Cousminer, DL, Jackowski, SA, Cole, TJ , et al. Using linear and natural cubic splines, SITAR, and latent trajectory models to characterise nonlinear longitudinal growth trajectories in cohort studies. BMC Med Res Methodol. (2022) 22:68. doi: 10.1186/s12874-022-01542-8 
	 35. Schuster, NA, Rijnhart, JJM, Twisk, JWR, and Heymans, MW. Modeling non-linear relationships in epidemiological data: the application and interpretation of spline models. Front Epidemiol. (2022) 2:2–2022. doi: 10.3389/fepid.2022.975380 
	 36. Lüdecke, D, Ben-Shachar, MS, Patil, I, Waggoner, P, and Makowski, D. Performance: an R package for assessment, comparison and testing of statistical models. J Open Source Softw. (2021) 6:139. doi: 10.21105/joss.03139
	 37. Lenth, RV. Emmeans: Estimated marginal means, aka least-squares means. R package version 1.10.2. (2024). Available online at: https://CRAN.R-project.org/package=emmeans.
	 38. Elff, M, Elff, MM, and Suggests, M. Package ‘mclogit’. R CRAN. (2022).
	 39. Norman, G. Likert scales, levels of measurement and the “laws” of statistics. Adv Health Sci Educ. (2010) 15:625–32. doi: 10.1007/s10459-010-9222-y 
	 40. Robitzsch, A. Why ordinal variables can (almost) always be treated as continuous variables: clarifying assumptions of robust continuous and ordinal factor analysis estimation methods. Front Educ. (2020) 5:2020. doi: 10.3389/feduc.2020.589965 
	 41. Zablotski, Y, Knubben-Schweizer, G, Hoedemaker, M, Campe, A, Müller, K, Merle, R , et al. Non-linear change in body condition score over lifetime is associated with breed in dairy cows in Germany. Vet Anim Sci. (2022) 18:100275. doi: 10.1016/j.vas.2022.100275 
	 42. Leopold, L. Ideal weight and weight discrepancy: a study of life course trajectories and Intercohort change in the Netherlands. Int J Public Health. (2024) 69:278. doi: 10.3389/ijph.2024.1606278 
	 43. Yang, YC, Walsh, CE, Johnson, MP, Belsky, DW, Reason, M, Curran, P , et al. Life-course trajectories of body mass index from adolescence to old age: racial and educational disparities. Proc Natl Acad Sci. (2021) 118:e2020167118. doi: 10.1073/pnas.2020167118 
	 44. Jackson, AS, Janssen, I, Sui, X, Church, TS, and Blair, SN. Longitudinal changes in body composition associated with healthy ageing: men, aged 20–96 years. Br J Nutr. (2012) 107:1085–91. doi: 10.1017/S0007114511003886 
	 45. Frisard, MI, Broussard, A, Davies, SS, Roberts, LJ, Rood, J, Jonge, LD , et al. Aging, resting metabolic rate, and oxidative damage: results from the Louisiana healthy aging study. J Gerontol A Biol Sci Med Sci. (2007) 62:752–9. doi: 10.1093/gerona/62.7.752 
	 46. Buffa, R, Floris, GU, Putzu, PF, and Marini, E. Body composition variations in ageing. Coll Antropol. (2011) 35:259–65.
	 47. Stockman, J. Nutrition and aging in dogs and cats In: G Wu, editor. Nutrition and metabolism of dogs and cats. Cham: Springer Nature Switzerland (2024). 203–15.
	 48. Montoya, M, Péron, F, Hookey, T, Morrison, J, German, AJ, Gaillard, V , et al. Overweight and obese body condition in ∼4.9 million dogs and ∼1.3 million cats seen at primary practices across the USA: Prevalences by life stage from early growth to senior. Prev Vet Med. (2025) 235:106398. doi: 10.1016/j.prevetmed.2024.106398 
	 49. Courcier, E, Mellor, D, Pendlebury, E, Evans, C, and Yam, P. An investigation into the epidemiology of feline obesity in Great Britain: results of a cross-sectional study of 47 companion animal practises. Vet Rec. (2012) 171:560–21. doi: 10.1136/vr.100953 
	 50. Lund, EM, Armstrong, P, Kirk, C, and Klausner, J. Prevalence and risk factors for obesity in adult cats from private US veterinary practices. Int J Appl Res Vet Med. (2005) 3:88–96.
	 51. Fettman, MJ, Stanton, CA, Banks, LL, Hamar, DW, Johnson, DE, Hegstad, RL , et al. Effects of neutering on bodyweight, metabolic rate and glucose tolerance of domestic cats. Res Vet Sci. (1997) 62:131–6. doi: 10.1016/S0034-5288(97)90134-X 
	 52. Oswald, ME, and Grosjean, S. Confirmation bias In: RF Pohl, editor. Cognitive illusions: A handbook on fallacies and biases in thinking, judgement and memory. London: Psychology Press (2004). 79–83.
	 53. Teng, KT, Mcgreevy, PD, Toribio, J, Raubenheimer, D, Kendall, K, and Dhand, NK. Risk factors for underweight and overweight in cats in metropolitan Sydney, Australia. Prev Vet Med. (2017) 144:102–11. doi: 10.1016/j.prevetmed.2017.05.021 
	 54. Mccann, TM, Simpson, KE, Shaw, DJ, Butt, JA, and Gunn-Moore, DA. Feline diabetes mellitus in the UK: the prevalence within an insured cat population and a questionnaire-based putative risk factor analysis. J Feline Med Surg. (2007) 9:289–99. doi: 10.1016/j.jfms.2007.02.001 
	 55. Prahl, A, Guptill, L, Glickman, NW, Tetrick, M, and Glickman, LT. Time trends and risk factors for diabetes mellitus in cats presented to veterinary teaching hospitals. J Feline Med Surg. (2007) 9:351–8. doi: 10.1016/j.jfms.2007.02.004 
	 56. Slingerland, LI, Fazilova, VV, Plantinga, EA, Kooistra, HS, and Beynen, AC. Indoor confinement and physical inactivity rather than the proportion of dry food are risk factors in the development of feline type 2 diabetes mellitus. Vet J. (2009) 179:247–53. doi: 10.1016/j.tvjl.2007.08.035 
	 57. Kim, S, and Won, CW. Sex-different changes of body composition in aging: a systemic review. Arch Gerontol Geriatr. (2022) 102:104711. doi: 10.1016/j.archger.2022.104711 
	 58. Chang, E, Varghese, M, and Singer, K. Gender and sex differences in adipose tissue. Curr Diab Rep. (2018) 18:69. doi: 10.1007/s11892-018-1031-3 
	 59. Greendale, GA, Sternfeld, B, Huang, M, Han, W, Karvonen-Gutierrez, C, Ruppert, K , et al. Changes in body composition and weight during the menopause transition. JCI Insight. (2019) 4:865. doi: 10.1172/jci.insight.124865 
	 60. Pierce, KV, Rush, JE, Freeman, LM, Cunningham, SM, and Yang, VK. Association between survival time and changes in NT-proBNP in cats treated for congestive heart failure. J Vet Intern Med. (2017) 31:678–84. doi: 10.1111/jvim.14690 
	 61. Teng, KT, Mcgreevy, PD, Toribio, JaLML, Raubenheimer, D, Kendall, K, and Dhand, NK. Associations of body condition score with health conditions related to overweight and obesity in cats. J Small Anim Pract. (2018) 59:603–15. doi: 10.1111/jsap.12905 
	 62. Bermingham, EN, Patterson, KA, Shoveller, AK, Fraser, K, Butowski, CF, and Thomas, DG. Nutritional needs and health outcomes of ageing cats and dogs: is it time for updated nutrient guidelines? Anim Front. (2024) 14:5–16. doi: 10.1093/af/vfae008 
	 63. Dowgray, N, and Comerford, E. Feline musculoskeletal ageing: how are we diagnosing and treating musculoskeletal impairment? J Feline Med Surg. (2020) 22:1069–83. doi: 10.1177/1098612X20965832 
	 64. Blatteis, CM. Age-dependent changes in temperature regulation – a mini review. Gerontology. (2012) 58:289–95. doi: 10.1159/000333148
	 65. Robertson, SA, and Muñoz, KA. Aging Patients In: L Lamont, K Grimm, S Robertson, L Love, and C Schroeder, editors. Veterinary anesthesia and analgesia. Hoboken, NJ: John Wiley and Sons, Inc. (2024). 1354–62.
	 66. German, AJ, Holden, SL, and Moxham, GL. A simple, reliable tool for owners to assess the body condition of their dog or cat. J Nutr. (2006) 136:2031S–3S. doi: 10.1093/jn/136.7.2031S 
	 67. Lutchman, A, Shanker, N, Comerford, E, German, AJ, Leung, YB, Maddox, T , et al. Ultrasonographic monitoring of feline epaxial muscle height as part of an annual wellness examination to assess for the development of sarcopenia. J Feline Med Surg. (2023) 25:81. doi: 10.1177/1098612X221140081 
	 68. Terrera, GM, Piccinin, AM, Johansson, B, Matthews, F, and Hofer, SM. Joint modeling of longitudinal change and survival: an investigation of the association between change in memory scores and death. GeroPsych (Bern). (2011) 24:177–85. doi: 10.1024/1662-9647/a000047 


Copyright
 © 2025 Pye, Dowgray, Eyre, Pinchbeck, Biourge, Moniot, Comerford and German. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fvets-12-1654002-g005.jpg
@
3

w

3

Combined MCS
a 8 ¥
Combined MCS
8
/ w
[1¢
o
X
=
o
®

15

>

o
o

8 10 12 14 16 8 10 12 14 16
Age (years) Age (years)
C
Male Female

30
25

20 Overall health status

E Not_Healthy
E Healthy

Combined MCS
o

8 10 12 14 16 8 10 12 14 16
Age (years)





OPS/images/fvets-12-1654002-g006.jpg
Predicted Probabilities of Muscle Loss Categories by Age in Cats

A) All cats

075

Category
050 — wid

~— Moderate to severe

— None

Predicted Probability

8 10 12 14 16
Age (years)

B)

Healthy Not Healthy
100

ors

2 Category
2
£ 050 — Mid
3 — Moderate to severe
5 — None
g
Loz
000

1
Age (years)





OPS/images/fvets-12-1654002-g003.jpg
‘q_u 6 Sex
/\ 55 E Male
Q Female

4
3
10 12 14 16 8 10 12 14 16
Age (years) Age (years)
Male Female
Overall health status
Not Healthy
Healthy
10 12 14 16 8 10 12 14 16

Age (years)





OPS/images/fvets-12-1654002-g004.jpg
100

Predicted Probability
2

000

B)

ies of Body Condition Categories by Age in Cats

All cats

Gatogory
JEp—
[ a—

= undernsion

s 10 2
Age (years)

Female Male

Category.
— tdoal weght
— obese
— verweight
= undgerweignt

®
‘Age (years)





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Longitudinal changes in bodyweight, body condition, and muscle condition in ageing pet cats: findings from the Cat Prospective Ageing and Welfare Study



		1 Introduction



		2 Materials and methods



		2.1 Study design and ethical approval



		2.2 Data collection



		2.3 Body composition metrics



		2.4 Classification of health and disease status



		2.5 Statistical analysis









		3 Results



		3.1 Summary of study population and body composition data



		3.2 Bodyweight



		3.3 Body condition score



		3.4 Muscle condition score









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Generative AI statement



		Publisher’s note



		Supplementary material



		References



















OPS/images/fvets-12-1654002-g001.jpg
Left and right
scapula

Lumbar spine

Left and right Thoracic

gluteals spine Neck

Skull

Left and right
caudoproximal
hindlimb





OPS/images/fvets-12-1654002-g002.jpg
o

Bodyweight (kg)
N

Bodyweight (kg)
S

N

g
E5 Sex
’_\ -g E Male

2, [ Femate
o

)

3
8 10 12 14 16 8 10 12 14 16
Age (years) Age (years)
Male Female

Overall health status

Not_Healthy
Healthy

8 10 12 14 16 8 10 12 14 16
Age (years)





OPS/images/cover.jpg
& frontiers | Frontiers in Veterinary Science

Longitudinal changes in
bodyweight, body condition, and
muscle condition in ageing pet
cats: findings from the Cat
Prospective Ageing and Welfare
Study












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Veterinary Science






