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�
 ABSTRACT 

Substantial evidence links higher adiposity to prostate cancer develop-
ment. The relationship between adiposity and outcomes after a prostate 
cancer diagnosis, however, is unclear. This study aimed to investigate the 
association between adiposity measured close to prostate cancer diag-
nosis and all-cause and prostate cancer–specific mortality in a prospec-
tive cohort study. Cox regression analyses estimated HRs and 95% 
confidence intervals (CI) for mortality in 3,760 men in the UK Biobank 
who had first primary prostate cancer and complete data on body mass 
index (BMI), waist circumference, hip circumference, waist-to-hip ratio 
(measured up to 2 years before or up to 5 years after diagnosis), and on 
covariates (diagnosis age and year, smoking, Townsend deprivation in-
dex, exercise, sedentary activities, and alcohol). The waist-to-height ratio 
and body fat percentage (assessed by bioelectrical impedance) were also 
evaluated as adiposity measures. Each 5-U increment in pre- or 

post-diagnosis BMI (N ¼ 3,760) was associated with a 30% (95% CI, 
1.18–1.44) higher rate of all-cause mortality (deaths ¼ 680), a 33% 
(95% CI, 1.15–1.52) higher rate of prostate cancer–specific mortality 
(deaths ¼ 331), and a 28% (95% CI, 1.12–1.47) higher rate of non– 
prostate cancer mortality (deaths ¼ 347). Positive associations of 
similar magnitude were observed for separate analyses by pre- and 
post-diagnosis BMI and for waist and hip circumference, waist-to-hip 
ratio, waist-to-height ratio, and body fat percentage. Obesity assessed 
close to prostate cancer diagnosis is associated with higher mortality. 
More studies are needed to strengthen the evidence and clarify the 
mechanisms behind the observed associations. 

Significance: Patients with prostate cancer might improve their chances 
of survival by avoiding obesity. 

Introduction 
Prostate cancer is a major global health issue. It represents the second most 
common male cancer and remains a leading cause of cancer-related mor-
tality in men (1). In 2022, there were more than 1.47 million prostate cancer 
diagnoses and approximately 400,000 prostate cancer–specific deaths (2). 
Prostate cancer accounts for 28% of all new male cancer diagnoses in the 
United Kingdom (3). Incidence rates (particularly of low-grade tumors) are 
expected to increase by 15% between 2023 and 2025 and between 2038 and 
2040, equivalent to 85,100 new prostate cancer diagnoses per year (3). 

The prognosis of prostate cancer is generally good. Survival rates approach 
100% when the tumor is localized (4). Prognosis is poor (around 30%) when 
the tumor is diagnosed at an advanced stage (4). Most men with prostate 
cancer survive for at least 5 years after diagnosis (3) and during the past 
decades, there have been substantial improvements in cancer treatments and 
survival (5). As a result, individuals living with cancer will continue repre-
senting a considerable and fast-growing segment of the population with 
multiple necessities and challenges that would need to be addressed, in-
cluding long-term chronic problems, adverse outcomes, and poorer quality 
of life (6, 7). 

Lifestyle behaviors including adherence to a healthy diet, physical activity, 
and weight management could have an important role in cancer prognosis 
(6). Currently, there is no lifestyle guidance specifically tailored to patients 
with prostate cancer. In the absence of targeted lifestyle advice, individuals 
with cancer are encouraged to follow the cancer prevention recommenda-
tions (8, 9). A better understanding of the impact of modifiable factors 
including adiposity on cancer survival after diagnosis is therefore of para-
mount importance (8, 10–12). 

Adiposity is a relatively well-established modifiable risk factor of prostate 
cancer, and evidence suggests that the associations differ according to disease 
aggressiveness (13–17). Higher adiposity has been inversely associated with 
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the risk of developing localized and total prostate cancer (13–15) and pos-
itively associated with the risk of developing advanced or fatal prostate 
cancer (13, 15, 17–19) in studies including the UK Biobank. 

The association between adiposity and outcomes after prostate cancer di-
agnosis, however, is less well understood (8). Observational analyses in men 
with prostate cancer that investigated adiposity close to or after diagnosis 
and mortality reported mixed results, mainly based on general adiposity as 
defined by body mass index (BMI; ref. 12). Few studies incorporated other 
adiposity indices such as waist and hip circumference. Most observational 
studies that investigated adiposity close to or after diagnosis in relation to 
mortality were single-centered, with relatively small sample sizes (12). A 
recent analysis that we performed in men diagnosed with prostate cancer in 
the European Prospective Investigation into Cancer and Nutrition cohort 
identified positive associations between BMI assessed close to diagnosis and 
mortality outcomes. Results for the other adiposity indices assessed close to 
diagnosis were less clear compared with BMI due to limited data but sug-
gested positive associations with mortality (20). 

The aim of this study was to investigate the associations between adiposity 
(BMI, waist circumference, hip circumference, waist-to-hip ratio, waist-to- 
height ratio, and percentage body fat) assessed close to prostate cancer di-
agnosis in relation to all-cause and prostate cancer–specific mortality in the 
UK Biobank. 

Materials and Methods 
Study population and characteristics 
The UK Biobank (RRID: SCR_012815; ref. 21) is a large population-based 
prospective study that recruited more than 500,000 individuals (46% men, 
N ¼ 229,114) aged 40 to 70 years across 22 different centers in the 
United Kingdom i.e., Scotland (7%), Wales (4%), and England (89%). Male 
individuals were eligible if they had registered with the National Health 
Service and lived near an assessment center within reasonable traveling 
distance (up to 25 miles; refs. 22, 23). Between 2006 and 2010, all participants 
completed baseline questionnaires about lifestyle and sociodemographic 
characteristics and had objective anthropometric assessments. The percent-
age of body fat was assessed through bioelectrical impedance for almost all 
participants (21, 23, 24). Medication use and medical history were recorded. 
Between 2012 and 2013, 20,000 individuals provided repeat data using 
questionnaires and measurements including anthropometry. The first im-
aging visit began after 2014 and aimed to recruit up to 100,000 individuals. 
Imaging data are currently available from 50,000 individuals. The repeat 
imaging visit began after 2019 and approximately 70,000 individuals par-
ticipated. Data from 5,000 repeat images are currently available. Anthro-
pometry data were also collected at the first and repeat imaging visits (25). 

Eligibility criteria 
Data from all participating UK centers were used to identify men who had 
been diagnosed with first primary prostate cancer (prevalent or incident with 
respect to baseline) using International Classification of Diseases (ICD) 
version 10 code C61 (ICD-10:C61). The number of men with adiposity data 
up to 2 years before or up to 5 years after diagnosis was identified for each 
assessment visit [initial assessment visit (2006–2010) – instance 0, the first 
repeat assessment visit (2012–2013) – instance 1, the first imaging visit 
(2014+) – instance 2, and the repeat imaging visit (2019+) – instance 3]. 

The post-diagnosis exposure window of this study was restricted to 5 years as 
most prostate cancer recurrences occur within the first 5 years after initial 
treatment (26–28). The pre-diagnosis exposure window was restricted to 
2 years, aiming to collect adiposity data close to diagnosis. Adiposity status in 
the 2 years until the actual diagnosis date is likely a good representation of 
the adiposity status at diagnosis and probably not affected by the tumor itself 
as most prostate cancer tumors are diagnosed at early stages while they are 
still asymptomatic (29). 

Individuals with prevalent prostate cancer who had a diagnosis of first pri-
mary prostate cancer up to 5 years before the date of the initial assessment 
visit were eligible for this study. The pre-diagnosis adiposity assessment 
analyses therefore included men with incident prostate cancer who (i) either 
had baseline or (ii) follow-up data (from any repeat assessment) collected up 
to 2 years before diagnosis. The post-diagnosis analyses included men with 
prevalent prostate cancer at study entry who had baseline data collected up 
to 5 years after diagnosis or (ii) men with incident prostate cancer who had 
follow-up data collected up to 5 years after diagnosis from any repeat as-
sessment. For each participant, the first available adiposity measurement 
close to diagnosis was taken; therefore, there was no overlap of individuals in 
each assessment period. 

Adiposity variables 
All adiposity indices were measured by trained staff following estab-
lished protocols (including all men in our study with prevalent or 
incident prostate cancer). Waist circumference was measured at the 
natural indent, or the umbilicus, and hip circumference was measured 
at the widest point. BMI was calculated by dividing weight (kg) by the 
square of standing height (m2; ref. 30). A waist-to-hip ratio was cal-
culated as the ratio of waist circumference divided by hip circumference. A 
waist-to-height ratio was calculated as the ratio of waist circumference divided 
by standing height. BMI was also classified according to the World Health 
Organization (WHO) categories as underweight <18.5 kg/m2, normal weight 
18.5 to 24.9 kg/m2, overweight 25 to 29.9 kg/m2, and obese ≥30 kg/m2. Body 
fat percentage was assessed by the Tanita BC418MA body composition 
analyzer. 

Covariates 
Based on subject matter knowledge, models were adjusted for relevant 
covariates selected a priori namely age and year of diagnosis, smoking status, 
physical activity, sedentary behavior, Townsend deprivation index as proxy 
for socioeconomic status, and alcohol consumption. Supplementary Table 
S1 and the directed acyclic graph in Supplementary Fig. S1 present as-
sumptions of potential causal relations between the variables of the present 
study, considering evidence from the literature. 

Complete case analyses were performed (i.e., the analytic sample was re-
stricted to individuals with complete information on the covariates; 
ref. 31). 

Self-reported physical activity was evaluated through an adapted version of 
the International Physical Activity Questionnaire completed on a tablet 
computer (32). Participants were asked to report on the number of days they 
engaged in more than 10 minutes of each: walking, moderate physical ac-
tivity, and vigorous physical activity in a usual week. If participants gave an 
answer of at least 1 day, they were questioned for the minutes they engaged 
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in each of the activities on a typical day. Physical activity was included in 
models in metabolic equivalent of task (MET)-hours/week. One MET is 
expended by sitting quietly for 1 hour, and the MET value reflects the ratio 
of energy expended per kilogram of body weight per hour to that expended 
when sitting quietly (33–36). To obtain MET-hours/week, procedures by 
Bradbury and colleagues (37) were followed. Time spent in sedentary ac-
tivities was calculated in hours per day as total time spent watching television, 
using a computer screen, or driving. Men with implausible values of >23 hours 
per day were excluded from the analysis (38). Smoking status was defined as 
never, previous, or current (self-reported at the point of recruitment; ref. 39). 
Townsend deprivation index represents a score that assigns individuals based 
on the output area (smallest UK census area) in which their postcode was 
located and was used as quintiles in the models. Higher scores indicated 

greater socioeconomic deprivation (40). Alcohol intake frequency was assessed 
in the touchscreen questionnaire defined as never, special occasions only, one 
to three times monthly, once or twice weekly, three or four times weekly, or 
daily or almost daily (41, 42). 

Statistical analysis 
Cox proportional hazards regression models were used among men with a 
diagnosis of first primary prostate cancer to estimate HRs and 95% confi-
dence intervals (95% CI) for the associations between adiposity indices 
assessed close to diagnosis (either up to 2 years before diagnosis or up to 
5 years after diagnosis) in relation to all-cause, prostate cancer–specific, and 
non–prostate cancer mortality. Analyses were performed for each time frame 
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FIGURE 1 Data collection time frames for adiposity data – study design. The baseline assessment visit, in which adiposity measurements were 
taken, occurred between 2006 and 2010 (instance 0). Adiposity measurements including body fat percentage by bioelectrical impedance were also 
taken from some individuals in the first repeat assessment visit that occurred between 2012 and 2013 (instance 1) and in the first imaging visit after 
2014 (instance 2). The pre-diagnosis analyses (blue boxes) included men with incident prostate cancer who (1) either had baseline or (2) follow-up 
adiposity data (from any repeat assessment) collected up to 2 years before diagnosis. The post-diagnosis analyses (gray boxes) include (1) men with 
prevalent prostate cancer at study entry who had baseline data collected up to 5 years after diagnosis or (2) men with incident prostate cancer who 
had follow-up data collected up to 5 years after diagnosis (from any repeat assessment). Green boxes indicate the number of men with prostate 
cancer who participated in each assessment visit. Deaths: all-cause (prostate cancer specific). Each timeframe/period (a–f) excludes individuals from 
previous time frames/periods (a–f) as appropriate (no overlap of individuals in the final analytic sample for each adiposity index). The final analytic 
sample of the present study is those who had adiposity data on BMI, waist and hip circumference, and waist-to-hip ratio and complete data on the 
covariates of the main model [age of diagnosis, year of diagnosis, smoking status, physical activity, sedentary activities (sum of time spent watching 
TV, using a computer screen, or driving in hours/day), Townsend deprivation index (quintiles), and alcohol intake frequency. The person years of 
observation in the pre- or post-diagnosis analysis were 38,551; in the post-diagnosis analysis, they were 23,937, and in the pre-diagnosis analysis, 
they were 14,614 (rounded to the nearest whole number)]. 
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TABLE 1 Lifestyle characteristics of the 3,760 men diagnosed with prostate cancer who had adiposity data in the UK Biobank 

Characteristic 

Pre- or post-diagnosis 
adiposity data 
N = 3,760 

Post-diagnosis 
adiposity 
N = 2,370 

Pre-diagnosis 
adiposity 
N = 1,390 

Follow-up time i.e., from the baseline or follow-up questionnaire/ 
assessment until censoring/death, median years (p2.5–p97.5) 

11.4 (1.85–13.3) 11.4 (1.67–13.3) 11.4 (2.45–13.3) 

Age at diagnosis, years [median (p2.5–p97.5)] 64 (52–71) 63 (52–70) 66 (54–72) 
Age at diagnosis, years (range) 40–77 40–77 43–76 
Year of diagnosis, range 2001–2016 2001–2016 2007–2016 
BMI (kg/m2) 

Median (p2.5–p97.5) 27.3 (21–36) 27.4 (21–36) 27.1 (21–36) 
Range 16.5–51.7 17.7–51.7 16.5–51.0 
Normal weight (≤24.9 kg/m2), n (%)a 926 (25) 566 (24) 360 (26) 
Overweight (25–29.9 kg/m2), n (%) 1,938 (52) 1,215 (51) 723 (52) 
Obese (≥30 kg/m2), n (%) 896 (24) 589 (25) 307 (22) 

Waist circumference (cm) 
Median (p2.5–p97.5) 97 (79–120) 97 (79–120) 97 (66–150) 
Range 66–158 68–158 66–150 

Hip circumference (cm) 
Median (p2.5–p97.5) 103 (91–118) 103 (91–118) 103 (91–118) 
Range 79–156 82–103 82–156 

Waist-to-hip ratio 
Median (p2.5–p97.5) 0.94 (0.82–1.07) 0.94 (0.82–1.08) 0.94 (0.82–1.07) 
Range 0.69–1.21 0.69–1.21 0.73–1.18 

Smoking status 
Never smoker, n (%) 1,788 (47) 1,154 (49) 634 (46) 
Previous smoker, n (%) 1,688 (44) 1,049 (44) 639 (46) 
Current smoker, n (%) 284 (8) 167 (7) 117 (8) 

Physical activity (sum in excess MET-hours/week)b 

Low activity <10 excess MET-hours/week, n (%) 1,106 (29) 703 (30) 403 (29) 
Moderate activity 10–49.9 MET-hours/week, n (%) 1,868 (50) 1,166 (49) 702 (51) 
High activity ≥50 excess MET-hours/week, n (%) 786 (21) 501 (21) 285 (21) 

Sedentary activities (hours/day)c 

Range 0–21 0–17 0–21 
Median (p2.5–p97.5) 5 (2–11) 5 (2–11) 5 (2–11) 

Townsend deprivation indexd 

Range –6.3 to 8.9 –6.3 to 8.6 –6.18 to 8.89 
Median (p2.5–p97.5) –2.5 (–5.5 to 5.6) –2.5 (–5.7 to 5.7) –2.5 (–5.4 to 5.6) 

In quintiles 
Quintile 1 – least deprived 755 (20) 474 (20) 278 (20) 
Quintile 2 749 (20) 475 (20) 279 (20) 
Quintile 3 752 (20) 473 (20) 277 (20) 
Quintile 4 752 (20) 474 (20) 278 (20) 
Quintile 5 – most deprived 752 (20) 474 (20) 278 (20) 

Alcohol intake frequency 
Never, n (%) 228 (6) 159 (7) 69 (5) 
Special occasions only, n (%) 293 (8) 192 (8) 101 (7) 
One to three times monthly, n (%) 312 (9) 216 (9) 96 (7) 
Once or twice weekly, n (%) 923 (25) 585 (25) 338 (24) 
Three or four times weekly, n (%) 951 (23) 597 (25) 354 (25) 
Daily or almost daily, n (%) 1,053 (29) 621 (26) 432 (31) 

(Continued on the following page) 
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individually and by combining both timeframes (i.e., having in one model all 
individuals with adiposity data close to diagnosis – either had pre- or post- 
diagnosis adiposity data). The date of each respective assessment visit 
(according to the period that the individual entered the study) was consid-
ered as the start of follow-up (entry time). The date of death or the date of 
censoring (December 31, 2020) was considered as the end of follow-up (exit 
time). The underlying cause of death was coded using ICD-10:C61 and was 
used to identify deaths from prostate cancer–specific mortality. For the 
analysis of prostate cancer–specific mortality, deaths from other causes 
(deaths apart from prostate cancer) were censored. For the analyses of non– 
prostate cancer mortality, prostate cancer–specific deaths were censored. The 
Fine–Gray method was used to calculate sub-distribution HRs for prostate 
cancer–specific and non–prostate cancer mortality to account for competing 
causes of death (43, 44). 

We obtained estimates of the linear associations between adiposity variables 
and mortality per 5 kg/m2 increments in BMI, 10 cm increments in waist 
and hip circumference, and 0.1-U increments in the waist-to-hip-ratio. Re-
stricted cubic splines were used to investigate possible nonlinear associa-
tions, with 3 knots at the 10th, 50th, and 90th percentiles of the adiposity 
variable distribution (45). The median value of each adiposity variable in 
each analysis was used as the referent. 

Multivariable models were adjusted for the relevant covariates selected a 
priori as described. The minimally adjusted model was adjusted for age and 
the year of diagnosis, and the fully adjusted model was additionally adjusted 
for smoking status, physical activity (MET-hours/week), sedentary activities 
(hours/day), Townsend deprivation index, and alcohol intake frequency. 
Models were stratified by the UK Biobank center. The proportional hazards 
assumption was assessed via graphical inspection of the smoothed scaled 
Schoenfeld residuals (46). Graphical inspection of the smoothed scaled 
Schoenfeld residuals did not show evidence of violation of the proportional 
hazards assumption. 

Sensitivity analyses 
Lagged analysis was performed to assess possible reverse causation. Because 
of the lack of data on stage and grade, an analysis excluding men with 
advanced (including metastatic) prostate cancer was not possible. To more 
appropriately define the period of follow-up that should be excluded in 
the lagged analysis, the literature was searched to identify the most rep-
resentative survival time (average/median) of individuals with advanced 
prostate cancer. According to literature, the most representative period to 
be excluded was one to 2 years (47–49). Analyses were therefore per-
formed excluding the first year of follow-up and in a separate analysis 
excluding the first 2 years of follow-up after the adiposity assessment. 
Analyses by the year of adiposity measurement were performed for each 
adiposity index (i.e., at 1 and 2 years before diagnosis and for each year 
after diagnosis). Each year might reflect differences across the cancer 
survivorship trajectory, e.g., there might be exposure fluctuations close to/ 
during treatment (50). 

There were very few men with repeated adiposity data (i.e., measured in 
more than one assessment visit according to the eligibility criteria of the 
present study); therefore, time-varying associations could not be investi-
gated. Analyses were also conducted according to the WHO BMI categories 
and across subgroups of smoking status. In addition, sensitivity analyses 
were conducted to investigate whether the associations including prevalent 
versus incident prostate cancers differ. 

To check for potential selection bias, we compared important baseline life-
style characteristics of the men with prostate cancer who had data on all the 
adiposity indices (BMI, waist circumference, hip circumference, and waist- 
to-hip ratio) and complete information on the covariates of the main model 
according to the eligibility criteria of the present study (N ¼ 3,760) with 
those who did not (N ¼ 4,859). We also compared the lifestyle characteristics 
of the men who were included in the separate pre- (N ¼ 1,390) and post- 
diagnosis analyses (N ¼ 2,370). 

TABLE 1 Lifestyle characteristics of the 3,760 men diagnosed with prostate cancer who had adiposity data in the UK Biobank (Cont’d) 

Characteristic 

Pre- or post-diagnosis 
adiposity data 
N = 3,760 

Post-diagnosis 
adiposity 
N = 2,370 

Pre-diagnosis 
adiposity 
N = 1,390 

Ethnicitye 

White, n (%) 3,602 (96) 2,275 (96) 1,327 (95) 
Other, n (%) 158 (4) 95 (4) 63 (5) 

Percentages are rounded to the nearest whole number and may therefore not add up to 100. The characteristics of individuals are taken from each respective 
time frame (either baseline or follow-up) that the individual was selected from according to the eligibility criteria of the present study. 
aThe normal weight category includes the underweight as the number of men with underweight was very small (<10 men). 
bPhysical activity as the sum of walking and moderate and vigorous activities in excess MET-hours/week. 
cSedentary activities as the sum of total time spent watching television, using a computer screen, or driving in hours/day. 
dTownsend deprivation index quintiles for the pre- and post-diagnosis adiposity combined (full dataset, 
N ¼ 3,760): �6.26 to �4.08, �4.08 to �3.02, �3.02 to �1.82, �1.82 to 0.652, and 0.652–8.89; for the post-diagnosis adiposity subset, N ¼ 2,370: �6.26 to 
–4.03, �4.03 to �2.99, �2.99 to �1.81, �1.81 to 0.772, and 0.772–8.59]; and for the pre-diagnosis adiposity 
subset: �6.18 to �4.16, �4.16 to �3.08, �3.08 to �1.84, �1.84 to 0.508, and 0.508–8.89. 

eEthnicity: “White” includes White, British, Irish, and any other White background; “Other” includes mixed, Asian or Asian British, Black or Black British, 
Chinese, other ethnic group, and those who did not know/prefer not to answer. 
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The possibility of performing an analysis using dual-energy X-ray absorp-
tiometry, as a more objective measure of assessing body composition, was 
explored (51), but limited data were available according to the eligibility 
criteria of the present study. 

RStudio version 4.0.5 (RRID: SCR_000432) was used for analyses. 

Data availability 
The dataset analyzed in the current study can be requested from the UK 
Biobank. For information on sending application to gain access to UK 
Biobank data, please follow the instructions at https://www.ukbiobank.ac.uk/ 
enable-your-research. 

Ethics approval and consent to participate 
This research was conducted according to the principles expressed in the 
Declaration of Helsinki. The UK Biobank cohort has been approved by the 
North West Multicenter Research Ethics Committee, United Kingdom (ref: 
16/NW/0274). Written informed consent has been obtained from all study 
participants. The current study was approved by the UK Biobank access 
management board. Participants who had withdrawn consent by the time of 
the analysis were excluded from the analysis dataset. 

Results 
Cohort characteristics 
A total of 8,619 men had a first primary prostate cancer diagnosis (ICD-10: 
C61, either prevalent at study entry or incident prostate cancer during cohort 
follow-up). According to the eligibility criteria of this study, 3,916 men had 
data on BMI, waist circumference, and hip circumference collected close to 
prostate cancer diagnosis. Missing data from the covariates utilized in the 
main model are shown in Supplementary Table S2. Of the 3,916 men, 
3,760 had complete covariate data and represented the analytic sample of the 
present study. Of the 3,760 men, 2,088 (56%) had prostate cancer at study 
entry (prevalent; Fig. 1). 

Important demographic and lifestyle characteristics of the men are shown in 
Table 1. Men were diagnosed between 2001 and 2016 and the range of age at 
diagnosis was 40 to 77 years. The median BMI of all the individuals with 
prostate cancer and adiposity data was 27.3 kg/m2. Most men were never 
(47%) or former smokers (44%) and few (8%) were current smokers. The 
majority (50%) were involved in moderate intensity physical activity and 
consumed alcohol once or twice weekly (25%), three or four times weekly 
(23%), or daily or almost daily (29%). 

Most men were White (96%; Table 1). Important lifestyle character-
istics of the 3,760 men were largely similar according to the WHO 
BMI categories. Obese men were more likely to be previous smokers 
(52%) whereas the group of under- and normal weight men was more 
likely to be never smokers (56%). A similar proportion of current 
smokers was observed between obesity categories (Supplementary 
Table S3). 

The 3,760 men had adiposity data collected either up to 2 years before 
(N ¼ 1,390) or up to 5 years after diagnosis (N ¼ 2,370; Fig. 1) and were 
followed for a median of 11.4 years from the baseline or follow-up 
questionnaire/assessment (Table 1). 

Main results 

BMI 

Analysis of BMI assessed before or after diagnosis combined showed a linear 
increase in the rate of all-cause (HR per 5 kg/m2 ¼ 1.30; 95% CI, 1.18–1.44), 
prostate cancer–specific (HR per 5 kg/m2 ¼ 1.33; 95% CI, 1.15–1.52), and 
non–prostate cancer mortality (HR per 5 kg/m2 ¼ 1.28; 95% CI, 1.12–1.47). 
Positive associations were observed both for pre-diagnosis BMI and all-cause 
(HR per 5 kg/m2 ¼ 1.25; 95% CI, 1.05–1.48), prostate cancer–specific (HR 
per 5 kg/m2 ¼ 1.18; 95% CI, 0.92–1.51), and non–prostate cancer mortality 
(HR per 5 kg/m2 ¼ 1.29; 95% CI, 1.02–1.63) and for post-diagnosis BMI and 
all-cause (HR per 5 kg/m2 ¼ 1.37; 95% CI, 1.21–1.54), prostate cancer– 
specific (HR per 5 kg/m2 ¼ 1.43; 95% CI, 1.20–1.69), and non–prostate 
cancer mortality (HR per 5 kg/m2 ¼ 1.31; 95% CI, 1.11–1.56) as shown in 
Tables 2–4 and Fig. 2. Inference from the results of the categorical analyses 
was similar (Supplementary Table S4). 

Waist circumference 

Analysis of waist circumference assessed before or after diagnosis combined 
showed a linear increase in the rate of all-cause (HR per 10 cm ¼ 1.28; 95% 
CI, 1.19–1.37), prostate cancer–specific (HR per 10 cm ¼ 1.30; 95% CI, 1.18– 
1.44), and non–prostate cancer mortality (HR per 10 cm ¼ 1.25; 95% CI, 1.13– 
1.38). Similar positive associations were observed for pre-diagnosis waist 
circumference (HR per 10 cm ¼ 1.27; 95% CI, 1.12–1.44 for all cause, HR per 
10 cm ¼ 1.30; 95% CI, 1.08–1.55 for prostate cancer–specific, and HR per 
10 cm ¼ 1.23; 95% CI, 1.04–1.47 for non–prostate cancer mortality) and for 
post-diagnosis waist circumference (HR per 10 cm ¼ 1.30; 95% CI, 1.19– 
1.42 for all-cause, HR per 10 cm ¼ 1.32; 95% CI, 1.16–1.51 for prostate cancer– 
specific, and HR per 10 cm ¼ 1.28; 95% CI, 1.12–1.45 for non–prostate cancer 
mortality) as shown in Tables 2–4 and Supplementary Fig. S2. 

Hip circumference 

Hip circumference assessed before or after diagnosis combined was associ-
ated with an increase in the rate of all-cause (HR per 10 cm ¼ 1.34; 95% CI, 
1.21–1.49), prostate cancer–specific (HR per 10 cm ¼ 1.42; 95% CI, 1.23– 
1.65), and non–prostate cancer mortality (HR per 10 cm ¼ 1.26; 95% CI, 
1.09–1.46) that was similar for pre- (HR per 10 cm ¼ 1.21; 95% CI, 1.01– 
1.46 for all-cause, HR per 10 cm ¼ 1.29; 95% CI, 0.98–1.69 for prostate 
cancer–specific, and HR per 10 cm ¼ 1.13; 95% CI, 0.87–1.46 for non– 
prostate cancer mortality) and for post-diagnosis hip circumference (HR per 
10 cm ¼ 1.43; 95% CI, 1.26–1.62 for all-cause, HR per 10 cm ¼ 1.49; 95% CI, 
1.24–1.79 for prostate cancer–specific mortality, and HR per 10 cm ¼ 1.37; 
95% CI, 1.14–1.64 for non–prostate cancer mortality) as shown in Tables 2–4 
and Supplementary Fig. S3. 

Waist-to-hip ratio 

A positive association was also observed between waist-to-hip ratio assessed 
before or after diagnosis combined and all-cause (HR per 0.1 U ¼ 1.35; 95% CI, 
1.20–1.53), prostate cancer–specific (HR per 0.1 U ¼ 1.34; 95% CI, 1.12–1.60), 
and non–prostate cancer mortality (HR per 0.1 U ¼ 1.36; 95% CI, 1.15–1.62) 
that was similar for pre- (HR per 0.1 U ¼ 1.49; 95% CI, 1.21–1.83 for all-cause, 
HR per 0.1 U ¼ 1.51; 95% CI, 1.11–2.03 for prostate cancer–specific mortality, 
and HR per 0.1 U ¼ 1.45; 95% CI, 1.10–1.93 for non–prostate cancer mortality) 
and post-diagnosis waist-to-hip ratio (HR per 0.1 U ¼ 1.30; 95% CI, 1.11– 
1.52 for all-cause, HR per 0.1 U ¼ 1.30; 95% CI, 1.03–1.63 for prostate cancer– 
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specific, and HR per 0.1 U ¼ 1.31; 95% CI, 1.05–1.62 for non–prostate cancer 
mortality) as shown in Tables 2–4 and Supplementary Fig. S4. 

Waist-to-height ratio 

Waist-to-height ratio assessed before or after diagnosis combined was as-
sociated with a higher rate of all-cause (HR per 0.1 U ¼ 1.51; 95% CI, 1.33– 
1.70), prostate cancer–specific (HR per 0.1 U ¼ 1.48; 95% CI, 1.24–1.77), and 
non–prostate cancer mortality (HR per 0.1 U ¼ 1.54; 95% CI, 1.30–1.82). 
Similar positive associations were seen for pre- (HR per 0.1 U ¼ 1.51; 95% 
CI, 1.22–1.86 for all-cause, HR per 0.1 U ¼ 1.38; 95% CI, 1.01–1.87 for 
prostate cancer–specific, and HR per 0.1 U ¼ 1.61; 95% CI, 1.20–2.16 for 
non–prostate cancer mortality) and post-diagnosis waist-to-height ratio (HR 

per 0.1 U ¼ 1.56; 95% CI, 1.33–1.82 for all-cause, HR per 0.1 U ¼ 1.58; 95% 
CI, 1.26–1.98 for prostate cancer–specific, and HR per 0.1 U ¼ 1.54; 95% CI, 
1.24–1.91 for non–prostate cancer mortality) as shown in Tables 2–4 and 
Supplementary Fig. S5. 

Body fat percentage assessed by bioelectrical impedance 

Of the 3,760 men who represented the analytic sample of the present study, 
3,685 (98%) had body fat percentage data measured by bioelectrical im-
pedance. A positive association was observed between body fat percentage 
assessed close to diagnosis (before and after diagnosis combined) and all- 
cause (HR per 5% increase in total body fat percentage ¼ 1.24; 95% CI, 1.15– 
1.34), prostate cancer–specific (HR per 5% increase in total body fat 

TABLE 2 Cox proportional HRs and 95% CIs for the linear association between adiposity and all-cause mortality (minimally vs. main/fully adjusted 
model) 

Ne/Nt 

HRa (95% CI) – minimally 
adjusted model 

HRb (95% CI) – main/fully 
adjusted 

BMI (per 5 kg/m2) 
Pre- or post-diagnosis combined 680/3,760 1.32 (1.20–1.44) 1.30 (1.18–1.44) 
Pre-diagnosis 262/1,390 1.16 (0.99–1.36) 1.25 (1.05–1.48) 
Post-diagnosis 418/2,370 1.42 (1.27–1.59) 1.37 (1.21–1.54) 

Waist circumference (per 10 cm) 
Pre- or post-diagnosis combined 680/3,760 1.29 (1.21–1.38) 1.28 (1.19–1.37) 
Pre-diagnosis 262/1,390 1.20 (1.07–1.36) 1.27 (1.12–1.44) 
Post-diagnosis 418/2,370 1.35 (1.24–1.48) 1.30 (1.19–1.42) 

Hip circumference (per 10 cm) 
Pre- or post-diagnosis combined 680/3,760 1.34 (1.21–1.49) 1.34 (1.21–1.49) 
Pre-diagnosis 262/1,390 1.13 (0.95–1.36) 1.21 (1.01–1.46) 
Post-diagnosis 418/2,370 1.46 (1.29–1.66) 1.43 (1.26–1.62) 

Waist-to-hip ratio (per 0.1 U) 
Pre- or post-diagnosis combined 680/3,760 1.43 (1.27–1.61) 1.35 (1.20–1.53) 
Pre-diagnosis 262/1,390 1.42 (1.17–1.73) 1.49 (1.21–1.83) 
Post-diagnosis 418/2,370 1.44 (1.24–1.67) 1.30 (1.11–1.52) 

Waist-to-height ratio (per 0.1 U) 
Pre- or post-diagnosis combined 680/3,760 1.56 (1.39–1.75) 1.51 (1.33–1.70) 
Pre-diagnosis 262/1,390 1.39 (1.14–1.69) 1.51 (1.22–1.86) 
Post-diagnosis 418/2,370 1.68 (1.45–1.94) 1.56 (1.33–1.82) 

Body fat percentage (per 5% body fat increase)c 

Pre- or post-diagnosis combined 656/3,685 1.27 (1.18–1.36) 1.24 (1.15–1.34) 
Pre-diagnosis 253/1,363 1.10 (0.98–1.24) 1.13 (1.00–1.28) 
Post-diagnosis 403/2,322 1.38 (1.26–1.51) 1.33 (1.21–1.46) 

Abbreviations: Ne, number of events; Nt, total number of men with prostate cancer. 
aModel adjusted for age of diagnosis and year of diagnosis – same individuals as in the fully adjusted model. 
bModel adjusted for age of diagnosis, year of diagnosis, smoking status (categorical as never, current, or previous), physical activity (continuous as sum of 
excess MET-hours/week of walking and moderate and vigorous activity), sedentary activities (continuous as the sum of time spent watching TV, using a 
computer screen, or driving in hours/day), Townsend deprivation index (in quintiles), and alcohol intake frequency (categorical as never, special occasions 
only, one to three times monthly, once or twice weekly, or daily or almost daily). 

a,bModels additionally stratified by the UK Biobank center. The date of each respective assessment visit (according to the period that the individual was selected 
from) was considered as the start of follow-up (entry time). The date of death or censoring (December 31, 2020) was considered as the end of follow-up (exit 
time). Two individuals with a death date but no death cause were included in all-cause mortality models. 
cFor the analyses of body fat percentage, the subset of individuals (3,685 of the 3,760) with data for body fat percentage assessed by bioelectrical impedance was 
utilized. 
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TABLE 3 Cox proportional HRs and 95% CIs for the linear association between adiposity and prostate cancer–specific mortality (minimally versus 
main/fully adjusted model) 

Ne/Nt 

HRa (95% CI) – minimally 
adjusted model 

HRb (95% CI) – main/ 
fully adjusted 

BMI (per 5 kg/m2) 
Cox modelc 

Pre- or post-diagnosis combined 331/3,760 1.30 (1.14–1.48) 1.33 (1.15–1.52) 
Pre-diagnosis 124/1,390 1.09 (0.86–1.38) 1.18 (0.92–1.51) 
Post-diagnosis 207/2,370 1.43 (1.21–1.69) 1.43 (1.20–1.69) 

Fine–Gray modeld 

Pre- or post-diagnosis combined 331/3,760 1.29 (1.14–1.47) 1.31 (1.16–1.50) 
Pre-diagnosis 124/1,390 1.06 (0.83–1.34) 1.14 (0.89–1.47) 
Post-diagnosis 207/2,370 1.40 (1.25–1.61) 1.43 (1.24–1.69) 

Waist circumference (per 10 cm) 
Cox modelc 

Pre- or post-diagnosis combined 331/3,760 1.29 (1.17–1.42) 1.30 (1.18–1.44) 
Pre-diagnosis 124/1,390 1.21 (1.02–1.42) 1.30 (1.08–1.55) 
Post-diagnosis 207/2,370 1.33 (1.18–1.51) 1.32 (1.16–1.51) 

Fine–Gray modeld 

Pre- or post-diagnosis combined 331/3,760 1.28 (1.16–1.35) 1.31 (1.18–1.44) 
Pre-diagnosis 124/1,390 1.17 (0.99–1.34) 1.26 (1.06–1.49) 
Post-diagnosis 207/2,370 1.35 (1.20–1.48) 1.35 (1.20–1.48) 

Hip circumference (per 10 cm) 
Cox modelc 

Pre- or post-diagnosis combined 331/3,760 1.39 (1.21–1.61) 1.42 (1.23–1.65) 
Pre-diagnosis 124/1,390 1.17 (0.90–1.51) 1.29 (0.98–1.69) 
Post-diagnosis 207/2,370 1.51 (1.27–1.79) 1.49 (1.24–1.79) 

Fine–Gray modeld 

Pre- or post-diagnosis combined 331/3,760 1.34 (1.21–1.63) 1.41 (1.23–1.63) 
Pre-diagnosis 124/1,390 1.15 (0.88–1.48) 1.26 (0.96–1.66) 
Post-diagnosis 207/2,370 1.51 (1.29–1.79) 1.51 (1.28–1.79) 

Waist-to-hip ratio (per 0.1 U) 
Cox modelc 

Pre- or post-diagnosis combined 331/3,760 1.35 (1.14–1.60) 1.34 (1.12–1.60) 
Pre-diagnosis 124/1,390 1.41 (1.06–1.89) 1.51 (1.11–2.03) 
Post-diagnosis 207/2,370 1.34 (1.08–1.66) 1.30 (1.03–1.63) 

Fine-Gray modeld 

Pre- or post-diagnosis combined 331/3,760 1.35 (1.14–1.59) 1.35 (1.14–1.60) 
Pre-diagnosis 124/1,390 1.32 (1.01–1.73) 1.42 (1.07–1.88) 
Post-diagnosis 207/2,370 1.36 (1.11–1.67) 1.34 (1.07–1.67) 

Waist-to-height ratio (per 0.1 U) 
Cox modelc 

Pre- or post-diagnosis combined 331/3,760 1.46 (1.24–1.73) 1.48 (1.24–1.77) 
Pre-diagnosis 124/1,390 1.25 (0.94–1.67) 1.38 (1.01–1.87) 
Post-diagnosis 207/2,370 1.60 (1.30–1.97) 1.58 (1.26–1.98) 

Fine–Gray modeld 

Pre- or post-diagnosis combined 331/3,760 1.46 (1.24–1.69) 1.48 (1.25–1.74) 
Pre-diagnosis 124/1,390 1.18 (0.89–1.56) 1.29 (0.98–1.72) 
Post-diagnosis 207/2,370 1.61 (1.34–1.94) 1.62 (1.33–1.97) 
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percentage ¼ 1.26; 95% CI, 1.13–1.41), and non–prostate cancer (HR per 
5% increase in body fat percentage ¼ 1.22; 95% CI, 1.10–1.36) mortality. 
Positive associations were also observed in the post-diagnosis analysis for all- 
cause (HR per 5% increase in total body fat percentage ¼ 1.33; 95% CI, 1.21– 
1.46), prostate cancer–specific (HR per 5% increase in total body fat 
percentage ¼ 1.36; 95% CI, 1.19–1.56), and non–prostate cancer (HR ¼ 1.30; 
95% CI, 1.13–1.49) mortality. For pre-diagnosis body fat percentage, asso-
ciations in the positive direction were observed for all-cause (HR per 5% 
increase in total body fat percentage ¼ 1.13; 95% CI, 1.00–1.28), prostate 
cancer–specific (HR per 5% increase in total body fat percentage ¼ 1.10; 95% 
CI, 0.92–1.32), and non–prostate cancer (HR per 5% increase in total body 
fat percentage ¼ 1.14; 95% CI, 0.96–1.36) mortality as shown in Tables 2–4 
and Supplementary Fig. S6. 

Nonlinear associations 

The nonlinear analyses indicated clear positive associations for overall and 
post-diagnosis adiposity and mortality across all the adiposity indices (BMI, 
waist circumference, hip circumference, waist-to-hip ratio, waist-to-height 
ratio, and body fat percentage). For pre-diagnosis adiposity, the positive 
association with mortality outcomes was more evident above the median 
value of each adiposity index (Fig. 2; Supplementary Figs. S2–S6). 

Subgroup and sensitivity analyses 

Positive associations of similar magnitude were observed across all the ad-
iposity indices when comparing the fully adjusted model (main model) with 
the minimally adjusted model (for age and year of diagnosis). Accounting for 
the potential influence of competing causes of death in the prostate cancer– 
specific mortality and non–prostate cancer mortality models did not alter the 
associations (Tables 3 and 4). 

The analysis by each year of adiposity measurement (i.e., in each year before 
and after diagnosis) yielded similar results to the main analyses for all in-
dices. In some of the analyses, mainly for prostate cancer–specific mortality, 
the 95% CIs crossed the null value (Supplementary Table S5). 

Of the total men with adiposity data close to diagnosis, 56% had prevalent 
prostate cancer. Similar positive associations were observed in analyses in-
cluding men who had only prevalent versus only incident prostate cancer 
(Supplementary Table S6). 

When comparing important variables for potential selection bias, no mate-
rial differences were observed in participants included and excluded from 
our study sample (Supplementary Table S7). Analysis stratified by smoking 
status showed little differences. There was evidence of positive associations 

TABLE 3 Cox proportional HRs and 95% CIs for the linear association between adiposity and prostate cancer–specific mortality (minimally versus 
main/fully adjusted model) (Cont’d) 

Ne/Nt 

HRa (95% CI) – minimally 
adjusted model 

HRb (95% CI) – main/ 
fully adjusted 

Body fat percentage (per 5% body fat increase)e 

Cox modelc 

Pre- or post-diagnosis combined 320/3,685 1.25 (1.12–1.38) 1.26 (1.13–1.41) 
Pre-diagnosis 119/1,363 1.06 (0.89–1.25) 1.10 (0.92–1.32) 
Post-diagnosis 201/2,322 1.36 (1.20–1.55) 1.36 (1.19–1.56) 

Fine–Gray modeld 

Pre- or post-diagnosis combined 320/3,685 1.23 (1.10–1.34) 1.25 (1.12–1.40) 
Pre-diagnosis 119/1,363 1.05 (0.86–1.28) 1.09 (0.90–1.31) 
Post-diagnosis 201/2,322 1.36 (1.20–1.54) 1.37 (1.19–1.54) 

The sum of prostate cancer deaths (Table 3) and non–prostate cancer mortality deaths (Table 4) does not add up to the total number of all-cause deaths (in the 
all-cause mortality analysis, Table 2) as two individuals have a death date but not death cause (according to the ICD-10). These individuals were included only 
in the analyses of all-cause mortality. 
Abbreviations: Ne, number of events; Nt, total number of men with prostate cancer. 
aModel adjusted for age of diagnosis and year of diagnosis – same individuals as in the fully adjusted model. 
bModel adjusted for age of diagnosis, year of diagnosis, smoking status (categorical as never, current, or previous), physical activity (continuous as sum of 
excess MET-hours/week of walking and moderate and vigorous activity), sedentary activities (continuous as sum of time spent watching TV, using a computer 
screen, or driving in hours/day), Townsend deprivation index (in quintiles), and alcohol intake frequency (categorical as never, special occasions only, one to 
three times monthly, once or twice weekly, or daily or almost daily). 

a,bModels additionally stratified by the UK Biobank center. The date of each respective assessment visit (according to the period that the individual was selected 
from) was considered as the start of follow-up (entry time). The date of death or censoring (December 31, 2020) was considered as the end of follow-up (exit 
time). 
cCox model treating non–prostate cancer deaths as censored. 
dFine–Gray sub-distribution hazard model; competing risk is death due to other causes and not specific to prostate cancer. 
eFor the analyses of body fat percentage, the subset of individuals (3,685 of the 3,760) with data for body fat percentage assessed by bioelectrical impedance was 
utilized. 
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TABLE 4 Cox proportional HRs and 95% CIs for the linear association between adiposity and non–prostate cancer mortality (minimally vs. 
main/fully adjusted model) 

Ne/Nt 

HRa (95% CI) – minimally 
adjusted model 

HRb (95% CI) – main/ 
fully adjusted 

BMI (per 5 kg/m2) 
Cox modelc 

Pre- or post-diagnosis combined 347/3,760 1.34 (1.17–1.52) 1.28 (1.12–1.47) 
Pre-diagnosis 137/1,390 1.22 (0.98–1.52) 1.29 (1.02–1.63) 
Post-diagnosis 210/2,370 1.42 (1.20–1.67) 1.31 (1.11–1.56) 

Fine–Gray modeld 

Pre- or post-diagnosis combined 347/3,760 1.31 (1.15–1.50) 1.26 (1.09–1.46) 
Pre-diagnosis 137/1,390 1.20 (0.96–1.52) 1.26 (0.98–1.63) 
Post-diagnosis 210/2,370 1.40 (1.22–1.65) 1.29 (1.08–1.55) 

Waist circumference (per 10 cm) 
Cox modelc 

Pre- or post-diagnosis combined 347/3,760 1.30 (1.18–1.43) 1.25 (1.13–1.38) 
Pre-diagnosis 137/1,390 1.20 (1.02–1.41) 1.23 (1.04–1.47) 
Post-diagnosis 210/2,370 1.38 (1.22–1.55) 1.28 (1.12–1.45) 

Fine–Gray modeld 

Pre- or post-diagnosis combined 347/3,760 1.27 (1.15–1.40) 1.21 (1.08–1.36) 
Pre-diagnosis 137/1,390 1.16 (0.98–1.38) 1.18 (0.97–1.44) 
Post-diagnosis 210/2,370 1.35 (1.20–1.51) 1.26 (1.09–1.42) 

Hip circumference (per 10 cm) 
Cox modelc 

Pre- or post-diagnosis combined 347/3,760 1.29 (1.12–1.49) 1.26 (1.09–1.46) 
Pre-diagnosis 137/1,390 1.09 (0.85–1.40) 1.13 (0.87–1.46) 
Post-diagnosis 210/2,370 1.42 (1.19–1.70) 1.37 (1.14–1.64) 

Fine–Gray modeld 

Pre- or post-diagnosis combined 347/3,760 1.24 (1.06–1.45) 1.21 (1.03–1.41) 
Pre-diagnosis 137/1,390 1.06 (0.82–1.35) 1.08 (0.83–1.42) 
Post-diagnosis 210/2,370 1.37 (1.14–1.63) 1.32 (1.09–1.58) 

Waist-to-hip ratio (per 0.1 U) 
Cox modelc 

Pre- or post-diagnosis combined 347/3,760 1.51 (1.28–1.78) 1.36 (1.15–1.62) 
Pre-diagnosis 137/1,390 1.43 (1.09–1.87) 1.45 (1.10–1.93) 
Post-diagnosis 210/2,370 1.56 (1.27–1.93) 1.31 (1.05–1.62) 

Fine–Gray modeld 

Pre- or post-diagnosis combined 347/3,760 1.48 (1.24–1.76) 1.33 (1.11–1.59) 
Pre-diagnosis 137/1,390 1.39 (1.02–1.89) 1.40 (1.01–1.96) 
Post-diagnosis 210/2,370 1.54 (1.25–1.90) 1.30 (1.05–1.60) 

Waist-to-height ratio (per 0.1 U) 
Cox modelc 

Pre- or post-diagnosis combined 347/3,760 1.65 (1.41–1.94) 1.54 (1.30–1.82) 
Pre-diagnosis 137/1,390 1.51 (1.15–1.97) 1.61 (1.20–2.16) 
Post-diagnosis 210/2,370 1.77 (1.44–2.17) 1.54 (1.24–1.91) 

Fine–Gray modeld 

Pre- or post-diagnosis combined 347/3,760 1.58 (1.34–1.87) 1.46 (1.22–1.76) 
Pre-diagnosis 137/1,390 1.44 (1.08–1.93) 1.51 (1.09–2.09) 
Post-diagnosis 210/2,370 1.71 (1.39–2.09) 1.49 (1.19–1.86) 

Body fat percentage (per 5% body fat increase)e 

Cox modelc 
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in never and previous smokers who represented the majority (∼92%) of the 
study population, consistent with the main analysis and null associations 
among current smokers (Supplementary Table S8). 

Similar positive associations to the main analyses were also observed in the 
analyses after exclusion of the first year, and in separate analysis, the first 
2 years of follow-up (Supplementary Table S9). 

Discussion 
The present study included men with prostate cancer from the UK Biobank 
who had adiposity data measured close to diagnosis. Overall, positive asso-
ciations were observed in the analysis of BMI with all-cause, prostate cancer– 
specific, and non–prostate cancer mortality. Analyses of waist circumference, 
hip circumference, waist-to-hip ratio, waist-to-height ratio, and body fat 
percentage (assessed by bioelectrical impedance) yielded positive associa-
tions of similar magnitude as for BMI. Results of the subgroup and sensi-
tivity analyses indicated generally consistent positive associations. 

Evidence on the associations between adiposity assessed close to or after 
diagnosis and mortality in men with prostate cancer is emerging but still 
inconclusive (8, 12). Observational studies so far have reported mixed re-
sults; some reported positive associations (11, 52) and some inverse associ-
ations (53–55), whereas others found no associations with mortality (56–59). 

Few studies to date investigated other adiposity indices such as waist cir-
cumference (56, 57, 60) that could better predict adiposity in men as com-
pared with BMI as adipose tissue is usually accumulated centrally in the 
abdomen (61, 62). 

Most meta-analyses in patients with prostate cancer to date (published be-
tween 2011 and 2021) reported null associations between at/post-diagnosis 
BMI and prostate cancer–specific or all-cause mortality (63–65). One of the 
published meta-analyses (65) identified a small increase in the rate of all- 
cause mortality. Our meta-analysis, published in 2023, explored linear and 
nonlinear associations and identified a J-shaped association between adi-
posity assessed at/after diagnosis and all-cause and prostate cancer–specific 
mortality (12), with a clear positive and linear association for BMI higher 
than 28 kg/m2. 

The present study provided a large sample size for all the adiposity indices 
after removing a small number of individuals with missing data in covariates 
(N ¼ 3,760 in the largest analysis of pre- or post-diagnosis adiposity com-
bined). It represents the largest analysis of pre- or post-diagnosis adiposity 
combined, and the total number of deaths (N ¼ 680, all-cause; N ¼ 331, 
prostate cancer–specific deaths) was higher than the average number of 
deaths included in previous observational studies on prostate cancer survival 
(N ¼ 550, all-cause, N ¼ 217 prostate cancer–specific deaths). 

TABLE 4 Cox proportional HRs and 95% CIs for the linear association between adiposity and non–prostate cancer mortality (minimally vs. 
main/fully adjusted model) (Cont’d) 

Ne/Nt 

HRa (95% CI) – minimally 
adjusted model 

HRb (95% CI) – main/ 
fully adjusted 

Pre- or post-diagnosis combined 334/3,685 1.29 (1.16–1.42) 1.22 (1.10–1.36) 
Pre-diagnosis 133/1,363 1.15 (0.97–1.35) 1.14 (0.96–1.36) 
Post-diagnosis 201/2,322 1.40 (1.22–1.59) 1.30 (1.13–1.49) 

Fine–Gray modeld 

Pre- or post-diagnosis combined 334/3,685 1.26 (1.14–1.41) 1.20 (1.08–1.34) 
Pre-diagnosis 133/1,363 1.14 (0.96–1.37) 1.13 (0.94–1.38) 
Post-diagnosis 201/2,322 1.38 (1.22–1.57) 1.28 (1.12–1.47) 

The sum of prostate cancer deaths (Table 3) and non–prostate cancer mortality deaths (Table 4) does not add up to the total number of all-cause deaths (in the 
all-cause mortality analysis, Table 2) as two individuals have a death date but not death cause (according to the ICD-10). These individuals were included only 
in the analyses of all-cause mortality. 
Abbreviations: Ne, number of events; Nt, total number of men with prostate cancer. 
aModel adjusted for age of diagnosis and year of diagnosis – same individuals as in the fully adjusted model. 
bModel adjusted for age of diagnosis, year of diagnosis, smoking status (categorical as never, current, or previous), physical activity (continuous as sum of 
excess MET-hours/week of walking and moderate and vigorous activity), sedentary activities (continuous as sum of time spent watching TV, using a computer 
screen, or driving in hours/day), Townsend deprivation index (in quintiles), and alcohol intake frequency (categorical as never, special occasions only, one to 
three times monthly, once or twice weekly, or daily or almost daily). 

a,bModels additionally stratified by the UK Biobank center. The date of each respective assessment visit (according to the period that the individual was selected 
from) was considered as the start of follow-up (entry time). The date of death or censoring (December 31, 2020) was considered as the end of follow-up (exit 
time). 
cCox model is treating prostate cancer–specific deaths as censored. 
dFine–Gray sub-distribution hazard model; competing risk is prostate cancer–specific mortality (death due to prostate cancer). 
eFor the analyses of body fat percentage, the subset of individuals (3,685 of the 3,760) with data for body fat percentage assessed by bioelectrical impedance was 
utilized. 
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Findings of the present analyses indicated that elevated adiposity is 
associated with worse survival outcomes. The relationship between 
obesity and outcomes after cancer diagnosis is biologically complex 
and (66) the biological mechanisms that link obesity to worse survival 
outcomes have not yet been clarified (67, 68). Plausible explanations 
include obesity-induced inflammatory and metabolic changes in the 
adipose tissue microenvironment that could be drivers of tumor pro-
gression to metastasis, could affect response to treatments (e.g., re-
sistance to androgen suppression therapies), and lead to a higher risk of 
death (69–71). Moreover, activated macrophages in the adipose tissue 
of individuals with obesity could enhance the transcription of pro- 
inflammatory genes in prostate tumor cells (70, 72, 73). Apart from the 
direct consequences of adiposity, men with prostate cancer and obesity 

could possibly experience poorer treatment-related outcomes or worse 
side effects (62, 68). 

It is possible for individuals with obesity to require alternative treatment op-
tions or to receive suboptimal treatment and this is often under-reported in 
clinical studies (74). Individuals with obesity, as compared with individuals 
with normal weight, could have delayed diagnosis or under-staged tumor at 
diagnosis resulting from less accurate biopsy tests or enlarged prostates and 
potentially lower PSA levels (67, 75, 76). It is possible that hormone therapy 
could lead to metabolic and body composition changes including increase in 
fat mass and consequently obesity if it remains uncontrolled. The interaction 
between body composition and various treatment modalities with respect to 
long-term survival outcomes needs to be better understood (67). 
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FIGURE 2 Restricted cubic spline analysis for BMI assessed close to diagnosis and all-cause, prostate cancer–specific, and non–prostate cancer 
mortality. HRs from the Cox proportional hazards model with restricted cubic spline curves describing the association between BMI (kg/m2) collected 
before or after diagnosis combined and (A) all-cause mortality (deaths ¼ 680), (B) prostate cancer–specific mortality (deaths ¼ 331), and (C) non– 
prostate cancer mortality (deaths ¼ 347); pre-diagnosis BMI and (D) all-cause mortality (deaths ¼ 262), (E) prostate cancer–specific mortality 
(deaths ¼ 124), and (F) non–prostate cancer mortality (deaths ¼ 137); and post-diagnosis BMI and (G) all-cause mortality (deaths ¼ 418; H), prostate 
cancer–specific mortality (deaths ¼ 207), and (I) non–prostate cancer mortality (deaths ¼ 210). HRs are based on the main model adjusted for age 
of diagnosis, year of diagnosis, smoking status, physical activity, sedentary activities, Townsend deprivation index, and alcohol intake frequency; 
knots at the 10th, 50th, and 90th percentiles of BMI. The median BMI of the individuals included in analyses was used as referent: 27.3 kg/m2 in the pre- 
or post-diagnosis analysis, 27.1 kg/m2 in the pre-diagnosis analysis, and 27.4 kg/m2 in the post-diagnosis analysis. The smooth density plot represents 
the density of the population across the spline variable. 
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Targeted non-pharmacologic approaches, including appropriate lifestyle 
strategies, could be designed and integrated into routine care of patients with 
cancer aiming to improve prognosis (70). Existing evidence supports that 
diet-induced weight loss and exercise interventions could prevent adverse 
effects of obesity on lymphatic function (77, 78). Randomized controlled 
trials in patients with cancer that investigate “hard” primary outcomes in-
cluding mortality are limited and challenging to conduct but more timely 
now as the evidence from observational and basic science studies is emerging 
(79). Carefully designed observational studies and randomized controlled 
trials with surrogate disease endpoints and biomarkers are essential to in-
dicate whether certain health behaviors could be beneficial or not (6, 79, 80). 
Existing evidence suggests that a balanced, carefully designed diet (81) and/ 
or other appropriate lifestyle modifications (73) could affect inflammatory 
markers within the tumor microenvironment and potentially improve 
clinical outcomes (e.g., better treatment response and survival; ref. 81). 
Genomic testing can also help identify tumor subtypes that might benefit 
from additional interventions and molecular subtypes that would not (68). It 
will also be important to find cost-efficient ways to identify individuals with 
excess body fat who might be in the “normal-range” BMI category (70). 

Strengths of this work include the detailed prospective data on measured 
adiposity indices close to prostate cancer diagnosis. The relatively large 
sample size of men with adiposity data close to diagnosis allowed us to 
explore the associations between adiposity indices that have been less well 
investigated in observational studies to date i.e., waist and hip circumference, 
waist-to-hip ratio, waist-to-height ratio, and body composition assessed by 
bioelectrical impedance (body fat percentage) in addition to BMI. There are 
limitations of body fat assessed by bioelectrical impedance, including that it 
often underestimates fat-free mass in individuals with normal weight and it 
might overestimate it in individuals with obesity (82). However, a previous 
study in the UK Biobank showed strong correlation between bioelectrical 
impedance–derived and dual-energy absorptiometry–derived body compo-
sition measures (83). Very few patients with prostate cancer from our ana-
lytic sample had total body fat percentage measured by dual-energy X-ray 
absorptiometry (51), which is often considered a more accurate measure-
ment of body composition (83); therefore, an analysis was not feasible. 
Important sensitivity analyses were performed to explore potential reverse 
causation and selection bias as well as the influence of competing causes of 
death on prostate cancer–specific mortality. Results indicated that the 
probability of such biases is likely to be small. 

Undetected disease progression or tumor recurrence could bias the associ-
ations in studies of mortality outcomes (84); however, we did not have such 
data available. Instead, we performed analysis separately for each year of 
adiposity measurement before diagnosis (for the first year before diagnosis 
and separately for the second year before diagnosis) and at each year after 
diagnosis (up to 5 years after diagnosis). This analysis could provide addi-
tional information about the associations at different phases of the cancer 
survivorship that might be affected differently by reverse causation. Results 
according to each year of adiposity measurement were generally similar. In 
addition, removing the first year of follow-up and then in a separate analysis 
removing the second year of follow-up after the adiposity assessment also 
yielded similar results to the main analyses. 

Lack of data on cancer treatments, stage, and grade did not allow us to 
account for these variables in the analyses although they are well-known 

predictors of outcomes after prostate cancer diagnosis. It also hindered 
investigation of whether the associations differ according to tumor char-
acteristics. Plans are underway to expand the linkage of the UK Biobank 
database to national datasets and include information on tumor aggres-
siveness (stage and grade), tumor morphology, and treatment (radiother-
apy, chemotherapy, immunotherapy, and hormone treatments; ref. 25). 
These variables, however, were not available at the time of the present 
analysis (24, 85, 86). Adjusting by the year of cancer diagnosis could 
mitigate this limitation to a small degree as it reflects developments in 
prostate cancer detection and treatments across time (87). Results of the 
present study in the UK Biobank showed positive associations without 
stage and grade adjustment similar to the positive associations that were 
seen in EPIC (20), in which it was possible to adjust for stage and grade. 
Other studies that investigated the associations between BMI and mortality 
outcomes in patients with prostate cancer reported that models addi-
tionally adjusted for variables including treatment, prostate cancer risk 
category, tumor–node–metastasis stage, and grade (52, 58, 88, 89) did not 
materially alter results. 

Another limitation of the present study is that the UK Biobank cohort 
comprised mainly White men; therefore, the observed associations may not 
be generalizable to other populations. Additional studies are needed in less 
well-investigated ethnic groups to explore whether there are any differences 
in the body composition–mortality association in more diverse subgroups of 
race/ethnicity (90). 

It is important to investigate the timing of obesity in relation to outcomes 
after prostate cancer diagnosis as well as the cumulative effect of obesity in 
terms of potential changes in weight (11, 68). The present study as well as 
most observational studies to date utilized a single timepoint adiposity 
measure instead of multiple longitudinal measurements. Repeated adiposity 
data (i.e., measured in more than one adiposity assessment according to our 
specific eligibility criteria) were limited. Few men (<1%) had post-diagnosis 
data measured at more than one assessment visit (e.g., at baseline and again 
at re-survey or at the re-survey and again at the first imaging visit), which is a 
limitation of the present study that we could not perform such an analysis. 
The pre- or post-diagnosis adiposity combined analysis was the best possible 
way to capture adiposity in the period close to the diagnosis. When possible, 
future studies should perform time-varying analyses. 

Conclusion 
The present study provided evidence that obesity in men with prostate 
cancer could be associated with higher mortality rates. It is important to 
acquire more evidence on the associations between lifestyle factors, such as 
adiposity, and prostate cancer prognosis from carefully designed observa-
tional and interventional studies. The precise mechanisms behind the po-
tential associations need to be clarified further in future studies to provide 
evidence-based lifestyle advice that will have the potential to reduce mor-
tality and improve long-term prostate cancer outcomes. 
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32. Craig CL, Marshall AL, Sjöström M, Bauman AE, Booth ML, Ainsworth BE, et al. 
International physical activity questionnaire: 12-country reliability and validity. 
Med Sci Sports Exerc 2003;35:1381–95. 

33. Ainsworth BE, Haskell WL, Herrmann SD, Meckes N, Bassett DR Jr, Tudor- 
Locke C. et al. Compendium of physical activities: a second update of codes 
and MET values. Med Sci Sports Exerc. 2011;43:1575–81. 

34. Guo W, Bradbury KE, Reeves GK, Key TJ. Physical activity in relation to body size 
and composition in women in UK Biobank. Ann Epidemiol 2015;25:406–13.e6. 

35. Howley ET. Type of activity: resistance, aerobic and leisure versus occupational 
physical activity. Med Sci Sports Exerc 2001;33(6 Suppl):S364–9. 

36. Armstrong ME, Cairns BJ, Green J, Reeves GK, Beral V; Million Women Study 
Collaborators. Reported frequency of physical activity in a large epidemio-
logical study: relationship to specific activities and repeatability over time. 
BMC Med Res Methodol 2011;11:97. 

37. Bradbury KE, Guo W, Cairns BJ, Armstrong ME, Key TJ. Association between 
physical activity and body fat percentage, with adjustment for BMI: a large 
cross-sectional analysis of UK Biobank. BMJ Open 2017;7:e011843. 

38. Inan-Eroglu E, Powell L, Hamer M, O’Donovan G, Duncan MJ, Stamatakis E. Is 
there a link between different types of alcoholic drinks and obesity? An 
analysis of 280,183 UK Biobank participants. Int J Environ Res Public Health 
2020;17:5178. 

39. Drozd M, Pujades-Rodriguez M, Lillie PJ, Straw S, Morgan AW, Kearney MT, 
et al. Non-communicable disease, sociodemographic factors, and risk of death 
from infection: a UK Biobank observational cohort study. Lancet Infect Dis 
2021;21:1184–91. 

40. Townsend P, Phillimore P, Beattie A. Health and deprivation: inequality and the 
North. London (United Kingdom): Taylor & Francis; 2023. 

41. UK Biobank touch-screen questionnaire: final version. [cited 2024 Jun]. Available 
from: https://biobank.ndph.ox.ac.uk/ukb/ukb/docs/TouchscreenQuestionsMainFinal. 
pdf. 

42. Christakoudi S, Tsilidis KK, Evangelou E, Riboli E. A Body Shape Index (ABSI), 
hip index, and risk of cancer in the UK Biobank cohort. Cancer Med 2021;10: 
5614–28. 

43. Fine JP, Gray RJ. A proportional hazards model for the subdistribution of a 
competing risk. J Am Stat Assoc 1999;94:496–509. 

44. Austin PC, Lee DS, Fine JP. Introduction to the analysis of survival data in the 
presence of competing risks. Circulation 2016;133:601–9. 

45. Harrell FE Jr. General aspects of fitting regression models. In: Regression 
modeling strategies: with applications to linear models, logistic and ordinal 
regression, and survival analysis. Cham (Switzerland): Springer International 
Publishing; 2015. pp. 13–44. 

46. Schoenfeld D. Partial residuals for the proportional hazards regression model. 
Biometrika 1982;69:239–41. 

47. Halabi S, Kelly WK, Ma H, Zhou H, Solomon NC, Fizazi K, et al. Meta-analysis 
evaluating the impact of site of metastasis on overall survival in men with 
castration-resistant prostate cancer. J Clin Oncol 2016;34:1652–9. 
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