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Abstract

Background: Obesity assessed at a single time point in adulthood has shown no consistent association with prostate cancer (PCa)
incidence but has been positively associated with PCa death. We investigated the association of total and age-specific adult weight
trajectories with PCa aggressiveness and death.

Methods: We analyzed data from 258,494 men in Sweden with at least 3 weight observations between ages 17 and 60. Individual
weight trajectories were estimated using linear mixed-effects models with natural cubic and linear splines for age, incorporating ran-
dom intercepts and slopes. These estimates were included in multivariable-adjusted Cox proportional hazards models.

Results: Over a median follow-up of 25 years, 22 055 men were diagnosed with PCa and 4547 died from the disease. Steep weight gain
was inversely associated with PCa diagnosed during the PSA testing era (1997 onwards) and via asymptomatic PSA testing, but not
with aggressive PCa. Among men with PCa, steep weight gain was associated with increased risk of PCa death (HR quintile 5 vs.
1=1.23,95% CI=1.08 to 1.40), primarily driven by weight gain between ages 45 and 60 (HR per 1kg/year =1.31, 95% CI=1.10 to 1.57).

Conclusions: The associations observed for incident PCa appear to be influenced by PSA testing uptake; however, the extent
to which detection bias contributes remains uncertain. Conversely, late midlife weight gain was associated with an elevated risk of
PCa death, underscoring the importance of weight management during this period as a potentially modifiable factor for reducing
PCa death.
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Introduction

Obesity is an established risk factor for numerous diseases, includ-
ing metabolic and cardiovascular disorders, as well as certain can-
cers.? Most of this evidence is derived from anthropometric data
collected once, typically in middle to late adulthood. Prostate can-
cer (PCa) is the second most diagnosed cancer in men globally and
the most diagnosed in Sweden.? Recent systematic evidence on the
relationship between obesity and cancer has not identified obesity
as a risk factor for PCa incidence; however, some evidence suggests
an association between obesity and PCa death.** Subsequent large-
scale prospective studies and Mendelian randomization studies®”
have demonstrated an inverse association between obesity and
non-aggressive PCa®’ while showing no evidence of an association
with aggressive PCa.® In the late 1990s, Sweden adopted wide-
spread prostate-specific antigen (PSA) testing, delineating a pre-PSA
and PSA era. The adoption of PSA testing led to a notable increase
in low-risk, or non-aggressive, PCa.'®** Data from the UK Biobank
has shown that men with a generally healthy lifestyle, eg, of normal
weight and non-smokers, are more likely to undergo asymptomatic
PSA testing that primarily detects non-aggressive PCa.’? This has
posed challenges in identifying risk factors with an unbiased associ-
ation with PCa.

Changes in body weight throughout the life course may influ-
ence disease risk independently of baseline body weight.'? Body
mass index (BMI) combines fat mass and lean body mass,
whereas weight change in adults more accurately reflects body
fat.** An increase in weight during adulthood, particularly in late
adulthood, typically indicates an increase in fat mass rather than
lean mass. Adiposity assessed at various time points and body
weight changes over the life course may differentially affect the
potential association with PCa.’® A limited number of studies
have investigated the relationship between weight trajectories
and PCa.’*?° Among these studies, 2 studies based on the same
US cohort included repeated weight assessments,*®*® as opposed
to other studies of weight change that relied on self-reported
recalled weight and current weight at baseline. These same
2 studies included PCa diagnosed both before and in the PSA era;
however, the results were not stratified by these time periods,
which has been employed in a few studies examining the associ-
ation between BMI and PCa.®?' Evidence suggests that weight
gain is inversely associated with non-aggressive PCa,”” while it is
positively associated with aggressive PCa'”'*° and PCa death.”""
To our knowledge, no study has distinguished weight trajectories
in different age periods associated with PCa. This study aimed to
elucidate the association between weight trajectories throughout
adulthood (ages 17-60) and the incidence and death from PCa
and to further examine these associations within specific age
intervals, stratified by cancer aggressiveness, PSA eras, and the
mode of cancer detection.

Methods
Study design and participants

The Obesity and Disease Development Sweden (ODDS) study is a
pooled cohort with individual-level data on weight and height
from Swedish research cohorts and nationwide registers.? This
study included 258 494 men with 1 226 021 cancer-free weight
measurements, originating from those with at least 3 weight
measurements between the ages of 17 and 60years, recorded
between 1963 and 2019. Details of the applied exclusions are
illustrated in Figure S1 (see online supplementary material for a
color version of this figure). Most weight observations (69%) were

obtained from the Construction Workers Cohort, which collected
objectively measured weight and height during routine health
examinations conducted between 1971 and 1993. These exami-
nations were offered to nearly all construction workers in
Sweden. Other major sources included 2 population-based
cohorts, the Cohort of Swedish Men from Vastmanland and
Orebro counties and the Northern Sweden Health and Disease
Study, as well as the Military Conscription Register, which com-
prised men conscripted primarily before 2010, when conscription
was mandatory. An overview of all included cohorts is provided
in Table S1 (see online supplementary material). The Swedish
Ethical Review Authority approved the study (No: 2020-03846).

Record and register linkages

Participants were followed using the unique personal identity
number assigned to each resident of Sweden.?* This enabled lon-
gitudinal tracking of repeated measurements of weight across
cohorts (including overlapping participation), as well as virtually
complete linkage of demographic data from the Total Population
Register” and sociodemographic data from the Longitudinal
Integrated Database for Health Insurance and Labour Market
Studies (LISA).?® Cancer diagnoses were obtained from the
Cancer Register,?” while diagnostic PCa information and reasons
for diagnostic work-up were retrieved from the National Prostate
Cancer Register.?® Date and the primary cause of death were
retrieved from the Cause of Death Register.?

Exposure and outcome assessment

Weight data (kg) were collected through 3 modes: objectively meas-
ured (83%), self-reported current (12%), and self-reported historical
(5%). Only weight observations recorded prior to any cancer diagno-
sis other than non-melanoma skin cancer were retained, with all
post-diagnosis observations excluded from the dataset. Individual
trajectories were modelled using linear mixed-effects (LME) models
with natural cubic splines (4 knots) and linear splines for age, incor-
porating measurement mode as a fixed effect.*® Random effects
included best linear unbiased predictions (BLUPs) of individual
intercepts and slopes. Model specification was guided by graphical
assessment of linear and polynomial age terms. Natural cubic
splines captured overall weight trajectories, while linear splines
provided interpretable estimates of weight change (kg/year) across
age intervals. No substantial differences were observed between
linear and polynomial models when compared with observed and
specific age period trajectories. Individual weight slopes were cate-
gorized into quintiles and mean predicted weights by age within
each quintile were calculated for visualization. For age-specific
analysis, trajectories were segmented into 3 periods, 17 to <30, 30
to <45, and 45 to 60years, to estimate growth rates within each
~15-year interval. Outcomes included total, non-aggressive, and
aggressive incident PCa, and PCa death. Aggressive PCa was defined
as T4, N1, M1, Gleason score >8, or a PSA level of >50ng/mL at diag-
nosis.?’ Non-aggressive PCa encompassed all other cases.

Statistical analysis

We used a 2-stage approach to estimate hazard ratios (HR) and
95% confidence intervals (CI) for the association between weight
trajectories and PCa outcomes.*** In the first stage, we fitted
LME models to estimate individual weight trajectories (intercept
and slope), as previously described. In the second stage, we
included the quintiles and individual-specific random weight
slopes in Cox proportional hazards models, with age as the
underlying timescale. Participants were followed from the date
of their last weight observation until a cancer diagnosis,
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emigration, death, or end of follow-up, December 31, 2019,
whichever occurred first. Due to the long follow-up time and
changed PCa incidence over time, all Cox models included year
of birth as strata (<1930, 1930 to <1945, 1945 to <1960, >1960)
and were adjusted for age, predicted weight at age 17 (continu-
ous), and height (continuous). Additionally, adjustments were
made for highest educational attainment, marital status, and
country of birth for individuals and their parents as categorized
in Table 1. Models for PCa death were further adjusted for smok-
ing status (never, former, current, missing; 1-3% missingness
across weight trajectory quintiles). Smoking was included only in
PCa death analyses, reflecting prior evidence of its association
with death but not incidence.** Age period models were further
adjusted for random weight slopes from preceding age intervals,
thereby accounting for longitudinal trends prior to each respec-
tive age period.

To examine PCa survival, we applied the 2-stage approach
exclusively to PCa cases. Case-only Cox models were adjusted as
in the full population, using age as the underlying timescale
starting from PCa diagnosis. Additional adjustments included
income (continuous), source of income (employed, unemployed,

engaged in labor market policy activity, receiving economic aid,
pensioner, early retiree, sick leave, no income), marital status,
and Charlson comorbidity index (none, mild, moderate/severe),*
tumor aggressiveness at diagnosis for models of any PCa, as well
as smoking status at the last weight observation. As the case-
only analysis is less susceptible to detection bias after adjusting
for tumor aggressiveness, we restricted the modelling of poten-
tial non-linear associations between weight trajectories and PCa
death to the PCa case population. Natural cubic splines with
4 knots were employed to model non-linearity, which was
assessed using a post-estimation Wald test to determine whether
spline coefficients beyond the linear term jointly differed from
zero. All analyses were conducted using Stata/MP version 18.0
(StataCorp LLC., College Station, Texas), with all tests being 2-
sided and a significance level set at 0.05.

Efforts to address potential sources of bias

To address information bias from subjectively reported weight,
the mode of weight measurement was included as a predictor in
the LME models. To explore detection bias, we conducted a
period-stratified analysis of weight trajectories and incident PCa,

Table 1. Descriptive characteristics of 258 494 men in the Obesity and Disease Development Sweden study (1963-2019) with at least

three cancer-free weight observations between ages 17 and 60.

Adult weight trajectories in quintiles (ages 17 to 60 years)

Q1 Q2 Q3 Q4 Q5

Study and population characteristics
No. of men 51699 51699 51699 51699 51698
No. of obs. 257 651 245954 236 250 238163 248 003
No. of obs./man, median (IQR) 5 (4-7) 5 (4-7) 5(3-7) 5 (4-7) 5 (4-7)
Time from first to last weight obs. (years), 17 (12-28) 16 (10-21) 15 (9-20) 16 (9-21) 17 (12-28)

median (IQR)
Predicted weight change (kg), mean (SD) 6.5 (5.2) 14.1 (1.5) 18.8 (1.3) 23.7 (1.7) 34.9(8.2)
Predicted weight change (kg), median (IQR) 7.7 (4.7-9.8) 14.2 (12.9-15.4)  18.8(17.7-19.9)  23.6(22.3-25.1)  32.5(29.3-37.8)

Mode of weight measurement, % (obs.)
Objectively measured
Self-reported current
Self-reported historic
Year of study entry, median (IQR)
Year of birth, median (IQR)
Birth country, No. (%)
Born in SE, both parents born in SE
Born in SE, one/both parents born abroad
Born abroad
Population characteristics at last weight obs.
Age (years), median (IQR)
Weight (kg), mean (SD)
Height (cm), mean (SD)
Body mass index (kg/m?), mean (SD)
Smoking status, No. (%)
Never
Former
Current
No information
Marital status, No. (%)
Unmarried
Married
Divorced or widow/-er
Education level, No. (%)°
Pre-upper secondary school <9years
Pre-upper secondary school 9years
Upper secondary school <3 years
Upper secondary school 3 years
Post-upper secondary school >1years

76.9 (198 178)
5.8 (14 830)
17.3 (44 643)

1990 (1985-1997)
1942 (1930-1952)

47582 (92.0)
1659 (3.2)
2458 (4.8)

52.8 (42.1-59.3)
72.4 (8.8)
176.1(6.7)
23.3(2.4)

21400 (41.4)

11529 (22.3)

17 715 (34.3)
1055 (2.0)

10738 (20.8)
35054 (67.8)
5907 (11.4)

18 174 (35.2)
3922 (7.6)
15 953 (30.9)
6573 (12.7)
7077 (13.7)

81.7 (200 947)

4.9 (12 038)
13.4 (32 969)

1990 (1984-1993)
1944 (1932-1953)

47 551 (92.0)

11581 (22.4)
34 965 (67.6)

84.7 (200 199)

4.3 (10 109)
11.0 (25 942)

1990 (1984-1992)
1947 (1937-1958)

47113 (91.1)

15 794 (30.5)
31285 (60.5)

85.9 (204 624)

4.2 (9970)
9.9 (23 569)

1990 (1986-1994)
1949 (1940-1959)

46 887 (90.7)

17 131 (33.1)
30027 (58.1)

84.9 (210 511)
45 (11281)
10.6 (26 211)

1991 (1989-1997)
1951 (1943-1959)

46 856 (90.6)

1733 (3.4) 2409 (4.7) 2548 (4.9) 2721 (5.3)
2415 (4.7) 2177 (4.2) 2264 (4.4) 2121 (4.1)
50.2 (38.7-58.6)  45.9(32.0-56.4)  44.7 (31.3-55.0)  45.6 (34.3-53.9)
76.6 (7.7) 79.5 (8.3) 83.4 (9.2) 93.2 (12.7)
177.0 (6.3) 178.1(6.2) 178.9 (6.2) 180.0 (6.4)
24.5 (2.3) 25.1 (2.5) 26.1(2.8) 28.8 (3.8)
21636 (41.8) 22032 (42.6) 22192 (42.9) 20 804 (40.2)
12 403 (24.0) 12 587 (24.3) 13 584 (26.3) 16 303 (31.5)
16 421 (31.8) 15 494 (30.0) 14591 (28.2) 13870 (26.8)
1239 (2.4) 1586 (3.1) 1332 (2.6) 721 (1.4)

16 280 (31.5)
30218 (58.5)

5153 (10.0) 4620 (8.9) 4541 (8.8) 5200 (10.1)
16 574 (32.1) 13491 (26.1) 11 841 (22.9) 9998 (19.3)

3891 (7.5) 4474 (8.7) 4973 (9.6) 5640 (10.9)
17 339 (33.5) 19 482 (37.7) 20713 (40.1) 21993 (42.5)
7025 (13.6) 7206 (13.9) 7144 (13.8) 6951 (13.4)
6870 (13.3) 7046 (13.6) 7028 (13.6) 7116 (13.8)

Abbreviations: Obs. = observation/-s; IQR = interquartile range; SD = standard deviation; SE = Sweden.
® Predicted weight change values were derived from a linear mixed-effects model including random slopes for age. The mean and standard deviation (SD)
reflect the average and variability of model-predicted weight change across individuals within each weight trajectory quintile.

b

Highest educational attainment at the end of follow-up.
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comparing the pre-PSA era (before 1997) with the PSA era (1997
onwards). In the pre-PSA era, follow-up began at the last
recorded weight and ended at PCa diagnosis, emigration, death,
or December 31, 1996, whichever occurred first. In the PSA era,
follow-up also began at the last weight observation, with delayed
entry from January 1, 1997, and continued until diagnosis, emi-
gration, death, or December 31, 2019. Within the PSA era, PCa
cases were further stratified by detection mode: asymptomatic
PSA testing versus symptom-driven detection (lower urinary
tract symptoms [LUTS] or other symptoms). Although PSA testing
was part of the diagnostic process in symptomatic cases, it was
prompted by clinical symptoms rather than unrelated health-
seeking behavior. For this analysis, follow-up commenced at the
last weight observation, with delayed entry from January 1, 2000,
when data on detection mode became available. As a sensitivity
analysis, we included all men with at least 1 weight observation.
Additionally, we applied a naive survival model using weight
change quintiles among men with weight observed before age 25
and after age 40. Annual weight change was calculated as the dif-
ference between the first and last weight observations divided by
the number of years between them.

Results

Study population

From ages 17 to 60, the mean weight gain was 19.6kg. The aver-
age annual increase in weight was 0.73kg/year (SD of random
slope =0.38) from 17 to <30years, 0.34kg/year (SD=0.27) from
30 to <45years, and 0.22kg/year (SD=0.21) from 45 to 60years,
indicating substantial between-individual variability in weight
gain rates across age periods. Figure 1 illustrates weight trajecto-
ries across quintiles, with mean total weight gain from 6.5kg in
Q1 to 34.9kg in Q5 (Table 1). Over a median follow-up of 25years
(IQR 14-30), 22 055 men (8.5%) were diagnosed with PCa at a

Population weight trajectory

100
90-
)
5
.a 80_
=
70
60-

T T T T T
20 30 40 50 60
Age (years)

mean age of 70years (SD 8), and 4547 (1.8%) died from the dis-
ease. Clinical characteristics by PCa aggressiveness are detailed
in Table S2 (see online supplementary material).

Weight trajectories and prostate cancer outcomes
A steep weight gain trajectory was inversely associated with total
PCa (HR for Q5 vs Q1=0.95, 95% CI=0.91 to 0.99) and non-
aggressive PCa (HR=0.88, CI=0.83 to 0.93), with no evidence of
an association observed for aggressive PCa (HR =1.03, CI=0.95 to
1.13). In contrast, it was positively associated with PCa death
(HR=1.15, CI=1.03 to 1.28) (Table 2). Weight gain from ages
17 to <30years demonstrated a similar pattern, with inverse
associations for total PCa (HR per lkg/year=0.97, CI=0.93 to
1.02) and non-aggressive PCa (HR=0.90, CI=0.85 to 0.94), and
positive associations for aggressive PCa (HR=1.11, CI=1.01 to
1.23) and PCa death (HR=1.20, CI=1.04 to 1.39). Weight gain dur-
ing later age periods did not follow the same clear pattern.
Of note, a strong positive association with PCa death was
observed for weight gain between ages 45 and 60 years (HR=1.19,
CI=1.03 to 1.36).

PSA eras and mode of detection

The inverse association with PCa incidence was evident during
the PSA era (HR Q5 vs. Q1=0.92, 95% CI=0.87 to 0.97), particu-
larly for asymptomatic PSA-detected cases (HR=0.90, 95%
CI=0.84 to 0.96) (Table 3). No evidence of an association was
observed for cases detected during the diagnostic work-up of
LUTS or other symptoms. Similar trends were seen for early
adulthood weight gain (ages 17 to <30).

Weight trajectories and prostate cancer survival

Among 20 541 men with PCa, steep prediagnostic weight gain
was positively associated with PCa death (HR Q5 vs. Q1=1.23,
95% CI=1.08 to 1.40), particularly for weight gain occurring
between ages 45 and 60 (HR per 1kg/year=1.31, 95% CI=1.10 to

Population weight trajectory by quintile
— Qf //
1004 — — Q2 s

----- Q3 7

—- Q5 %

Weight (kg)

60

T T T T T
20 30 40 50 60
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Figure 1. Adult weight trajectory by age for the population and by quintile. The population weight trajectory was estimated using a linear mixed-
effects (LME) model with natural cubic splines for age and mode of weight measurement as predictors. The quintiles were categorized by the random
weight slope. The weight trajectory by quintile shows the mean predicted weights by age in each quintile.
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Table 2. Hazard ratios (HRs) and 95% confidence intervals (Cls) of prostate cancer (PCa) incidence and death according to total and
age-specific weight trajectories among 258 494 men in the Obesity and Disease Development Sweden study, 1963-2019.

Any incident PCa Incident non-aggressive Incident aggressive PCa death
(n=258 494) PCa (n =239 136) PCa (n=239 136) (n=258 494)

Weight trajectory No. HR (95% CI) No. HR (95% CI)® No. HR (95% CI)? No. HR (95% CI)?
quintile (ages 17 to 60) events events events events

Q1 5106 1.00 3243 1.00 1528 1.00 1218 1.00

Q2 5043 1.01(0.97t01.05) 3309 1.02(0.98t01.08) 1402 0.98(0.91t01.05) 1138 1.02(0.94to 1.11)

Q3 4440 1.02 (0.98t01.06) 2933 1.01(0.96t01.06) 1183 1.01(0.93to 1.09) 884 1.06(0.97 to 1.15)

Q4 3959 0.98(0.94t01.02) 2629 0.94(0.89t00.99) 1052 1.00(0.92t01.08) 752 1.13(1.03to 1.24)

Q5 3507 0.95(0.91t00.99) 2331 0.88(0.83t00.93) 931 1.03(0.95to 1.13) 555 1.15(1.03 to 1.28)
Age period (per 1kg/year)

17 to <30years 22055 0.97(0.93t01.02) 14445 0.90(0.85t00.94) 6096 1.11(1.01to1.23) 4547 1.20(1.04to 1.39)

30 to <45years 0.95 (0.90 to 1.00) 0.88 (0.83 t0 0.94) 0.98 (0.88 to 1.09) 1.02 (0.89to 1.17)

45 to 60 years 0.99 (0.93 to 1.06) 0.92 (0.85 to 1.00) 1.01 (0.90 to 1.15) 1.19 (1.03 to 1.36)

# The adult weight trajectories were estimated by linear mixed-effects (LME) models with natural cubic splines of age, and the age period weight trajectories by

LME models with linear splines of age. Mode of measurement was included as predictor variable in the LME models. HRs were calculated from Cox regression
models, stratified by birth cohort and adjusted for age, predicted weight at age 17, height, education, marital status, and birth country. The models for PCa death
were additionally adjusted for smoking status, and the age period models for random weight slopes from the preceding age periods. For the models by
aggressiveness, left truncation was applied from the start of the National Prostate Cancer Register, January 1, 1998. We defined aggressive PCa as T4 or N1 or M1 or
Gleason score >8 or diagnostic PSA level of >50ng/mL, and other PCa cases as non-aggressive.

Table 3. Hazard ratios (HRs) and 95% confidence intervals (CIs) of prostate cancer (PCa) incidence according to total and age-specific
adult weight trajectories among men in the Obesity and Disease Development Sweden study (1963-2019), stratified by pre-PSA (1967-1996)
and PSA (1997-2019) eras, and by detection mode within the PSA era

Pre-PSA era 1967-1996 (n=192 035) PSA era 1997-2019 (n =241 121)
Weight trajectory quintile (ages 17 to 60) No. cases HR (95% CI)* No. cases HR (95% CI)*
Q1 555 1.00 4551 1.00
Q2 484 1.01 (0.89 to 1.14) 4559 1.01 (0.96 to 1.05)
Q3 354 1.06 (0.92 to 1.22) 4086 1.01 (0.96 to 1.05)
Q4 281 1.17 (1.01 to 1.37) 3678 0.95 (0.91 to 1.00)
Q5 149 1.04 (0.85t0 1.27) 3358 0.92 (0.87 t0 0.97)
Age period (per 1kg/year)
17 to <30years 1823 1.16 (0.95 to 1.41) 20232 0.97 (0.92 to 1.01)
30 to <45years 0.90 (0.69 to 1.19) 0.92 (0.87 t0 0.98)
45 to 60 years 1.24 (0.97 to 1.60) 0.96 (0.90 to 1.03)
PSA era 2000-2019 (n =233 898)
Asymptomatic PSA-detected Detection through LUTS or other symptoms
Weight trajectory quintile (ages 17 to 60) No. cases HR (95% CI)* No. cases HR (95% CI)®
Q1 1752 1.00 2534 1.00
Q2 1818 1.01 (0.95 to 1.08) 2466 0.99 (0.94 to 1.05)
Q3 1754 1.01 (0.95 to 1.09) 2174 1.01 (0.95 t0 1.07)
Q4 1700 0.98 (0.92 to 1.05) 1892 0.95 (0.89 to 1.01)
Q5 1559 0.90 (0.84 t0 0.96) 1747 0.96 (0.90 to 1.02)
Age period (per 1kg/year)
17 to <30years 8583 0.92 (0.86 t0 0.98) 10813 1.00 (0.93 to 1.07)
30 to <45years 0.91 (0.84 t0 0.99) 0.94 (0.87 t0 1.02)
45 to 60 years 0.96 (0.86 to 1.08) 0.97 (0.89 to 1.07)

Abbreviations: PSA = prostate specific antigen; LUTS = lower urinary tract symptoms.

® The adult weight trajectories were estimated by linear mixed-effects (LME) models with natural cubic splines of age, and the age period weight trajectories by
LME models with linear splines of age. Mode of measurement was included as predictor variable in the LME models. HRs were calculated from Cox regression
models, stratified by birth cohort and adjusted for age, predicted weight at age 17, height, education, marital status, and country of birth. The age period models
were additionally adjusted for random weight slopes from the preceding age periods. The pre-PSA era model was right-truncated on 31 December 1996, while the
PSA era model was left-truncated on 1 January 1997. For the PSA era model by detection mode, left truncation was applied from 1 January 2000, when information
on detection mode became available from the National Prostate Cancer Register.

1.57) (Table 4). These associations were consistent irrespective of sizes but supported the same directional associations as the main
disease aggressiveness at diagnosis. In case-only analyses, weight analysis (Tables S3-S6—see online supplementary material).

gain during ages 45 to 60 demonstrated a non-linear association
with PCa death, with a positive association emerging from

approximately 0.15kg/year (equivalent to a 2.25kg gain over Discussion

15years), progressing in a steeper pattern than observed in ear- In this large, nationwide pooled cohort of men in Sweden, weight

lier age periods (Figure 2). gain across adulthood was inversely associated with non-aggressive
Sensitivity analysis using alternative definitions of weight tra- PCa incidence and was not associated with aggressive PCa. In con-

jectories and broader inclusion criteria yielded attenuated effect trast, weight gain was positively associated with PCa death,
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Table 4. Hazard ratios (HRs) and 95% confidence intervals (CIs) of prostate cancer (PCa) death according to total and age-specific adult
weight trajectories among 20 541 PCa cases in the Obesity and Disease Development Sweden study, 1963-2019.

PCa death in men with any PCa
at diagnosis (n =20 541)

PCa death in men with non-aggressive

PCa death in men with aggressive

PCa at diagnosis (n = 14 445) PCa at diagnosis (n =6 096)

Weight trajectory quintile

(ages 17 to 60) No. deaths HR (95% CI)* No. deaths HR (95% CI) No. deaths HR (95% CI)*
Q1 816 1.00 255 1.00 561 1.00
Q2 757 1.07 (0.97 t0 1.18) 232 0.98 (0.82t0 1.17) 525 1.11(0.98 to 1.25)
Q3 591 1.06 (0.95 to 1.18) 189 1.10 (0.90 to 1.33) 402 1.06 (0.93 to 1.21)
Q4 498 1.15 (1.02 to 1.29) 147 1.16 (0.94 to 1.43) 351 1.14 (0.99 to 1.31)
Qs 401 1.23 (1.08 to 1.40) 107 1.20 (0.94 to 1.52) 294 1.23 (1.06 to 1.44)
Age period (per 1kg/year)
17 to <30years 3063 1.09 (0.94 to 1.26) 930 1.16 (0.88 to 1.51) 2133 1.04 (0.88 to 1.24)

1.13 (0.96 to 1.33)
131 (1.10 to 1.57)

30 to <45years
45 to 60years

1.14 (0.83 t0 1.56)
1.36 (1.00 to 1.85)

1.14 (0.94 t0 1.38)
1.25 (1.01 to 1.55)

@ The adult weight trajectories were estimated by linear mixed-effects (LME) models with natural cubic splines of age, and the age period weight trajectories by
LME models with linear splines of age. Mode of measurement was included as predictor variable in the LME models. HRs were calculated from Cox regression
models, stratified by birth cohort and adjusted for age at diagnosis, predicted weight at age 17, height, smoking status, education, income, source of income,
marital status, birth country, and Charlson comorbidity index. The models for PCa death among men with any PCa were additionally adjusted for disease
aggressiveness, and the age period models for random weight slopes from the preceding age periods. The models exclude PCa cases before the start of the National
Prostate Cancer Register, 1 January 1998. We defined aggressive PCa as T4 or N1 or M1 or Gleason score >8 or diagnostic PSA level of >50ng/mL, and other PCa

cases as non»aggressive.
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Figure 2. Hazard ratios (HRs) and 95% confidence intervals (CIs) of prostate cancer death among diagnosed cases, according to adult age-specific
weight trajectories. The age period weight trajectories were estimated by linear mixed-effects (LME) models with linear splines of age and mode of
measurement as predictors. Cox proportional hazards regression models with natural cubic splines were used to examine the non-linear association
between weight slope and HR with 95% CI for PCa death. The P-value shows statistical evidence for non-linearity. All survival models were stratified by
birth cohort and adjusted for age at diagnosis, predicted weight at age 17, random weight slopes from the preceding age periods, aggressiveness,
height, smoking status, education, income, source of income, marital status, birth country, and Charlson comorbidity index.

particularly for weight accrued during early adulthood. Stratified
analyses indicated that these associations with PCa incidence were
confined to the PSA screening era and largely driven by asympto-
matic PSA-detected cases. Case-only analyses further revealed that
prediagnostic weight gain was linked to poorer survival from PCa,
independent of tumor aggressiveness at diagnosis, with the stron-
gest associations observed for weight gained during late middle
adulthood.

Previous studies have reported similar inverse associations
with non-aggressive PCa and positive associations with both

aggressive PCa and PCa death.”*”"**3¢ These opposing trends in
the context of obesity and PCa have been widely debated and are
likely to be relevant to our findings on weight trajectories.®?”:?*
Detection bias is a plausible explanation for the inverse associa-
tion with non-aggressive PCa observed in our data, as men of nor-
mal weight are more likely to undergo asymptomatic PSA testing,
thereby increasing their likelihood of being diagnosed with
non-aggressive PCa.’? Additionally, obesity is associated with
lower PSA levels and prostate enlargement, which may delay
diagnosis.®® To account for this, we stratified analyses by PSA era
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and detection mode, which showed that detection bias likely
influenced PCa incidence estimates. As a result, opportunistic
PSA testing limits the interpretability of associations between
weight trajectories and PCa incidence, although the precise
extent of its influence on our findings remains uncertain. A
recent study based on a clinical cohort that accounted for screen-
ing practices suggested that additional mechanistic factors may
be involved, as the inverse association with non-aggressive PCa
was not accompanied by the expected positive association with
aggressive PCa that would typically be anticipated in the pres-
ence of detection bias.* In contrast, our case-only analysis,
which is less susceptible to detection bias due to adjustment for
disease aggressiveness at diagnosis, revealed a strong association
between weight gain from ages 45 to 60 and PCa death. Collider
stratification bias, a form of selection bias in case-only analyses,
may arise when certain conditions are met, one being that the
exposure is associated with inclusion in the analysis, ie, with PCa
incidence in our case. The weak inverse association between
weight gain and PCa incidence in our study suggests that any
impact of collider bias on the observed association with PCa sur-
vival is likely to be small.*°

To our knowledge, no prior studies have adjusted for weight
trajectories across earlier life stages to isolate the associations of
weight gain in late middle adulthood. Nonetheless, emerging evi-
dence indicates that BMI at diagnosis is strongly associated with
PCa survival.*! This suggests that biological mechanisms or dif-
ferential treatment susceptibility may lie on the causal pathway
linking obesity to PCa outcomes. Obesity influences several hor-
monal and metabolic pathways, characterized by elevated estra-
diol, insulin, free IGF-1, and leptin, and reduced free testosterone
and adiponectin, all of which may contribute to PCa progression
and are sensitive to weight change.?”*? However, the biological
underpinnings of age-specific risk differentials in relation to
weight trajectories remain poorly understood and warrant fur-
ther investigation.*” We propose future research to examine the
timing of obesity onset, particularly whether late-onset obesity
poses a greater risk for PCa death than early-onset obesity. Such
studies would help clarify whether obesity at diagnosis, rather
than cumulative lifetime exposure, is a more critical determinant
of PCa prognosis.

This study has several limitations. We were unable to account
for unintentional weight loss and lacked data on PSA testing fre-
quency and on potential confounding factors, such as physical
activity and genetic profiling. The sample predominantly com-
prised ethnic Swedish men, which limits the generalizability to
other populations. Moreover, joint modelling could have been a
more parsimonious alternative to our 2-stage approach; however,
itis currently too computationally intensive for the large number
of observations in our study. This study also has notable
strengths. It benefits from a large sample size, extended follow-
up, and predominantly objectively measured weight data col-
lected at multiple time points. Outcome ascertainment is based
on high-quality registry linkages with detailed diagnostic and
detection mode information. To our knowledge, this is the first
study to examine individual weight trajectories across distinct
adult age periods in relation to subsequent cancer outcomes. By
adjusting for weight change in preceding intervals, our approach
aligns with life course epidemiological recommendations for
studying adiposity and cancer risk.*** Unlike group-based trajec-
tory models, which overlook prior weight history, or single-point
assessments that fail to capture longitudinal patterns, our method
offers a comprehensive and temporally sensitive analytical frame-
work. Furthermore, we introduce an interpretable metric: HRs per
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1kg/year weight gain over a 15-year interval, which may facilitate
clearer interpretation in clinical and public health contexts.

Conclusion

Our findings provide limited evidence for an association between
adult weight gain and PCa incidence, highlighting the need for
further research to identify risk factors beyond obesity. In con-
trast, case-only analyses demonstrated a strong association
between weight gain in late middle adulthood and poorer PCa
survival. These results suggest that maintaining weight stability
during this life stage may contribute to improved PCa outcomes
while also supporting broader health benefits.

Acknowledgments

We extend our gratitude to all participants, founders, and data
managers of the ODDS cohorts. We thank the Biobank Research
Unit at Umed University, the Véisterbotten Intervention
Programme, the Northern Sweden MONICA study, and Region
Vasterbotten for providing data. We acknowledge the contribu-
tion from Biobank Sweden, supported by the Swedish Research
Council (VR 2017-00650); the national research infrastructure
SIMPLER for the generation and availability of data, computa-
tional facilities, and resources, which receives funding through
the Swedish Research Council under grant numbers 2017-00644
and 2021-00160; the Swedish Twin Registry for access to data,
managed by Karolinska Institutet and funded by the Swedish
Research Council under grant number 2021-00180; LifeGene for
access to data, supported by the Torsten and Ragnar Sdderbergs
Foundation, Karolinska Institutet, Stockholm County Council,
and AFA Insurance; Anders Dahlin, database manager of the
Malmé cohorts, and the support of the Malmé cohorts through a
Lund University Infrastructure grant (STYR 2019/2046); and the
health examination and data collection in WICTORY, supported
by the Regional Council of Vistmanland and the Regional
Research Council Uppsala-Orebro, Sweden. The funders had no
role in the design of the study; the collection, analysis, or inter-
pretation of the data; the writing of the manuscript; or the deci-
sion to submit the manuscript for publication.

Author contributions

Marisa da Silva (Conceptualization, Data curation, Formal analy-
sis, Investigation, Methodology, Project administration, Validation,
Visualization, Writing—original draft, Writing—review & editing),
Josef Fritz (Conceptualization, Data curation, Formal analysis,
Investigation, Methodology, Supervision, Validation, Writing—
review & editing), Ahmed Elhakeem (Conceptualization, Formal
analysis, Methodology, Writing—review & editing), Sylvia H.J.
Jochems (Methodology, Writing—review & editing), Ming Sun
(Data curation, Methodology, Writing—review & editing), Innocent
B. Mboya (Data curation, Methodology, Writing—review & editing),
Christel Héaggstrom (Methodology, Writing—review & editing),
Jens Wahlstrom (Data curation, Writing—review & editing), Karl
Michaélsson (Data curation, Writing—review & editing), Patrik K.
E. Magnusson (Data curation, Writing—review & editing), Ylva
Trolle Lagerros (Data curation, Writing—review & editing), Lena
Lonnberg (Data curation, Writing—review & editing), Abbas
Chabok (Data curation, Writing—review & editing), Solve Elmstahl
(Data curation, Writing—review & editing), Bright I. Nwaru (Data
curation, Writing—review & editing), Hannu Kankaanranta (Data
curation, Writing—review & editing), Linnea Hedman (Data cura-
tion, Writing—review & editing), Helena Backman (Data curation,



JNCI: Journal of the National Cancer Institute, 2026, Vol. 118, No. 6 |

Writing—review & editing), Sara Hagg (Data curation, Writing—
review & editing), Par Stattin (Data curation, Writing—review &
editing), Kate Tilling (Conceptualization, analysis,
Methodology, Writing—review & editing) and Tanja Stocks
(Conceptualization, Data curation, Formal analysis, Funding
acquisition, Investigation, Methodology, Supervision, Validation,
Writing—review & editing)

Formal

Supplementary material

Supplementary material is available at Journal of the National
Cancer Institute online.

Funding

This work was supported by the Swedish Cancer Society (20 1033
PjF, 23 0633 SIA), Wereld Kanker Onderzoek Fonds, as part of the
World Cancer Research Fund International grant program
(IIG_FULL_2020_025), the Swedish Research Council (2021-01934),
Mrs Berta Kamprad's Cancer Foundation (FBKS-2021-12), the
Swedish Prostate Cancer Federation (no grant number is applica-
ble), the Crafoord Foundation (20200546), and the Cancer
Research Foundation at the Department of Oncology, Malmo
University Hospital, Sweden (no grant number is applicable).

Conflicts of interest

The authors have declared no conflicts of interest.

Data availability

All data are hosted on Statistics Sweden’s Microdata Online
Access (MONA) platform and may only be accessed from coun-
tries within the European Union or the European Economic Area.
Access to data covered by the ethical approval will be considered
in consultation with the principal investigator of the ODDS study,
Tanja Stocks, and is subject to approval by the relevant register
holders and the steering committees of the ODDS cohorts.

References

1. Powell-Wiley TM, Poirier P, Burke LE, et al. Obesity and cardio-
vascular disease: a scientific statement from the American
Heart Association. Circulation. 2021;143:€984-e1010.

2. Sung H, Siegel RL, Torre LA, et al. Global patterns in excess
body weight and the associated cancer burden. CA Cancer ]
Clin. 2019;69:88-112.

3. Bray F, Laversanne M, Sung H, et al. Global cancer statistics
2022: GLOBOCAN estimates of incidence and mortality world-
wide for 36 cancers in 185 countries. CA Cancer ] Clin.
2024,;74:229-263.

4. Lauby-Secretan B, Scoccianti C, Loomis D, et al. Body fatness
and cancer—viewpoint of the IARC working group. N Engl ]
Med. 2016;375:794-798.

5. Kyrgiou M, Kalliala I, Markozannes G, et al. Adiposity and can-
cer at major anatomical sites: umbrella review of the litera-
ture. BMJ 2017;356:j477.

6. Jochems SH]J, Stattin P, Haggstrom C, et al. Height, body mass
index and prostate cancer risk and mortality by way of detec-
tion and cancer risk category. Int ] Cancer. 2020;147:3328-3338.
https://doi.org/10.1002/ijc.33150

10.

11

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

1013

Genkinger JM, Wu K, Wang M, et al. Measures of body fatness
and height in early and mid-to-late adulthood and prostate
cancer: risk and mortality in The Pooling Project of Prospective
Studies of Diet and Cancer. Ann Oncol. 2020;31:103-114.
Kazmi N, Haycock P, Tsilidis K, et al. Appraising causal relation-
ships of dietary, nutritional and physical-activity exposures with
overall and aggressive prostate cancer: two-sample Mendelian-
randomization study based on 79 148 prostate-cancer cases and
61106 controls. Int] Epidemiol. 2020;49:587-596.
Harrison S, Tilling K, Turner EL, et al. Systematic review and
meta-analysis of the associations between body mass index,
prostate cancer, advanced prostate cancer, and prostate-
specific antigen. Cancer Causes Control. 2020;31:431-449.
Center MM, Jemal A, Lortet-Tieulent J, et al. International varia-
tion in prostate cancer incidence and mortality rates. Eur Urol.
2012;61:1079-1092.
Vaccarella S, Li M, Bray F, et al. Prostate cancer incidence and
mortality in Europe and implications for screening activities:
population based study. BMJ. 2024;386:e077738.
Littlejohns TJ, Travis RC, Key TJ, Allen NE. Lifestyle factors and
prostate-specific antigen (PSA) testing in UK Biobank: implications
for epidemiological research. Cancer Epidemiol. 2016;45:40-46.
Zheng Y, Manson JE, Yuan C, et al. Associations of weight gain
from early to middle adulthood with major health outcomes
laterin life. JAMA. 2017;318:255-269.
Hu F. Obesity Epidemiology. Oxford University Press; 2008.
Fang Z, Giovannucci EL. The timing of adiposity and changes in
the life course on the risk of cancer. Cancer Metastasis Rev.
2022;41:471-489.
Song M, Willett WC, Hu FB, et al. Trajectory of body shape across
the lifespan and cancer risk. IntJ Cancer. 2016;138:2383-2395.
Kelly SP, Lennon H, Sperrin M, et al. Body mass index trajecto-
ries across adulthood and smoking in relation to prostate can-
cer risks: the NIH-AARP Diet and Health Study. Int J Epidemiol.
2019;48:464-473.
Wang QL, Song M, Clinton SK, et al. Longitudinal trajectories of
lifetime body shape and prostate cancer angiogenesis. Eur J
Epidemiol. 2022;37:261-270.
Lavalette C, Cordina Duverger E, Artaud F, et al. Body mass
index trajectories and prostate cancer risk: results from the
EPICAP study. Cancer Med. 2020;9:6421-6429.
Kelly SP, Graubard BI, Andreotti G, et al. Prediagnostic body
mass index trajectories in relation to prostate cancer incidence
and mortality in the PLCO cancer screening trial. J Natl Cancer
Inst. 2017;109:djw225.
Giovannucci E, Liu Y, Platz EA, et al. Risk factors for prostate
cancer incidence and progression in the health professionals
follow-up study. IntJ Cancer. 2007;121:1571-1578.
Tran KB, Lang JJ, Compton K, et al. The global burden of cancer
attributable to risk factors, 2010-19: a systematic analysis for the
Global Burden of Disease Study 2019. The Lancet. 2022;400:563-591.
da Silva M, Fritz ], Mboya IB, et al. Cohort profile: the Obesity
and Disease Development Sweden (ODDS) study, a pooled
cohort. BMJ Open. 2024;14:e084836.
Ludvigsson JF, Otterblad-Olausson P, Pettersson BU, Ekbom A. The
Swedish personal identity number: possibilities and pitfalls in
healthcare and medical research. Eur ] Epidemiol. 2009;24:659-667.
Ludvigsson JF, Almgqvist C, Bonamy AK, et al. Registers of the
Swedish total population and their use in medical research. Eur
] Epidemiol. 2016;31:125-136.
Ludvigsson JF, Svedberg P, Olén O, et al. The longitudinal integrated
database for health insurance and labour market studies (LISA)
and its use in medical research. Eur ] Epidemiol. 2019;34:423-437.


https://academic.oup.com/jnci/article-lookup/doi/10.1093/jnci/djag014#supplementary-data
https://doi.org/10.1002/ijc.33150

1014 | JNCI: Journal of the National Cancer Institute, 2026, Vol. 118, No. 6

27.

28.

29.

30.

31.

32.

33.

34.

Barlow L, Westergren K, Holmberg L, Talbdck M. The complete-
ness of the Swedish Cancer Register: a sample survey for year
1998. Acta Oncol. 2009;48:27-33.

Van Hemelrijck M, Wigertz A, Sandin F, et al. NPCR and PCBaSe
Sweden. Cohort profile: the national prostate cancer register of
Sweden and prostate cancer data base Sweden 2.0. Int ]
Epidemiol. 2013;42:956-967.

Brooke HL, Talbiack M, Hornblad J, et al. The Swedish cause of
death register. Eur] Epidemiol. 2017;32:765-773.

Elhakeem A, Hughes RA, Tilling K, et al. Using linear and natu-
ral cubic splines, SITAR, and latent trajectory models to charac-
terise nonlinear longitudinal growth trajectories in cohort
studies. BMC Med Res Methodol. 2022;22:68.

Hurwitz LM, Agalliu I, Albanes D, et al. Recommended defini-
tions of aggressive prostate cancer for etiologic epidemiologic
research. ] Natl Cancer Inst. 2021;113:727-734.

Cheng Y-J, Chen Z-G, Wu S-H, et al. Body mass index trajectories
during mid to late life and risks of mortality and cardiovascular
outcomes: results from four prospective cohorts. EClinicalMedicine.
2021;33:100790.

Sayers A, Heron J, Smith A, et al. Joint modelling compared with
two stage methods for analysing longitudinal data and prospec-
tive outcomes: a simulation study of childhood growth and BP.
Stat Methods Med Res. 2017;26:437-452.

Jochems SH]J, Fritz J, Haggstrom C, et al. Smoking and risk of
prostate cancer and prostate cancer death: a pooled study. Eur
Urol. 2023;83:422-431.

© The Author(s) 2026. Published by Oxford University Press.

35.

36.

37.

38.

39.

40.

41.

42.

Charlson ME, Pompei P, Ales KL, MacKenzie CR. A new
method of classifying prognostic comorbidity in longitudinal
studies: development and validation. ] Chronic Dis.
1987;40:373-383.

Keum N, Greenwood DC, Lee DH, et al. Adult weight gain and
adiposity-related cancers: a dose-response meta-analysis of
prospective observational studies. ] Natl Cancer Inst. 2015;107:
djvoss.

Allott EH, Masko EM, Freedland SJ. Obesity and prostate cancer:
weighing the evidence. Eur Urol. 2013;63:800-809.

Daniels JP, Freedland SJ, Gresham G. The growing implica-
tions of obesity for prostate cancer risk and mortality:
where do we go from here? J Natl Cancer Inst. 2023;115:
1448-1450.

Hurwitz LM, Dogbe N, Barry KH, et al. Obesity and prostate can-
cer screening, incidence, and mortality in the Prostate, Lung,
Colorectal, and Ovarian Cancer Screening Trial. ] Natl Cancer
Inst. 2023;115:1506-1514.

Stocks T, Haggstrom C, Fritz J. Collider bias is an insufficient
explanation for the inverse obesity paradox in prostate cancer.
Cancer Med. 2025;14:e70871.

Cariolou M, Christakoudi S, Gunter MJ, et al. Adiposity assessed
close to diagnosis and prostate cancer prognosis in the EPIC
study. JNCI Cancer Spectr. 2024;8:pkae070.

Giovannucci E. Adiposity over the life course and prostate
cancer: unraveling the complexities. Cancer Causes Control.
2020;31:1051-1055.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/
), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

JNCI: Journal of the National Cancer Institute, 2026, 118, 1006-1014
https://doi.org/10.1093/jnci/djag014
Article



	Active Content List
	Introduction
	Methods
	Results
	Discussion
	Acknowledgments
	Author contributions
	Supplementary material
	Funding
	Conflicts of interest
	Data availability
	References


