International Journal of Obesity

www.nature.com/ijo

Check for updates

ARTICLE =

Epidemiology and Population Health

Changes in physical activity and adiposity with all-cause,
cardiovascular disease, and cancer mortality

1

Matthew N. Ahmadi
Po Wen Ku®%'® and Emmanuel Stamatakis

. I-Min Lee?, Mark Hamer ! Yun-Ju Lai®’,

1,10

3, Borja del Pozo Cruz*, Li Jung Chen®, Elif Eroglu

© The Author(s) 2022

BACKGROUND: The relationship between joint changes in physical activity and adiposity with mortality is not well understood. We
examined the association of changes in these two established risk factors with all-cause (ACM), cardiovascular disease (CVD), and
cancer mortality.

METHODS: We used longitudinal data from Taiwan’s MJ Cohort, comprising 116,228 general population adults recruited from
1998-2013 with repeated measures 4.6 y (2.5) apart and followed up for mortality for 11.9y (3.5). Physical activity, body mass index
(BMI), waist circumference (WC), and body fat percentage (BF%) groups and changes were based on public health and clinical
guidelines.

RESULTS: Compared to stable-insufficient physical activity, increasing physical activity from any baseline level was associated with
lower ACM (HR [95%Cl]): 0.85 [0.74, 0.96]) and CVD mortality (0.72 [0.55, 0.93]) risk. This was approximately equal to meeting
physical activity guidelines at both timepoints (eg: 0.71 [0.58, 0.88] for CVD mortality). Compared to stable-overweight/moderate
adiposity, decreasing adiposity level attenuated but did not offset mortality risk for all three outcomes (eg: BMI = 0.95 [0.76, 1.16]
for CVD mortality). Only maintaining a healthy adiposity level at both timepoints offset mortality risk (BMI = 0.75 [0.61, 0.89]) for
CVD mortality). In the joint changes analyses, lower mortality risk was a consequence of increases in physical activity across
adiposity change groups (eg: WC decrease = 0.57 [0.48, 0.67]; WC stability = 0.73 [0.66, 0.80], WC increase = 0.83 [0.72, 0.97] for
ACM). Decreasing adiposity attenuated the negative associations of decreased physical activity (BF% = 1.13 [0.95, 1.35] for ACM).
CONCLUSIONS: We found a lower risk for ACM, CVD, and cancer mortality from increasing physical activity and an attenuation
from decreasing adiposity regardless of baseline levels. The beneficial associations of joint changes were primarily driven by
physical activity, suggesting lower mortality risk may be more immediate through physical activity improvements compared to
adiposity improvements alone.
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INTRODUCTION

The negative health consequences of excess adiposity, including
increased risk of premature mortality and noncommunicable disease
such as cardiovascular disease (CVD) and cancer [1], are widely
recognized. Similarly, physical inactivity increases risk of a long list of
adverse health outcomes, including CVD and premature mortality
[2]. Studies that examined the joint associations between baseline
physical activity and adiposity with mortality suggest that physical
activity may attenuate the risk of premature death but does not
always eliminate the increased risk associated with excess adiposity
[3-8].

Evidence investigating the joint associations of physical activity
and adiposity on mortality has almost exclusively relied on single
baseline assessments. This is problematic because both physical
activity and adiposity will change over time [9, 10]. Thus, evidence
based on single baseline measurements is susceptible to
nondifferential misclassification and regression dilution bias due
to within-person variability over the follow up period. This can
make it difficult to discern nuanced attributes of each risk factor
[11, 12]. A recent analysis of the UK Biobank reported positive
changes in physical activity or adiposity attenuated the deleter-
ious associations of negative changes in the other risk factor [13].
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A) Physical Activity
Physical Activity  Change N (Events) Hazard Ratio (95% Cl)
Sufficient
Stable 17006 (1032) = 0.80(0.71, 0.92)
Decreased 11653 (524) - 1.12(0.97, 1.24)
Insufficient
Increased 10573 (365) = 0.85 (0.74, 0.96)
Stable 31256 (707) Reference
Decreased 5860 (184) —— 1.39 (1.18, 1.65)
Inactive
Increased 27754 (730) fei 0.85 (0.76, 0.95)
Stable 12126 (296) = 1.46 (1.28, 1.67)
0.50 075 10 15 20
Hazard Ratio
Q) Body Fat
Body Fat ~ Change N (Events) Hazard Ratio (95% Cl)
Low
Increased 14783 (446) e 1.06 (0.92, 1.21)
Stable 45336 (1413) F—— 0.81(0.67, 0.96)
Moderate
Increased 8403 (254) F—— 1.25 (1.06, 1.46)
Stable 11083 (347) Reference
Decreased 5887 (236) F—— 0.88 (0.74, 1.05)
High
Stable 24264 (840) f—— 1.37 (1.17, 1.60)
Decreased 6275 (292) ——i 0.87 (0.72, 1.03)
0.50 0.75 10 15 20
Hazard Ratio
Fig. 1

B) Body Mass Index
Body Mass Index  Change N (Events) Hazard Ratio (95% Cl)
Healthy
Increased 13337 (314) e 1.08 (0.97, 1.19)
Stable 47472 (1188) fe 0.82 (0.76, 0.89)
Overweight
Increased 7380 (214) = 1.24 (1.06, 1.45)
Stable 13820 (529) Reference
Decreased 4309 (213) = 0.91(0.77, 1.06)
Obese
Stable 26215 (1179) F—— 1.32 (1.12, 1.55)
Decreased 3695 (201) = 1.10 (0.89, 1.33)
0.50 0.75 10 1‘5 20
Hazard Ratio
D) Waist Circumference
gn?ciztmference Change N (Events) Hazard Ratio (95% Cl)
Low
Increased 15065 (276) F—H 0.94 (0.82, 1.08)
Stable 26865 (404) —— 0.81(0.69, 0.93)
Moderate
Increased 10651 (369) | 1.17 (1.04, 1.32)
Stable 26801 (814) Reference
Decreased 6261 (162) =1 0.93 (0.78, 1.13)
High
Stable 24184 (1466) e 1.25 (1.14, 1.38)
Decreased 5596 (325) o1 1.07 (0.89, 1.27)
—

0.50 075 1.0 15 20

Hazard Ratio

Independent association for physical activity, body fat percent, body mass index, and waist circumference changes with all-cause

mortality (physical activity: n = 116,228, events = 3838; body fat percent: n = 116,031, events = 3828; body mass index: n = 116,228,
events = 3838; waist circumference: n = 115,423, events = 3816). All results are adjusted for: age, sex, smoking status, alcohol consumption,
sleep duration, diet (fruits and vegetables consumption), and education.

Such findings contrast with baseline assessment-only studies, that
are limited by the absence of re-examination assessments,
reporting either an absence of a synergistic relationship or that
associations of physical activity and mortality were independent
of obesity status [7, 14-16].

Based on systematic reviews and meta-analyses, the 2020 WHO
Physical Activity and Sedentary Behaviour Guidelines [2] and the
Physical Activity Guidelines for Americans, 2nd Edition [17]
reported there was insufficient evidence to determine the
longitudinal relationship of physical activity and adiposity with
mortality and whether this varied by ethnicity. Further, it is not
known whether there are differential associations for changes in
physical activity and adiposity over time with cause specific
mortality related to CVD or cancer.

Longitudinal studies on physical activity and adiposity are of
particular importance among Asian countries where there is a
greater predisposition to cardiometabolic disorders than western
countries for a given adiposity level [18, 19] and where cancer [20]
has become the leading cause of death. Both the European Society
of Cardiology Clinical Practice Guidelines Committee [21] and
American College of Cardiology/American Heart Association Task
Force on Clinical Practice Guidelines [22] identified a need to
investigate long-term changes in CVD risk factors. Such information
is needed improve personalized treatments among high-risk groups,
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including those with Asian ethnicity. In a population cohort of
Taiwanese adults, we examined the associations of physical activity
and adiposity changes with ACM, CVD, and cancer mortality.

METHODS

Study design

We used data from the Taiwan MJ cohort, comprising adults undergoing
routine health screening at the MJ Health Management Institution [23, 24].
Participants have provided informed consent and our study was approved by
the National Changhua University of Education Research Ethics Committee,
Taiwan, China (NCUEREC-108-072). During each assessment, participants
underwent physical examinations by trained practitioners, provided blood
samples after overnight fasting for 12-14 hours, and completed ques-
tionnaires on lifestyle and health behaviours (physical activity, dietary habits,
smoking, alcohol consumption, hour spent sleeping). Hypertension and
diabetes diagnosis was diagnosed through medical history or during the
physical examination (hypertension = blood pressure >=140/90 mmHg [25]) or
fasting blood sample (diabetes =126 mg/dL). In this study, we included
participants who were 18y or older between 1998-2013, had at least one re-
examination assessment >2y after their baseline assessment, and complete
data. To minimize the potential influence of reverse causality, we excluded
participants who were underweight at baseline assessment (18.5 kg/mz), had
CVD or cancer diagnosis at baseline or at re-examination assessment, and
those who died within the first two years of follow-up (Supplementary Fig. 1).
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Physical activity assessment

Participants completed a questionnaire where they reported their physical
activity duration and types (eg: gardening, basketball, swimming, etc.).
Activities were classified as: light (2.5 METs), moderate (4.5 METs), medium-
vigorous (6.5 METs), or high-vigorous (8.5 METs) intensity based on the
Physical Activity Compendium [26]. To account for variations of the
questionnaire that were used for follow up waves, we used baseline and
follow up assessments that included the same questionnaire version. The
questions, data handling, and construct and face validity are shown in
Supplementary Text 1. We calculated physical activity volume (MET-h) per
week by multiplying activity intensity (MET) by duration (h). We
categorised physical activity around the current WHO guidelines as:
inactive (<1 MET-h): insufficient (> 1 to <7.5 MET-h); and sufficient (=7.5
MET-h). Physical activity changes were categorised as decreased (moved
category downward), stable (stayed in the same category) or increased
(moved category upward).

Adiposity indicator assessment

Body weight (kg), height (cm), body fat (BF%), and waist circumference
(cm) were measured according to standardized procedures without shoes
by trained staff [27]. Weight and height were measured with a Nakamura
KN-5000A auto-anthropometer (Nakamura, Tokyo, Japan) to the nearest
0.1 kg and 0.1 cm. Waist circumference was measured at the midway point
between the inferior margin of the last rib and the crest of the ilium in a
horizontal plane to the nearest 0.1 cm. Based on the Western Pacific
Region of WHO recommendations [28, 29], body mass index (BMI) was
classified as obese (= 25 kg/mz), overweight (= 23 to <25 kg/mz), or healthy
(= 18.5 to <23 kg/m?). BF% was measured using a bioelectrical impedance
analysis instrument (InBody Co., Ltd., Seoul, Korea). In the absence of
widely accepted population-based risk categories or cut-offs for BF%,
groups were based on sex-specific BF% distributions using BMI categories
in accordance with prior published research [30] and classified as: high
(225.2% for men and =34.8% for women), moderate (<25.2% to =21.6% for
men and <34.8% to =31.0% for women), and low (<21.6% for men and
<31.0% for women). Based on WHO [31] and IDF [32] recommendations,
waist circumference (WC) was classified as: high (=85cm for men and
>80 cm for women), moderate (<85 cm to <75 cm for men and <80 cm to
>70 cm for women) and low (=75 cm for men and =70 cm for women).
BMI, BF%, and WC changes were categorised as decreased (moved
category downward), stable (stayed in the same category) or increased
(moved category upward).

Joint physical activity and adiposity exposure. Participants were classified
into 1 of 9 mutually-exclusive groups based on their change in physical
activity (decreased, stable, increased) and adiposity indicator (decreased,
stable, increased) between baseline and re-examination assessment.

Mortality ascertainment

Participants included in all analyses were followed up for mortality through
the National Death file [23] until death or censoring (31st October 2019).
Time to event or censoring began counting after the re-examination
assessment. CVD mortality included deaths from coronary heart disease
(ICD-9=410-414 and 420-429; ICD-10=120-125), stroke (ICD-
9 =430-438; ICD-10=160-169) and other circulatory diseases (ICD-
9=390-392, 393-398, 401-405 and 440; ICD-10=110-115, 101-102.0,
105-109, 127, 130-152, 170, and 171). For cancer mortality, we used codes
140-208 of ICD-9 and codes C00-C97 of ICD-10.

Statistical analysis

Hazard ratios (HR) and 95% confidence interval ((95% Cl) for ACM were
estimated for each of the joint exposure groups, using Cox proportional
hazards regression models. We used Fine-Gray subdistribution hazard
models to estimate HR and 95% Cl for CVD and cancer, where mortality
from other causes were considered a competing risk [33]. For independent
analyses of physical activity and adiposity indicators, the referent group
was insufficient-stable physical activity or overweight/moderate-stable
adiposity. For joint analyses, the referent group was stable physical activity
and stable adiposity. Effect modification was tested by fitting an
interaction term between physical activity and adiposity groups. Follow-
up years was used as the timescale and we adjusted all models for baseline
and re-examination covariates of: age, sex, smoking status, alcohol
consumption, diet, education, and sleep. Baseline physical activity and
adiposity were included as covariates in the joint analyses. Complete
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covariate definitions are provided in Supplementary Table 1. For all sets of
analyses, we calculated E-values to estimate the plausibility of bias from
unmeasured confounding. The E-values indicate the minimum strength of
association that an unmeasured confounder would need with both
exposure and outcome to explain away the observed association [34, 35].
We also used a negative control outcome of accidents/sequelae of
transport or other accidents that do not have a mechanistic link to physical
activity and adiposity. Negative controls can improve causal inference by
illustrating pervasive bias and confounding [36]. If the negative control has
a similar association pattern as the primary outcomes, then it is more
plausible associations are due to bias and confounding than causal
mechanisms. We performed additional analyses by imputing missing data
for covariates by using multiple imputation by chained equations (5
imputed datasets) for the association of joint changes and ACM. We also
included analyses adjusting for potential mediators that included
hypertension and diabetes diagnosis. Since physical activity and adiposity
maybe mutual effect modifiers of each other, we repeated the separate
association analyses with mutual adjustment. Due to the relatively young
age of the cohort, we performed sensitivity analyses of only participants
who were =40 years at baseline assessment for all joint analyses.

We performed all analyses using R statistical software with the rms and
survival packages [37, 38]. We reported this study as per the Strengthening
the Reporting of Observational Studies in Epidemiology (STROBE) guide-
line (Supplementary STROBE Statement).

RESULTS

Among 116,228 participants (46.2% female), 3838 deaths
occurred (607 and 1777 due to CVD and cancer). There was an
average of 4.6 (2.5)y between baseline and re-examination
assessments and 11.9 (3.5)y to mortality/censoring corresponding
to 1,384,723 person-years. Participant characteristics by physical
activity and BMI change categories is presented in Table 1.
Supplementary Table 2 presents participant lifestyle and health
characteristics at the re-examination assessment. Among physical
activity change groups, 17,513 (15.1%), 60,388 (51.9%), and
38,327 (33.0%) decreased, maintained, and increased their levels,
respectively. Among BMI change groups, 8004 (6.9%), 87,507
(75.3%), and 20,717 (17.8%) decreased, maintained, and increased
their levels. Supplementary Table 3 shows the interquartile range
of physical activity and adiposity changes between assessments.
Supplementary Fig 2 displays the degree of change or stability by
baseline categories for physical activity, BMI, WC, and BF%.
Characteristics of excluded participants are shown in Supple-
mentary Tables 4 and 5.

Independent association of physical activity and adiposity
changes with mortality

Physical activity. The associations for independent changes from
baseline to re-examination with ACM, CVD, and cancer are shown
in Figs. 1, 2, and Supplementary Fig 3, respectively. Compared to
stable-insufficient physical activity, increasing physical activity was
consistently associated with lower mortality risk. For example,
participants who were inactive or had insufficient physical activity
at baseline and increased their physical activity had a 15% (HR
[95%Cl]: 0.85 [0.76, 0.95] for inactive-increased and 0.85 [0.74, 0.96]
for insufficient-increased) lower risk of ACM (Fig. 1). For all three
mortality outcomes, increasing physical activity was associated
with a similar lower mortality risk as maintaining sufficient
physical activity (eg: 0.80 [0.71, 0.92] for ACM). Decreasing physical
activity from insufficient to become inactive was associated with a
higher mortality risk that was similar in magnitude to being
inactive at both timepoints for all three outcomes.

Adiposity. Increasing adiposity from a baseline level of over-
weight/moderate was detrimentally associated with all three
mortality outcomes, compared to stable-overweight/moderate
adiposity. We observed the highest association magnitude for CVD
mortality. Relative to stable-overweight/moderate adiposity, for
BMI, BF%, and WC, there was a 38% (1.38 [1.13, 1.66]), 32% (1.32
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[1.11, 1.53]), and 27% (1.27 [1.05, 1.49]) higher CVD mortality risk,
respectively (Fig. 2). Increasing adiposity from a baseline of
overweight/moderate had a similar association magnitude as
being/having obese/high adiposity at both timepoints for ACM
and cancer mortality, whereas for CVD mortality maintaining
obesity/high adiposity presented the highest risk (eg: 1.55 [1.25,
1.92] for waist circumference). Decreasing BMI from an overweight
or obese level attenuated, but did not offset, mortality risk. Similar
attenuations were observed for decreasing BF% and WC from
moderate or high adiposity. For example, when waist circumfer-
ence decreased, cancer mortality risk was 0.92 (0.68, 1.19) and 1.05
(0.87, 1.27) for moderate and high baseline levels (Supplementary
Fig 3C).

Joint association of physical activity and adiposity changes
with mortality

All-cause mortality. Increasing physical activity and decreasing
adiposity was associated with substantially lower ACM risk
compared to the stable physical activity-adiposity group (Fig. 3).
The physical activity by adiposity interaction test was statistically
significant for adiposity markers (p <0.01). Increasing physical
activity also offset the deleterious associations of increasing
adiposity. For example, when physical activity increased, we did
not observe higher ACM risk from increased BMI (0.88 [0.71, 1.09]).
The risk was attenuated when the adiposity indicator was BF%
(0.81 [0.68, 0.97]) and WC (0.83 [0.72, 0.97]). Similarly, decreasing
adiposity attenuated the association between decreased physical
activity and higher mortality risk. The attenuation was similar
across BMI (1.07 [0.85, 1.33]), BF% (1.13 [0.95, 1.35]), and WC (1.09
[0.94, 1.26]). When physical activity was stable, ACM risk was not
higher from increased adiposity, however when physical activity
decreased there was a higher mortality risk when adiposity was
stable (eg: BMI=1.21 [1.11, 1.33]) or increased (eg: BMI=1.71
[1.37, 2.14]).

Cardiovascular disease and cancer mortality. For CVD mortality,
we observed the most pronounced decreased hazard when
physical activity increased and adiposity decreased for BMI (0.44
[0.25, 0.76]), BF% (0.55 [0.33, 0.89]), and WC (0.49 [0.29, 0.82]),
relative to the stable physical activity-adiposity group (Fig. 4).
Maintaining stable physical activity mitigated the associations of
increases in all three adiposity markers (eg: BMI = 1.13 [0.83, 1.54]),
whilst increasing physical activity reversed the association for BF%
(0.59 [0.38, 0.95]; Fig. 4B). Conversely, maintaining stable BMI or BF
% did not mitigate the associations of decreased physical activity.
We did not find an association for higher CVD mortality from
decreased physical activity when combined with decreased
adiposity (eg: waist circumference =0.93 [0.53, 1.56]), although
with wide 95% Cls due to the low number of events in this group.
We observed similar association patterns for cancer mortality
(Supplementary Fig 4). Increased physical activity combined with
decreased (eg: BMI = 0.58 [0.44, 0.77], Supplementary Fig 4A) or
stable adiposity (BMI=0.81 [0.69, 0.94]) was associated with the
lowest cancer mortality risk across adiposity change groups.
Decreasing and stable adiposity attenuated the association
between decreased physical activity and cancer mortality, except
for stable WC (1.19 [1.05, 1.35], Supplementary Fig 4C). The
physical activity by adiposity interaction test was statistically
significant for adiposity markers for CVD (p =0.04) and cancer
(p = 0.03) mortality.

Additional analyses. The E-values (Supplementary Tables 6-8)
indicated a substantial degree of unmeasured confounding would
be required to reduce the observed association to the null for
increased physical activity and decreased adiposity. For example,
the E-value for CVD mortality suggests that an unmeasured
confounder would need to be associated with the joint physical
activity-increase adiposity-decrease exposure and outcome with

SPRINGER NATURE



M.N. Ahmadi et al.

A) Physical Activity
Physical Activity Change N (Events) Hazard Ratio (95% Cl)
Sufficient
Stable 17006 (182)  F—s— 0.71(0.58, 0.88)
Decreased 11653 (86) F—— 1.17 (0.90, 1.46)
Insufficient
Increased 10573 (49) F——e— 0.72 (0.55, 0.93)
Stable 31256 (105) Reference
Decreased 5860 (34) > 1.77 (1.21, 2.59)
Inactive
Increased 27754 (48) —— 0.78 (0.63, 0.94)
Stable 12126 (103) P 1.63 (1.17, 2.31)
—_——
0.50 0.75 10 15 20
Hazard Ratio
C) Body Fat
Body Fat ~ Change N (Events) Hazard Ratio (95% Cl)
Low
Increased 14783 (80) H—— 1.19 (0.96, 1.42)
Stable 45336 (199) f—— 0.79 (0.61, 0.97)
Moderate
Increased 8403 (42) f—— 1.32(1.11,1.53)
Stable 11083 (53) Reference
Decreased 5887 (45) — 0.84 (0.66, 1.02)
High
Stable 24264 (153) fF—e—>  1.57(1.14,2.15)
Decreased 6275 (35) —— 0.88 (0.72, 1.04)
0.50 0.75 1.0 15 20
Hazard Ratio
Fig. 2

B) Body Mass Index
Body Mass Index  Change N (Events) Hazard Ratio (95% Cl)
Healthy
Increased 13337 (40) f—e— 0.97 (0.74, 1.27)
Stable 47472 (162) f——i 0.75 (0.61, 0.89)
Overweight
Increased 7380 (44) F—— 1.38 (1.13, 1.66)
Stable 13820 (83) Reference
Decreased 4309 (31) F—— 0.95 (0.76, 1.16)
Obese
Stable 26215 (212) —— 1.38 (1.07, 1.78)
Decreased 3695 (35) e 1.06 (0.89, 1.26)
P
0.50 0.75 1.0 15 20
Hazard Ratio
D) Waist Circumference
‘gfc'ztm frence Change N (Events) Hazard Ratio (95% Cl)
Low
Increased 15065 (42) f—— 1.13 (0.97, 1.32)
Stable 26865 (38) F—— 0.8 (0.63, 0.97)
Moderate
Increased 10651 (48) F—— 1.27 (1.05, 1.49)
Stable 26801 (122) Reference
Decreased 6261 (21) —— 0.85 (0.69, 1.01)
High
Stable 24184 (284) —— 1.55 (1.25, 1.92)
Decreased 5596 (51) - 1.09 (0.89, 1.27)
0.50 0.75 1.0 15 2‘0

Hazard Ratio

Independent association for physical activity, body fat, body mass index, and waist circumference changes with CVD mortality

(physical activity: n = 116,228, events = 607; body fat percent: n = 116,031, events = 606; body mass index: n = 116,228, events = 607;
waist circumference: n = 115,423, events = 606). All results are adjusted for: age, sex, smoking status, alcohol consumption, sleep duration,

diet (fruits and vegetables consumption), and education.

at least a 3.04 to 3.97-fold increase in risk to explain away the
observed associations. The negative control association patterns
suggest there were minimal confounding effects on the joint
associations we observed (Supplementary Figs 5, 6). Restricting
the joint analyses to participants who were =40 years at baseline
or when multiple imputation was applied did not appreciably
change the direction or magnitude of the association patterns
(Supplementary Figs 7-10). Additional adjustment for hyperten-
sion and diabetes, and mutual adjustment for physical activity and
adiposity did not materially change the associations (Supplemen-
tary Figs 11-16).

DISCUSSION

In our study examining changes in physical activity and adiposity
with mortality, and in one of the largest longitudinal studies in an
Asian population, we found positive changes in one risk factor (ie:
physical activity or adiposity) attenuated and, in some cases,
almost eliminated the deleterious association from negative
changes in the other risk factor. The direction of the joint
association was primarily driven by physical activity changes
across BMI, BF%, and WC groups. We found that decreasing
adiposity did not offset ACM risk in the presence of physical
activity reductions. For most adiposity markers, increasing physical
activity was associated with lower ACM and CVD mortality risk
regardless of adiposity changes. Among physical activity change

SPRINGER NATURE

groups, increasing physical activity to meet guidelines lowered
mortality risk by 15-28% and the magnitude was equal to meeting
guidelines at both timepoints. Our results indicate positive health
outcomes may be more pronounced and immediate through
increases in physical activity whereas decreases in adiposity may
have a longer induction period before health effects are observed.

Our results provide relevant information for clinicians and
researchers who need to provide cost-effective interventions that
require immediate maturation of health benefits, such as those
counseling individuals who are at high-risk of a cardiovascular
event. Such a finding calls for greater efforts by primary care
services to support patients to increase their physical activity or to
maintain compliance with guideline recommendations. This is
especially pertinent in light of research showing physical inactivity
has remained unchanged since 2000 in high income Asian
countries [39] whilst heart disease [40] and cancer [41] incidence
has increased. We found the positive associations for increasing
physical activity were most pronounced for CVD mortality
(22-28% lower mortality) and an increase in physical activity
among the inactive baseline group lowered CVD mortality. The
higher reduction in CVD mortality risk, compared to cancer and
ACM risk is reflective of the direct effects physical activity has on
cardiovascular health [42]. For example, an estimated 27% and
19% of the reduction in CVD rates can be explained by the
beneficial effects of physical activity on hypertension and lipid
profile [43]. Our findings substantiate the results of a prior study in

International Journal of Obesity



A) Body Mass Index
Physical Activity Bof:dl\eﬂ:ss N (Events) Hazard Ratio (95% Cl)
Decreased
Increased 2764 (118) > 1.71 (1.37, 2.14)
Stable 4115 (214) (! 1.21(1.11,1.33)
Decreased 1125 (82) F—— 1.07 (0.85, 1.33)
Stable
Increased 28565 (842) H—~— 1.09 (0.94, 1.26)
Stable 45920 (1530) Reference
Decreased 13022 (524) —— 0.89 (0.78, 1.02)
Increased
Increased 6998 (135) - 0.88 (0.71, 1.09)
Stable 10353 (291) - 0.77 (0.71, 0.86)
Decreased 3366 (102) <+—1 0.56 (0.46, 0.68)
L Y N E—
0.50 0.75 10 15 20

Hazard Ratio
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B) Body Fat
Physical Activity Body Fat N (Events) Hazard Ratio (95% Cl)
Decreased
Increased 3849 (133) [ 1.39 (1.13,1.72)
Stable 12089 (484) (| 1.19 (1.07, 1.33)
Decreased 1553 (88) H—— 1.13 (0.95, 1.35)
Stable
Increased 11696 (363) —— 1.16 (1.02, 1.33)
Stable 42303 (1381) Reference
Decreased 6293 (288) —— 0.88 (0.78, 0.99)
Increased
Increased 7641 (204) F—— 0.81(0.68, 0.97)
Stable 26291 (735) (e 0.74 (0.66, 0.83)
Decreased 4316 (152) —— 0.69 (0.56, 0.83)
0.50 0. ‘75 10 15 20

Hazard Ratio

C) Waist Circumference
Physical Activity cmﬁ:z‘ence N (Events) Hazard Ratio (95% Cl)
Decreased
Increased 4162 (138) = 1.55 (1.36, 1.77)
Stable 11619 (480) —— 1.17 (1.02,1.33)
Decreased 1609 (82) H—— 1.09 (0.94, 1.26)
Stable
Increased 12885 (321) = 0.99 (0.88, 1.11)
Stable 40942 (1455) Reference
Decreased 6131 (250) = 0.76 (0.67, 0.86)
Increased
Increased 8669 (186) —— 0.83(0.72,0.97)
Stable 25289 (749) = 0.73 (0.66, 0.80)
Decreased 4117 (155) < 0.57 (0.48, 0.67)
e

0.50

0.75 10 15 20
Hazard Ratio

Fig. 3 Joint association of physical activity and adiposity changes with all-cause mortality (body fat: n = 116,031, events = 3828; body
mass index: n = 116,228, events = 3838; waist circumference: n = 115,423; events = 3816). All results are adjusted for: age, sex, baseline
physical activity, baseline adiposity (body fat percentage, body mass index, or waist circumference), smoking status, alcohol consumption,
sleep duration, diet (fruits and vegetables consumption), and education.

the UK Biobank that also operationalized physical activity change
according to guidelines [13] and other Western population studies
that used trajectories or study specific change groupings [44-471.

It is possible the absence of significantly lower mortality risk
from decreasing adiposity relative to stable-overweight/moderate
adiposity is attributable to the higher risk for CVD [48] and certain
cancers [49] among Asian populations compared to their counter-
parts from western populations for a given adiposity level. Our
categories of adiposity change based on Asian-specific guidelines,
may also indicate guidelines are imprecise with respect to the cut-
off value for healthy adiposity status as it relates to mortality risk.
This is consistent with a pooled analysis of 20 cohorts across seven
countries in the Asia Cohort Consortium that reported the lowest
CVD mortality risk for East Asians was between 20.0-22.4 kg/m?
which is lower than the current Asian specific cut-off of 23.0 kg/m?
recommended by the WHO [50]. Among 500,000 Chinese adults in
the Kadoorie Biobank a similar absence of lower risk for multiple
cancer sites has been reported for general and central adiposity
levels that would be classified as healthy by current guidelines
[51, 52]. In our study, such misclassification of adiposity-related
health risks would have led to regression dilution contributing to
an absence of lower CVD and cancer mortality risk. Collectively
these findings suggest further refinement for appropriate
adiposity cut-offs may be required to assess adiposity-related
risks in East Asian populations.

We did not find evidence for the obesity paradox which has
been reported in prior longitudinal studies among Asian [53-55]

International Journal of Obesity

and Western [56, 57] populations. Our exclusion of participants
who were underweight at baseline or had a history of major
chronic disease prior to follow up assessment allowed us to
decrease the possibility of reverse causation from prodromal
iliness that effect adiposity and physical activity levels. Our CVD
and cancer results support the findings from a meta-analysis of
randomized control trials in individuals with obesity that
examined weight-loss and ACM but was underpowered to
examine cause-specific mortality [58]. Population-level trials, such
as The Look AHEAD Trial examining the effects of changes in risk
factors with CVD mortality have low feasibility [59]. Event
induction in the general population would require randomized
controlled trials to be impracticably large to have sufficient power
to assess CVD or cancer mortality.

The beneficial relationship we observed from joint changes in
physical activity and adiposity are in contrast to baseline-only
studies that reported an independence among the risk factors
[6, 60, 61]. Baseline-only studies assume both risk factors stay
constant over time, or if changes occur the rank order stays the
same. Such assumptions are not pragmatic and contribute to
association attenuation that make it difficult to discern the mutual
contributions of physical activity and adiposity. In our study,
positive changes in one risk factor mitigated the deleterious
association of negative changes in the other risk factor, whilst
positive changes in both was associated with the lowest mortality
risk. Prior longitudinal studies using subjective cut-offs to define
changes have reported increasing physical activity was not

SPRINGER NATURE
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A) Body Mass Index B) Body Fat
Physical Activity B°:’ny d'::ss N (Events) Hazard Ratio (95% Cl)  Physical Activity Body Fat N (Events) Hazard Ratio (95% Cl)
Decreased Decreased
Increased 2764 (20) ——> 1.53 (1.14, 2.28) Increased 3849 (24) ——>  156(1.12,2.12)
Stable 4115 (35) f——ro 1.24 (1.04, 1.73) Stable 12089 (82) ——v 1.38 (1.08, 1.76)
Decreased 1125 (11)  —— 0.91(0.53, 1.58) Decreased 1553 (14) e 1.19 (0.67, 1.93)
Stable Stable
Increased 28565 (116) = 1.13(0.83, 1.54) Increased 11696 (68) F—r— 1.05 (0.78, 1.41)
Stable 45920 (245) Reference Stable 42303 (221) Reference
Decreased 13022 (96) F——— 0.97 (0.67, 1.39) Decreased 6293 (46) - 1.01(0.73, 1.42)
Increased Increased
Increased 6998 (16) e by 0.81(0.48, 1.32) Increased 7641 (30) [ E— 0.59 (0.38, 0.95)
Stable 10353 (55) b 0.62 (0.49, 0.80) Stable 26291 (101) e 0.62 (0.4, 0.86)
Decreased 3366 (13) <—— 0.44 (0.25, 0.76) Decreased 4316 (20) p——e—H 0.55 (0.33, 0.89)
| A NN B B — T T T
0.30 0.50 075 10 15 20 0.30 0.50 075 1.0 15 20
Hazard Ratio Hazard Ratio
Q) Waist Circumference
Physical Activity Circmmahi:r;nce N (Events) Hazard Ratio (95% ClI)
Decreased
Increased 4162 (18) — 1.47 (1.08, 1.88)
Stable 11619 (90) h—— 1.22 (0.95, 1.56)
Decreased 1609 (11) F— 0.93 (0.53, 1.56)
Stable
Increased 12885 (46) F—— 0.96 (0.72, 1.29)
Stable 40942 (246) Reference
Decreased 6131 (43) 1 0.87 (0.62, 1.21)
Increased
Increased 8669 (26) P 0.66 (0.42, 1.03)
Stable 25289 (108) F—— 0.59 (0.47, 0.77)
Decreased 4117 (18) &—— 0.49 (0.29, 0.82)
— rr ¥V T T

0.30

0.50 075 1.0
Hazard Ratio

15 20

Fig. 4 Joint association of physical activity and adiposity changes with cardiovascular disease mortality (body fat: n=116,031,
events = 606; body mass index: n = 116,228, events = 607; waist circumference: n = 115,423; events = 606). All results are adjusted for:
age, sex, baseline physical activity, baseline adiposity (body fat percentage, body mass index, or waist circumference), smoking status, alcohol
consumption, sleep duration, diet (fruits and vegetables consumption), and education.

associated with lower mortality risk when combined with
decreased adiposity [15, 62]. Our results indicate when guideline
recommendations are used to define changes there is a beneficial
relationship with mortality risk. We found physical activity to have
a greater effect on the direction of the joint association than
adiposity. This could be reflective of a longer latency period before
adiposity changes become clinically evident relative to physical
activity changes. Narrative reviews suggest increasing physical
activity may lead to more dynamic metabolic adaptations,
whereas the effects of adiposity changes on metabolic health
accumulate gradually [63-65].

Study strengths and limitations

We present a comprehensive analysis of joint physical activity and
adiposity changes in a large population cohort with 12 years of
follow-up. Our study is the first analysis of physical activity and
adiposity with repeated measures and mortality outcomes, which
directly addresses a major gap identified by the WHO's recent
guidelines of the need for longitudinal evidence from non-
western countries [66]. We included general and central adiposity
measures which provides important information for tailored
interventions due to differences in health risks [67]. While we
took extensive measures to reduce the possibility of reverse
causation through undiagnosed/occult disease, we cannot rule
out entirely reverse causation as a partial explanation of the our
findings. Our operationalization of physical activity and adiposity

SPRINGER NATURE

changes based on guidelines allows for easier uptake and
interpretation by clinicians and researchers in future longitudinal
studies.

There were also several limitations that warrant consideration.
First, our study was observational which precludes inferences
about causality and residual confounding is possible. Our negative
control associations and E-values, however, indicate that the
effects of confounding on our findings were minimal. Second, we
used two measures of each exposure and could not measure
trajectory curves. Third, our physical activity estimates relied on
self-reported data, however due to social desirability and recall
bias the impact of nondifferential misclassification would have
attenuated the associations. Self-reported physical activity accu-
racy can also be affected by age, sex, and socioeconomic status
[68]. Thus, our results more likely underestimated the true
importance of physical activity. The same is not true for our
adiposity estimates that were objectively measured during
assessment centre visits. The magnitude of associations reported
for adiposity are more likely to reflect the true underlying
association. Cardiorespiratory fitness, which has been shown to
have associations with mortality risk among metabolically healthy
individuals with obesity independent of physical activity levels
[69-71], was not measured in the MJ Cohort. Some groupings in
our negative control analysis had a low number of events, which
may compromise the precision of the hazards attributed to the
negative control outcome.

International Journal of Obesity



CONCLUSIONS

Our findings provide novel evidence on the potential health
consequences of independent and joint physical activity and
adiposity changes in an under-studied Asian population. Our
results suggest the association between physical activity and
adiposity is driven by physical activity changes. Considering the
absence of longitudinal studies assessing both physical activity
and adiposity, our study provides support for public health
physical activity guidelines. Promotion of physical activity is an
important strategy, ancillary to decreasing adiposity, to attain
immediate health improvement to prevent CVD, cancer, and
premature mortality.

DATA AVAILABILITY
The UK Biobank data that support the findings of this study can be accessed by
researchers on application (https://www.ukbiobank.ac.uk/register-apply/).
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