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Abstract

Aims/hypothesis This work examined the role of physical activity in the course of diabetes using data spanning nearly three
decades. Our first aim was to examine the long-term association of moderate and vigorous physical activity with incidence of
type 2 diabetes. Our second aim was to investigate the association of moderate-to-vigorous physical activity post-diabetes
diagnosis with subsequent risk of all-cause and cardiovascular disease mortality.

Methods A total of 9987 participants from the Whitehall II cohort study free of type 2 diabetes at baseline (1985—1988) were
followed for incidence of type 2 diabetes, based on clinical assessments between 1985 and 2016 and linkage to electronic health
records up to 31 March 2017. We first examined the association of moderate and vigorous physical activity measured by
questionnaire in 1985-1988 (mean age 44.9 [SD 6.0] years; women, 32.7%) with incident type 2 diabetes, using the interval-
censored, illness—death model, a competing risk analysis that takes into account both competing risk of death and intermittent
ascertainment of diabetes due to reliance on data collection cycles (interval-censored). The second analysis was based on
individuals with type 2 diabetes over the follow-up period where we used Cox regression with inverse probability weighting
to examine the association of moderate-to-vigorous physical activity after diagnosis of type 2 diabetes with risk of all-cause and
cardiovascular disease mortality.

Results Of the 9987 participants, 1553 developed type 2 diabetes during a mean follow-up of 27.1 (SD 6.3) years.
Compared with participants who were inactive in 1985-1988, those who undertook any duration of moderate-to-
vigorous physical activity had a lower risk of type 2 diabetes (HR 0.85 [95% CI 0.75, 0.97], p = 0.02; analysis adjusted
for sociodemographic, behavioural and health-related factors). In 1026 participants with a diagnosis of type 2 diabetes
over the follow-up period, data on moderate-to-vigorous physical activity after diabetes diagnosis were available; 165 all-
cause deaths and 55 cardiovascular disease-related deaths were recorded during a mean follow-up of 8.8 (SD 6.1) years.
In these participants with diabetes, any duration of moderate-to-vigorous physical activity was associated with lower all-
cause mortality (HR 0.61 [95% CI 0.41, 0.93], p =0.02) while the association with cardiovascular mortality was evident
only for physical activity undertaken at or above recommendations (>2.5 h per week of moderate-to-vigorous physical
activity or >1.25 h per week of vigorous physical activity; HR 0.40 [95% CI 0.16, 0.96], p=0.04) in fully adjusted
models.

Conclusions/interpretation Moderate-to-vigorous physical activity plays an important role in diabetes, influencing both its
incidence and prognosis. A protective effect on incidence was seen for durations of activity below recommendations and a
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What is already known about this subject?
e  Moderate-to-vigorous physical activity is an important prevention target for type 2 diabetes
e  Physical activity after diabetes diagnosis is thought to affect subsequent risk of mortality

e The evidence on incidence and prognosis of type 2 diabetes comes mostly from separate studies and the role of
moderate-to-vigorous physical activity in the natural course of type 2 diabetes remains unclear

What is the key question?

e  What duration of moderate-to-vigorous physical activity has a protective effect over the course of diabetes, in
terms of incidence of diabetes and risk of mortality in those with type 2 diabetes?

What are the new findings?

e  Moderate-to-vigorous physical activity of any duration, compared with none, was associated with lower risk of
incident type 2 diabetes over 27 years of follow-up

e Among individuals with type 2 diabetes, moderate-to-vigorous physical activity of any duration was associated
with reduced all-cause mortality, with benefits for CVD mortality evident only among those following physical
activity recommendations based on WHO guidelines

How might this impact on clinical practice in the foreseeable future?

e  Physical activity is important not only for the prevention of diabetes but also for determining the risk of mortality
after diabetes diagnosis. Promotion of physical activity is an important target for primary and secondary diabetes

prevention

marginal additional benefit was observed at higher durations. Among individuals with type 2 diabetes, any duration of moderate-
to-vigorous physical activity was associated with reduced all-cause mortality while recommended durations of physical activity
were required for protection against cardiovascular disease-related mortality.

Data availability Whitehall II data, protocols and other metadata are available to the scientific community. Please refer to the
Whitehall IT data sharing policy at https://www.ucl.ac.uk/epidemiology-health-care/research/epidemiology-and-public-health/
research/whitehall-ii/data-sharing.

Keywords All-cause mortality - Cardiovascular disease mortality - Incident type 2 diabetes - Longitudinal cohort - Long-term

association - Moderate-to-vigorous physical activity

Abbreviations

CVD
HES
IPW
MCS
MET
MPA
MVPA
NHS
PCS
SF-36
VPA
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Cardiovascular disease

Hospital Episode Statistics

Inverse probability weighting
Mental component summary
Metabolic equivalent

Moderate physical activity
Moderate-to-vigorous physical activity
National Health Service

Physical component summary
36-Item Short Form Health Survey
Vigorous physical activity

Introduction

The International Diabetes Federation estimated that 425
million people worldwide had diabetes mellitus in 2017 and
this number is expected to reach 629 million by 2045 [1].
Diabetes increases the risk of cardiovascular disease (CVD)
and adversely affects survival rate [2, 3]. Given the morbidity
and mortality burden of diabetes [1], it is important to identify
modifiable factors that affect the natural course of the disease,
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in terms of development of diabetes and subsequent risk of
mortality.

Physical activity is an important target for the
prevention of type 2 diabetes [4], the most common
form of diabetes [5-7]. However, given the heterogene-
ity in physical activity assessment in previous studies
[7-9] it is important to identify the duration and inten-
sity of physical activity required to confer protection
against incidence of diabetes and provide evidence for
specific recommendations on physical activity [7]. Some
studies have shown moderate-to-vigorous physical activ-
ity (MVPA) to be associated with lower incidence of
type 2 diabetes [10—12]; one study examined the shape
of the association and showed that any duration of
MVPA reduced the risk [11]. In addition, type 2 diabe-
tes diagnosis in these studies was obtained from
interval-censored data (i.e. intermittent rather than
continuous assessments over follow-up) but this feature
was rarely addressed in the analyses. These studies may
have produced biased results as they did not address the
competing risk of death that occurred between two
cycles of diabetes ascertainment [13]. Finally, most
previous studies had a mean follow-up of less than
10 years and thus were uninformative on the potential
long-term protective effect of physical activity on type 2
diabetes incidence [7, 14].

Observational prognostic studies, where people with
diabetes are mainly recruited from populations of
patients [15] or diabetes is identified at the inception
of a general population cohort [16, 17], also show that
physical activity among individuals with type 2 diabetes
reduces the risk of all-cause mortality [15-18], CVD
incidence [18, 19] and CVD mortality [16, 17, 19].
The evidence from randomised controlled trials is
mixed; there is robust evidence of a protective effect
of lifestyle interventions to delay or reduce the risk of
type 2 diabetes [20-22]. However, in people with type
2 diabetes, lifestyle interventions do not show reduced
risk for all-cause mortality [23] or CVD outcomes [24].
Most interventions are multi-domain, making it difficult
to dissect the specific role of physical activity.

The role of MVPA in the natural course of diabetes, from a
heathy population to incidence of type 2 diabetes and subse-
quent risk of all-cause or CVD-related mortality, has not yet
been examined in a single analytical setting. This study has the
following aims: (1) to assess the long-term association of
MVPA with incident type 2 diabetes over nearly three
decades, accounting for interval-censored data and competing
risk of death; and (2) to investigate whether MVPA after type
2 diabetes diagnosis is associated with the risk of all-cause and
CVD-related mortality.

Methods
Study population

The Whitehall I study is an ongoing prospective cohort study
established in 1985-1988 among 10,308 London-based civil
servants (67% men) aged 35-55 years at inclusion [25].
Baseline assessment (1985—1988) consisted of a questionnaire
and a structured clinical evaluation composed of measures of
anthropometric, cardiovascular and metabolic risk factors and
diseases. Subsequent clinical examinations took place approx-
imately every 4-5 years since baseline, with the latest one
completed in 2015-2016. Informed written consent was
provided by the participants. The research ethics approvals
were renewed at each contact; the latest approval was made
by the Joint UCL/UCLH Committee on the Ethics of Human
Research, reference number 85/0938.

Physical activity assessment

Over the follow-up from 1985-1988 to 2015-2016, physical
activity was assessed seven times using a questionnaire; these
measures of physical activity have been shown to be associ-
ated with cardiometabolic outcomes in the Whitehall IT cohort
study [26-29]. Data on physical activity were drawn from
1985-1988 for the first aim and from the first available wave
after diabetes diagnosis for the second aim. During the 1985—
1988 and 1991-1993 assessments, participants were asked
about the duration and frequency of participation in mildly
energetic (e.g. weeding, general housework, bicycle repair),
moderately energetic (e.g. dancing, cycling, leisurely swim-
ming) and vigorous physical activity (e.g. running, hard swim-
ming, playing squash) by giving examples for each intensity
of physical activity. Starting from the 1997-1999 wave, the
questionnaire was modified to reflect the validated Minnesota
leisure-time physical activity questionnaire [30] and included
20 items on the frequency and duration of various types of
physical activity (e.g. walking, cycling, sports). The partici-
pants were required to provide the total number of hours spent
doing that activity over the previous 4 weeks for each of the 20
items. We assigned a metabolic equivalent (MET) value to
each activity by using a compendium of activity energy costs.
One MET is defined as the resting metabolic rate obtained
when sitting quietly [31]. An activity with a MET value of
3-5.9 was coded as moderate physical activity (MPA) and an
activity with a MET value >6 was considered vigorous phys-
ical activity (VPA) [32, 33]. The current physical activity
guidelines recommend adults to undertake at least 150 min
(2.5 h) of MPA per week or 75 min (1.25 h) of VPA per week,
or an equivalent combination of moderate and vigorous inten-
sity activity [34]. Time spent in MVPA was calculated as the
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sum of time spent in MPA and VPA. Values were recorded in
decimal point from 1991-1993 assessments, to allow for a
more precise categorisation of the duration.

Ascertainment of type 2 diabetes

We identified individuals with type 2 diabetes using data from
clinical assessments between 1985 and 2016 and linkage to
the national Hospital Episode Statistics (HES) database (until
31 March 2017) which was undertaken using the National
Health Service (NHS) identification number. The following
diagnostic criteria were used [35]: fasting glucose
>7.0 mmol/l (126 mg/dl), use of diabetes medication, reported
physician-diagnosed diabetes or HES record of diabetes (ICD-
9 code 250 [www.icd9data.com/2007/Volumel] or ICD-10
code E11 [http://apps.who.int/classifications/icd 10/browse/
2016/en]). Participants with at least one of these criteria
were considered to have type 2 diabetes.

Mortality outcome

Mortality data were collected until 31 March 2017 from the
British national mortality register (NHS Central Register). The
NHS identification number of each participant was used to
carry out the tracing exercise. Deaths related to CVD were
identified using ICD codes for CHD (ICD-9 codes 410414,
ICD-10 codes 120-125) and stroke (ICD-9 codes 430, 431,
434, 436, ICD-10 codes 160-164).

Covariates

For the first aim, covariate data were drawn from 1985-1988
and for the second aim from the first available wave after
diabetes diagnosis. Sociodemographic variables included
age, sex, ethnicity (white/non-white), marital status (married/
cohabitating vs others), education (less than primary school
[up to age 11], lower secondary school [up to age 16], higher
secondary school [up to age 18], university, higher university
degree) and occupational position (administrative, profession-
al/executive, clerical/support). Behavioural factors included
smoking (never, past, current), alcohol consumption (none,
1-14 units/week, >14 units/week), and fruits and vegetables
consumption (< once a day, once a day, > twice daily). BMI
was calculated using the measures of weight and height at the
clinical examination and categorised as <20, 20-24.9, 25—
29.9, and >30 kg/m?. Starting from 19911993, the 36-Item
Short Form Health Survey (SF-36) was used to assess general
health and quality of life, from which the physical component
summary (PCS) and mental component summary (MCS)
were derived and included in the analysis [36].
Cardiovascular health-related factors comprised hyperten-
sion (systolic/diastolic BP >140/90 mmHg, or use of antihy-
pertensive medications) and total cholesterol assessed at the
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clinical examination, self-reported use of CVD drugs (anti-
platelet, diuretic, antihypertensive, lipid-lowering and antico-
agulant medication, and (3-blockers), and prevalent CVD,
including CHD identified by study-specific assessments (12-
lead resting ECG recording coded using the Minnesota
system) and linkage to HES database (ICD-9 codes 410414,
ICD-10 codes 120-125, or procedures K40-K49, K50, K75,
U19) and stroke determined using linkage to HES database
(ICD-9 codes 430, 431, 434, 436 and ICD-10 codes 160-164).

Statistical analysis

We conducted two sets of analyses, corresponding to the two
aims. We tested the differences in the risk factors by categories
of MVPA and diabetes status, separately by using x° test,
student’s ¢ test and one way ANOVA. In all analyses, a two-
sided p < 0.05 was considered statistically significant and the
exact p value associated with each HR was provided to allow
consideration for multiple testing.

Role of MVPA in the aetiology of diabetes The shape of the
associations of MPA, VPA and MVPA (continuous variables)
assessed at baseline (1985-1988) with incident diabetes was
examined using restricted cubic spline regressions with
Harrell knots [37] in Cox regression models. The proportion-
ality assumption was assessed using Schoenfeld’s test. Then,
time spent in MPA was categorised as none (0 h/week), 1, 2,
3—4 and >5 h/week. Time spent in VPA was categorised as
none (0 h/week), 1 and >2 h/week. Alternative categorisations
were also used: physically active (>0 h/week of MVPA) vs
inactive (0 h/week of MVPA); following physical activity
recommendations (>3 h/week of MVPA or >2 h/week of
VPA) vs not following recommendations. The cut-off for
recommended duration was >3 h instead of >2.5 h for
MVPA and >2 h instead of >1.25 h for VPA [34] as the
amount of time spent in physical activity was recorded as a
whole number in 1985-1988. Interactions of physical activity
measures with sex and age were also tested.

Date of type 2 diabetes diagnosis corresponded to the first
record of type 2 diabetes using data from all sources. As
fasting glucose was a key component of diabetes diagnosis,
the exact date of diabetes onset was not known as it depended
on the dates of clinical examination undertaken every 4—
5 years (interval-censored data). Furthermore, some partici-
pants could have developed diabetes and died in between
two clinical examinations, making death a competing event.
We used an interval-censored, illness—death model, a compet-
ing risk analysis which takes into account the interval-
censored nature of the data, to estimate transitions between
three states (diabetes-free, diabetes and death) [13, 38]. A
Weibull distribution was used as it provides a good fit for
chronic disease incidence and mortality rates [39].
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Analyses were first unadjusted, then age was used as time-
scale and models were adjusted for sociodemographic and
behavioural factors as well as mutually adjusted for MPA
and VPA in analyses on these physical activity variables, then
further adjusted for BMI, and finally for cardiovascular
health-related variables. In sensitivity analysis, missing data
on physical activity (n = 155) and covariates (n = 66) at base-
line were imputed using chained equation modelling and data
were reanalysed including these participants.

Role of post-diabetes MVPA in subsequent risk of all-cause
and CVD mortality These analyses were based on participants
who developed type 2 diabetes during the follow-up and
had physical activity measurement and other covariates
assessed at the first available wave of data after type 2
diabetes diagnosis. A Cox proportional hazard model was
used to assess the association of physical activity after
diabetes diagnosis with risk of subsequent all-cause and
CVD mortality, separately. Inverse probability weighting
(IPW) was used to account for missing data [40]. This
involved calculation of the probability of being included
in the analytical sample using data on MVPA (four catego-
ries: 0, 1-2, 3-4 and >5 h of MVPA per week),
sociodemographic variables, behavioural variables, BMI,
hypertension, total cholesterol, self-reported use of CVD
drugs in 1985-1988, chronic conditions (chronic obstructive
pulmonary disease, cancer, CVD), and mortality status over
the follow-up, including an interaction between mortality
status and MVPA categories. The inverse of these probabili-
ties were used to weight the results from Cox regression.

Follow-up time for CVD mortality was from the date of
physical activity measurement post-diabetes diagnosis until
the date of CVD-based death, non-CVD-based death or end
of follow-up (31 March 2017), whichever came first.
Restricted cubic spline regressions with Harrell knots [37]
were used to examine the shape of the associations of MPA,
VPA and MVPA with risk of all-cause and CVD mortality.
Given the small number of participants undertaking VPA
and the number of deaths in this group, further analyses were
undertaken for MVPA categorised as follows: inactive (0 h/
week of MVPA), below recommendations (0.1-2.4 h/week of
MVPA and <1.25 h/week of VPA) and following recommen-
dations (>2.5 h/week of MVPA or >1.25 h/week of VPA).

Analyses were first unadjusted, then age was used as time-
scale and models sequentially adjusted for the time between
diabetes diagnosis and MVPA assessment, sociodemographic
and behavioural factors, then further for BMI and, finally, for
health-related factors (hypertension, total cholesterol, CVD
drugs, prevalent CVD and two general health measures, the
SF-36 physical and mental health component summary
scores, to account for their potential confounding effect
[41]). The proportionality assumption was assessed using
Schoenfeld’s test.

Three sensitivity analyses were undertaken to assess the
validity of the results. First, to ensure that variability in time
between diabetes diagnosis and MVPA assessment did not
affect results, we re-ran the analysis excluding data where the
interval was greater than 6 years. Second, we excluded partic-
ipants with prevalent CVD at physical activity measurement
when CVD mortality was the outcome. Third, we used multi-
ple imputation instead of IPW to account for missing data.

Software

Analyses were conducted using Stata software (release 15.1;
StataCorp, College Station, TX, USA), apart from the inter-
val-censored, illness—death model, which was undertaken
using R version 3.5.0 (https://cran.r-project.org/)
SmoothHazard package [38].

Results
Role of MVPA in the aetiology of diabetes

O£ 10,308 participants at baseline, 100 had prevalent diabetes,
155 had missing data on physical activity and 66 had missing
data on other covariates, and were excluded from the analyses.
Our analyses were therefore based on 9987 participants (see
flowchart in electronic supplementary material [ESM] Fig. 1),
among whom 1553 developed diabetes during a mean follow-
up of 27.1 (SD 6.3) years. Compared with participants
included in the analytical sample (n=9987), those excluded
due to missing data (n =221) were older (excluded vs included
participants: 46.6 vs 44.9 years, p <0.001), more likely to be
women (51.1% vs 32.7%, p <0.001) and were from a lower
occupational position (53.9 vs 21.8%, p <0.001) but did not
differ in terms of incident diabetes (18.1 vs 15.5%, p =0.30).

At baseline (1985-1988), participants undertook, on aver-
age, 3.8 (SD 4.2) h/week of MVPA. Mean weekly MVPA
duration decreased by 0.2 h (95% CI, 0.1, 0.3) by 2002—
2004 (mid follow-up) and by 0.6 h (95% CI 0.5, 0.7) at the
last visit before the censoring date (diabetes date, death or
March 2017). Participants who met physical activity recom-
mendations were more likely to be white, male, married/
cohabitating, from higher socioeconomic background, non-
smokers, to drink >14 alcohol units/week, to eat fruits and
vegetables more frequently and to have a BMI <30 kg/m?
(all p<0.05; Table 1). Participants who developed diabetes
were more likely to be non-white, from a lower socioeconom-
ic background, smokers, to eat fruits and vegetables less than
daily and have a worse cardiometabolic profile (all p < 0.05;
Table 1).

As there was no evidence of an interaction of physical
activity measures with sex or age (p for interaction >0.21),
analyses were undertaken on the total study population. The
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Table 1 Sample characteristics in 1985-1988 (N =9987)
Characteristic Total MVPA® Diabetes status
population®
Inactive Below Following p No diabetes Diabetes  p
(no MVPA) recommendations recommendations value value

N (row %) 9987 1607 (16.1) 3006 (30.1) 5374 (53.8) 8434 (84.5) 1553 (15.6)
Mean (SD) age, years 44.9 (6.1) 46.5(6.0) 44.7 (6.1) 44.5 (6.0) <0.001 44.7(6.0) 45.8(6.0) <0.001
Female sex 3263 (32.7) 922 (57.4) 1050 (34.9) 1291 (24.0) <0.001 2762 (32.8) 501 (32.3) 0.706
Non-white 1038 (10.4) 344 (21.4) 281 (94) 413 (7.7) <0.001 715(8.5) 323 (20.8) <0.001
Married/cohabiting 7410 (74.2) 1031 (64.2) 2191 (72.9) 4188 (77.9) <0.001 6255(74.2) 1155(74.4) 0.863
University degree or higher 2600 (26.0) 256 (15.9) 875(29.1) 1469 (27.3) <0.001 2256 (26.8) 344 (22.2) <0.001
Low occupational position 2180 (21.8) 804 (50.0) 552 (18.4) 824 (15.3) <0.001 1723 (20.4) 457 (29.4) <0.001
Current smoker 1820 (18.2) 404 (25.1) 509 (16.9) 907 (16.9) <0.001 1499 (17.8) 321 (20.7) 0.007
Consumes >14 units of alcohol per 2389 (23.9) 263 (16.4) 681 (22.7) 1445 (26.9) <0.001 2050 (24.3) 339 (21.8) 0.035

week
Consumes fruits and vegetables 4174 (41.8) 767 (47.7) 1257 (41.8) 2150 (40.0) <0.001 3482 (41.3) 692 (44.6) 0.016

less than daily
BMI >30.0 kg/m? 686 (6.9) 188 (11.7) 192 (6.4) 306 (5.7) <0.001 4124.9) 274 (17.6) <0.001
Hypertension 1884 (18.9)  325(20.2) 592 (19.7) 967 (18.0) 0.051 1484 (17.6) 400 (25.8) <0.001
Mean (SD) total cholesterol, 6.0 (1.2) 6.1(1.2) 59(1.2) 59 (1.1 <0.001 59(1.2) 6.2 (1.2) <0.001

mmol/I
CVD drugs 322 (3.2) 70 (4.4) 115 (3.8) 137 (2.6) <0.001 252 (3.0) 70 (4.5)  0.003
Prevalent CVD 114 (1.1) 19(1.2) 40 (1.3) 55(1.0) 0440 83 (1.0) 31(2.00 0.002

Data are presented as 7 (column %) unless otherwise indicated
 Baseline characteristics for all population

® Inactive, 0 h/week of MVPA; below recommendations, 1-2 h/week of MVPA and <2 h/week of VPA; following recommendations, >3 h/week of

MVPA or >2 h/week of VPA

Schoenfeld’s test suggested that the proportional hazards
assumption was not violated (p =0.07-0.78). The shape of
the associations of MPA, VPA and MVPA in 1985-1988 with
the incidence of diabetes is shown in ESM Figs 2—4. Overall,
lower risk of diabetes was observed starting at 1 h/week of
MPA, VPA or MVPA; there was a marginal further risk reduc-
tion at longer durations.

Table 2 presents results from an illness—death model on the
association of MPA and VPA with risk of diabetes onset.
Compared with no MPA, the risk of diabetes was up to 19%
lower for MPA durations of 1 h or more per week (HRs rang-
ing from 0.81 to 0.96) in analysis adjusted for
sociodemographic, behavioural and VPA variables. Further
adjustment for BMI slightly reduced the risk estimates, which
were no longer statistically significant. No further changes
were observed on adjustment for cardiovascular health
variables.

Compared with no VPA, practising 1 h (HR 0.87 [95% CI
0.76, 1.00]) and >2 h (HR 0.81 [95% CI 0.70, 0.93]) of VPA
per week was associated with lower risk of diabetes in analysis
adjusted for sociodemographic, behavioural and MPA
measures. The association remained significant only for those
practising >2 h/week of VPA in the fully adjusted model (HR
0.86 [95% CI 0.74, 0.99]).
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Compared with no MVPA (inactive), any duration of
MVPA per week (active) was associated with lower risk of
diabetes in the fully adjusted model (HR 0.85 [95% CI 0.75,
0.97]). Meeting physical activity recommendations was asso-
ciated with lower risk of diabetes (adjusted for
sociodemographic and behavioural variables, HR 0.90 [95%
CI10.81, 1.00]), compared with not meeting these recommen-
dations. This association was not significant after further
adjustment for BMI. Sensitivity analysis based on imputed
data (ESM Table 1) to account for missing physical activity
and covariate data show similar findings as in the main anal-
ysis. In ESM Table 2, we report results based on Cox regres-
sion rather than an illness—death model and found some
evidence of underestimation of associations in the Cox
regression.

Role of post-diabetes MVPA in subsequent risk
of all-cause and CVD mortality

Of'the 1553 participants who developed type 2 diabetes, 1026
had physical activity measurements available after diabetes
diagnosis. In this group, those who met physical activity
recommendations were more likely to have a favourable
sociodemographic and health profile (ESM Table 3). Over a



543

pringer

Qs

Diabetologia (2020) 63:537-548

(Suns?) ordnnuu 103 Junodoe 03 pAuasald sanfea d Joexa [[e) 500 > dx

VdA JO oM/ 7< 10 VIAIN JO J0om/Y] €< ‘Sok VA JO YoM/ T> Pue VAN JO JoaMm/ £> ‘ON
VAAW JO Y3/ (< “DATIR “VIAN JO NM/Y () DABdRU]

AAD speAald pue s3nip QA D J0ISI[0Y0 [B10) ‘uoisualadAy 105 paysnlpe Ajeuonippy |

SO[QBLIBA 9SA}) UO SISAJeUR Ul
VdA PUe VI 10§ Jusunsn(pe [ernynt pue ox[ejur sajqejogoA pue symy ‘uondumsuod [oyod]e ‘srye)s Surjous ‘vonrsod [euorednooo ‘woneonps ‘snje)s [ejreur K)oty xas ‘(o[eos-own se) o8e 10§ pajsnipy

[OPOWI 1BOP—SSAU[[T “PAIOSUI-[RAIUI SUIS(] ,,
Ayanoe Ajisugyur snoroJiA VA ‘ANAnoe [edrsAyd Aysuojur ojeropowt ‘YA
s1eak (€9 dS) 1°L7 Jo dn-mojjo} uedwr 10} (1D %56) YH Se parussaid are ejeq

900 (10'1 28'0) 160 65070 (00'1 28°0) 06°0 6v0°0 +(00'1 ‘18°0) 060 100°0> +(S8°0 °0L°0) LL'O VLES/OLL S9A
001 00°T 001 00°1 EI9V/LLL ON

Lsuonepuawodar Ayanoe [earsAyd Surmorjoq
810°0 #(L6°0°SL0) $8°0 cloo #(96°0 ‘7L'0) S8°0 100°0 +(16°0 “0L°0) 08°0 100°0> #(19°0 ‘8%°0) ¥S°0 08¢8/v1C1 (VAAIN Aue) 0An0Y
001 00°T 00°1 00°1 L091/6€€ (VAN ou) aanoeu]

pPAIOE SA dATdRUI A[[ESISAT ]
LEO0 #(66°0 ‘vL0) 98°0 00 #(86°0 “€L°0) $8°0 ¥00°0 #(€6°0 ‘0L°0) 18°0 100°0> #(TL0°SS°0) €9°0 60¢/0LT oM/ T<
¥6C0 (LO'1°18°0) €6°0 SIT0 (S0°1 08°0) 260 8700 (001 “9L°0) L8O 100°0> #(SL°0 *85°0) 99°0 L0TT/T0¢ R2Mm/Y |
00°1 00°T 00°T 00°1 8896/186 M/ O

VdA
¥$0°0 (00T *0L0) ¥8°0 100 (001 “1L°0) ¥8°0 1200 #(L6°0 °69°0) T80 100°0> #(L9°0 ‘6v°0) LSO 8181/€9¢C eM/Y §<
680°0 (0’1 TL'0) 98°0 1,00 (10'1 *€L0) 98°0 8¢0°0 #(66'0 'TL'0) ¥8°0 100°0> +(29°0 ‘6%°0) 850 8861/£8¢ M/ ¢
8760 (€TT¥80) 101 6v6°0 (81'1'8°0) 10°1 90 (€1'1 °€8°0) 960 100°0> +(SL°0 '95°0) $9°0 SY1T/0ve oM/ T
0110 (€01 °€L'0) L8O 0,00 (10°1 *€L0) 98°0 <100 #(96°0 '69°0) 180 100°0> +(€9°0 ‘9¥°0) S0 CL1T/98¢ M/ |
00°1 00°T 00°T 001 v681/18¢ M/ 0

VAN

onfea d (1D %S6) ¥H onpea d (1D %S6) ¥H onfea d (1D %Se)¥H  onjead (1D %$6) ¥H
SPIqeLIeA [eInOIARYDq (1810} N/SOSed u)
Jpasnipe Ang G 103 pasnipe Ajjeuonippy pue oryderSowaporoos 10y paysnlpy pasnlpeun) Q0UdPIOUT SA_QRI(T [9A] ANAOY

(L866=N) ,SRqEIP T 9dK) JuopIour M VA PUE VJIA JO UONEIOOSSY T 3jqel



544

Diabetologia (2020) 63:537-548

mean follow-up of 8.8 (SD 6.1) years, there were 165 deaths,
of which 55 were due to CVD.

The proportional hazard assumption was met for all-cause
mortality (Schoenfeld’s p values=0.13-0.88) and although
for CVD mortality the p value from the Schoenfeld’s test
was 0.0089 for the ‘following physical activity recommenda-
tions’ category, examination of Kaplan—Meier curve did not
suggest strong evidence of non-proportionality of risk. The
shape of the associations of physical activity measures post-
diabetes diagnosis with subsequent risk of all-cause and CVD
mortality are shown in ESM Figs 5-10. Overall, cubic spline
regression suggested risk reduction to start at around 1 h/week
of MPA, VPA or MVPA, with the lowest risk observed at
approximately 2—-3 h/week and a plateauing of associations
at higher durations.

Participants engaging in any amount of MVPA per week
showed lower risk of all-cause mortality in fully adjusted anal-
ysis (HR 0.61 [95% CI 0.41, 0.93]) (Table 3). Lower risk of
CVD mortality was observed for those following physical
activity recommendations (HR 0.45 [95% CI 0.23, 0.89])
compared with those not meeting these recommendations.

In sensitivity analyses, restricting the analysis to no more
than 6 years between diabetes diagnosis and subsequent
MVPA assessment yielded similar findings (ESM Table 4)
to those presented in the main analysis. Repeating the analysis
after excluding data for individuals with prevalent CVD (n =
947) showed similar findings to the main analysis of CVD
mortality, although the estimates were less precise and the
strength of association was attenuated (ESM Table 5). Use
of multiple imputation (ESM Table 6) to account for missing
data instead of IPW produced findings similar to the main
analysis (Table 3).

Discussion

This prospective study presents two key findings on the role of
physical activity in the actiology and prognosis of type 2
diabetes. First, compared with not undertaking any MVPA,
engaging in even some amount of MVPA was associated with
lower risk of incident type 2 diabetes over a 27 year mean
follow-up. Second, among participants who developed type
2 diabetes during the follow-up, MVPA of any duration was
associated with lower risk of mortality, although CVD mortal-
ity risk reduction required MVPA at recommended durations.

Several studies have examined the shape of the association
between physical activity and diabetes. Meta-analysis of
observational studies usually combine intensity (light, moder-
ate, vigorous) and duration of physical activity to estimate
overall level of physical activity, expressed as MET-hour/
week. A meta-analysis of 28 studies (N= 1,261,991 individ-
uals) suggested diabetes risk reduction starting at 2.25 MET-h/
week (RR 0.93), with further risk reduction at the current

@ Springer

recommendations (11.25 MET-h/week; RR 0.74) extending
to activity greater than the recommended level (22.5 MET-h/
week; RR 0.64) [7]. Another meta-analysis on 261,618 partic-
ipants, which adjusted for a wider range of covariates, report-
ed the largest difference in diabetes risk between inactive
participants (0 MET-h/week) and those undertaking 6 MET-
h/week of physical activity (RR 0.77), with little further bene-
fit at the current physical activity guidelines (11.25 MET-h/
week; RR 0.74) [9]. A further meta-analysis found lower risk
of type 2 diabetes starting at 10 MET-h/week, with additional
risk reductions observed beyond this level [8].

Few studies focused specifically on MVPA and incident
diabetes [10—12]. One such study, based on 99,316 middle-
aged and older women followed for 8 years, found a non-
linear association between aerobic activities of moderate-to-
vigorous intensity and risk of diabetes; the greatest benefit was
seen in those undertaking at least some MVPA compared with
none [11]. We also found MVPA of any duration to be asso-
ciated with lower incidence of diabetes, with the follow-up
extending to 27 years. The shape of the association for MPA
and VPA, considered separately, with diabetes incidence was
similar. These associations were attenuated after adjustment
for BMI, suggesting that body weight plays a role in the phys-
ical activity—diabetes association. These results hint that
choice of covariates in previous studies might explain some
of the inconsistencies in findings on MVPA duration. Further
research using objectively assessed physical activity would
complement the evidence which is currently primarily based
on self-reported physical activity. Large studies have started
using objective measures of physical activity but these studies
have follow-up periods of limited duration.

Several studies have examined the role of physical activity
in the prognosis of type 2 diabetes. Most studies are on all-
cause [15-18] and CVD mortality [16, 17, 19], and found
physical activity to reduce the risk of these outcomes.
However, the duration of physical activity that confers protec-
tion in this group remains unclear. Some studies suggest the
association with all-cause [15—17] and CVD mortality [16, 17]
to be linear, while other studies report a plateauing of the
association [18], as observed in the present study, and still
other studies found risk of all-cause mortality to be reduced
to a greater extent at longer durations of physical activity [42].

Potential reasons for inconsistencies in the shape of the
associations between physical activity, type 2 diabetes inci-
dence and subsequent mortality risk include small sample
sizes, misclassification of physical activity durations and
intensities, and heterogeneity in the assessment of physical
activity. In addition, the dose—response assessments in meta-
analysis are problematic as they combine measures of physical
activity that are heterogeneous (based on duration or frequen-
cy in physical activity of specific or non-specific intensity)
and estimates from categorical variables are constrained to
the mean or median MET or duration of the category [9], a
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procedure that is particularly vulnerable to bias in effect esti-
mates for the uppermost category.

The present study has several strengths. To the best of our
knowledge, the analysis on the association between physical
activity and type 2 diabetes onset has the longest follow-up
(mean 27.1 years). This study is based on both men and
women as compared with notable previous studies with
follow-up longer than 15 years based on men [43—46] or
women [47] only. Ascertainment of diabetes was undertaken
using multiple, objective sources that included clinical exam-
ination rather than self-reported data. The association between
physical activity measures and risk of diabetes was estimated
using interval-censored illness—death models to account for
death as a competing risk and the interval-censored nature of
the data, an approach not used in previous studies. Finally, we
were able to control for selection bias in our second aim
(investigating the association of MVPA post-diabetes diagno-
sis with subsequent mortality risk), an approach that has not
been used in previous studies [15-19].

Our findings need to be interpreted in light of some limitations:
physical activity was self-reported and thus subject to misclassifi-
cation, and the duration of physical activity was assessed using
whole numbers of hours in 1985-1988 which could have led to
imprecise categorisation of duration. Small numbers do not allow
firm conclusions to be drawn on CVD mortality in individuals
with diabetes. Finally, as with all observational studies, bias due
to residual confounding cannot be eliminated fully despite adjust-
ment for a large range of covariates.

In conclusion, our results on the natural course of diabetes
in a large sample free of diabetes at recruitment, followed for
over 27 years, suggest that MVPA of any duration is an impor-
tant target to prevent risk of type 2 diabetes. Among partici-
pants with type 2 diabetes, benefits of physical activity were
also evident for all-cause mortality at lower durations of
MVPA than those recommended, although the recommended
durations were required for lowering risk of CVD mortality.
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