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Twitter summary: Strain and colleagues found a strong linear relationship between physical activity 

energy expenditure and incident type 2 diabetes. A difference equivalent to an additional daily 20-

minute brisk walk was associated with 19% lower odds of type 2 diabetes.

Suggested twitter image: Graphical Abstract. Alt-text: Physical activity energy expenditure was 

estimated from wrist-worn accelerometers using data from 90,096 middle-aged UK Biobank 

participants. There were 2018 incident events. A 5 kJ.kg-1.d-1 difference in physical activity energy 

expenditure – equivalent to an additional daily 20-minute brisk walk – was associated with 11% lower 

odds of type 2 diabetes, adjusted for demographic, lifestyle factors, and BMI.

Keywords: Physical activity, Type 2 Diabetes, Adults, Epidemiology, Triaxial Accelerometer
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Abstract 

Objective

To investigate the association between accelerometer-derived physical activity energy expenditure 

(PAEE) and incident type 2 diabetes (T2D) in a cohort of middle-aged adults and within subgroups.

Research Design and Methods

Data were from 90,096 UK Biobank participants without prevalent diabetes (mean age 62 years, 57% 

women) who wore a wrist accelerometer for 7 days. PAEE was derived from wrist acceleration using 

a population-specific method validated against doubly-labelled water. Logistic regressions were used 

to assess associations between PAEE, its underlying intensity, and incident T2D, ascertained using 

hospital episode and mortality data up to November 2020. Models were progressively adjusted for 

demographic, lifestyle factors, and body mass index (BMI). 

Results

The association between PAEE and T2D was approximately linear (n=2018 events). We observed 

19% (95% confidence interval 17-21%) lower odds of T2D per 5 kJ.kg-1.d-1 in PAEE without 

adjustment for BMI, and 11% (9-13%) with BMI adjustment. The association was stronger in men than 

women, and weaker in those with obesity and higher genetic susceptibility to obesity. There was no 

evidence of effect modification by genetic susceptibility to T2D or insulin resistance. For a given level 

of PAEE, odds of T2D were lower amongst those engaging in more moderate-to-vigorous activity.

Conclusions

There was a strong linear relationship between PAEE and incident T2D. A difference in PAEE 

equivalent to an additional daily 20-minute brisk walk was associated with 19% lower odds of T2D. 

The association was broadly similar across population subgroups, supporting physical activity for 

diabetes prevention in the whole population. 
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Article highlights

 We aimed to investigate the association between accelerometer-derived physical activity 

energy expenditure and incident type 2 diabetes in a large (n=90,096) cohort of middle-aged 

adults.

 We found a strong linear relationship between physical activity energy expenditure and 

incident type 2 diabetes, broadly similar across population subgroups.

 A difference equivalent to an additional daily 20-minute brisk walk was associated with 19% 

lower odds of type 2 diabetes. 

 These results support physical activity for the prevention of diabetes in the whole population. 
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There is a well-established inverse association between self-reported physical activity and incident 

type 2 diabetes mellitus (T2D) in observational studies (1–5) which is supported by evidence of 

prevention in randomised controlled trials (6–8). However, quantification of the association between 

habitual physical activity energy expenditure (PAEE) has proven to be challenging because of the 

intrinsic limitations in translating self-reported participation in particular activities into accurate 

estimates of PAEE. For example, the recall and social desirability biases inherent to self-report 

methods may differ by weight status (9). Thus, there are remaining uncertainties about the dose-

response between physical activity and incident T2D. These uncertainties impact on public health 

messaging as it remains unclear how much benefit would be obtained from small changes in 

population-level PAEE. 

The importance of using PAEE to investigate dose-response relationships is that it allows public 

health recommendations to be framed in terms of the benefits of physical activity of any type, 

potentially informing more specific or targeted prevention strategies. The best method for estimating 

PAEE is using stable isotopes to assess total energy expenditure, from which a measure of resting 

energy expenditure is subtracted (10,11). However, applying this technique at sufficiently large scale 

to enable the study of disease incidence in the general population remains prohibitively expensive. 

The use of wearables such as accelerometers to measure physical activity offers a viable alternative 

to objectively quantify dose-response associations with health outcomes (12–15), complementing 

previous studies using self-report of behaviours (1,16–18). To date, few studies have investigated the 

association between accelerometer-measured physical activity and incident T2D (19–22) and none of 

these have parameterised PAEE using methods validated against gold-standard stable isotope 

measurements. In addition, previous studies had smaller sample sizes, limiting the investigation of 

effect modification by population stratification or exploration of volume-intensity interactions. 

The aims of this study were to investigate the association between accelerometer-derived PAEE and 

incident T2D in a large (n=90,096) cohort of middle-aged adults without known diabetes at baseline. 

We also examined whether associations differ in sub-groups defined by a range of demographic and 

health-related characteristics. Finally, we investigated whether different intensity profiles are 

associated with incident T2D.
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Research Design and Methods

Study population

The UK Biobank is a prospective study of over half a million adults aged 40-69 living in Great Britain 

when recruited in 2006-2010 as explained in detail elsewhere (23). Briefly, participants completed a 

touchscreen questionnaire, and undertook nurse interview and anthropometric assessment at a 

designated interview centre. A subsample (n=103,670) were invited to wear a wrist-worn 

accelerometer approximately 5 years after initial recruitment (24). Some participants (n=8,697) 

undertook one or two additional assessment centre visits in the interim (see Supplementary Figure 1 

for an overview).

Accelerometry measurement & processing

Accelerometry subsample participants were requested to wear a triaxial accelerometer (AX3, Axivity, 

UK) on their dominant wrist continuously for seven days. Raw acceleration was collected at 100Hz 

resolution, calibrated to local gravity (25) and low-pass filtered at 20Hz to eliminate machine noise. 

Movement-related acceleration was calculated as vector magnitude minus gravitational acceleration 

in 5-second epochs and summarised into proportions of daily time spent at different movement 

intensity levels for each participant. Non-wear time (awake or sleep) was identified as extended 

periods of non-movement and imputed using the average of similar time-of-day vector magnitude and 

intensity distribution data points with one minute granularity on different days of the measurement. We 

excluded those with inadequate data for calibration (n=11), those that had insufficient wear time no 

wear data in each one-hour period of the 24-hour cycle from the whole period of wear or <72 hours of 

total wear; n=6,985), and those with an average acceleration >100 milli-gravities (mg) (n=13), as 

explained elsewhere (24).

As in our previous work (12), we used a population-specific equation (13) to convert time spent in 

each movement intensity category into physical activity energy expenditure (PAEE) in kJ.kg-1.d-1. This 

was derived in a separate validation study through regression to PAEE measured by individually 

calibrated combined heart rate and trunk acceleration in 1695 UK adults; the resulting wrist 

acceleration-based estimate of PAEE was subsequently validated against total PAEE, measured by 

the gold-standard stable isotope method and resting indirect calorimetry in 97 adults (Supplementary 
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Figure 2) (14). In addition, we derived the fraction of PAEE from moderate-to-vigorous physical 

activity (%MVPA; any activity with a movement intensity above 125 mg (equivalent to 3 METs from 

combined sensing), expressed as a percentage to enable the study of joint activity volume and 

intensity associations (12). A scatter plot between PAEE and %MVPA is shown in Supplementary 

Figure 3. We excluded one individual who was a clear outlier (PAEE>150kJ.kg-1.d-1 and 

%MVPA>80%). We also derived time spent in MVPA (hours/day). Season of wear was parameterised 

as two sine functions.

Diabetes ascertainment

Participants were considered to have prevalent diabetes (any type) if they either self-reported any 

diabetes other than gestational diabetes, or self-reported diabetes medication at recruitment (insulin, 

sulfonylureas, glitazones, meglitinides, or acarbose), or had a hospital episode statistics (HES) event 

with ICD-10 codes E10-E14 prior to accelerometry (n=3,619) (26). We excluded those with prevalent 

diabetes of any type and those for whom no prevalent diabetes status could be inferred (n=5). 

Compared to the method developed by Eastwood et al. (27), we counted a further n=524 individuals 

as prevalent cases, primarily because we used self-reported (via touchscreen interview) diabetes 

diagnosis as evidence. Eastwood et al. (27) identified 10 individuals as prevalent cases that our 

algorithm did not; we excluded these in order to be conservative. Incident T2D was ascertained 

through HES and mortality records with ICD code E11 without E10, or E14 without E10-E13 (27). 

HES records were available until 30th November 2020 in England, 28th February 2018 in Wales, and 

31st October 2020 in Scotland. Death records were available until 30th November 2020. We used 

Eastwood et al.’s method to infer diagnosis date by taking the mid-point between the last record 

without diabetes and the date of the first record with diabetes (27). 

Potential confounders 

Data were obtained at initial recruitment through a touchscreen questionnaire and anthropometric 

assessment. Blood samples were also collected at this point. For participants that took part in further 

in-person assessments prior to accelerometry (n=9,171), we used the data from the time-point closest 
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to the accelerometry measurement. Exceptions were sex and Townsend Index of deprivation (based 

on postcode) that were only obtained at baseline; ethnicity (assumed not to have changed), and 

family medical history where a condition was counted even if it was at any of the measurement points. 

We have previously shown that the majority of covariates are stable over this period with the 

exceptions of employment status and medication use where there were trends towards 

unemployment and greater medication use at later visits (12).

We considered the following variables to be potential confounders with plausible associations to both 

exposure and outcome: sex (men/women), age (in years), ethnicity (white/non-white), Townsend 

Index of deprivation, highest educational level achieved (degree or above/any other qualification/no 

qualification), employment status (unemployed/in paid or self-employment), smoking status 

(never/previous/current), alcohol consumption (never/< twice a week/at  least three times a week), 

fruit and vegetable intake (a score from 0-4 taking into account questions on cooked and raw 

vegetables, fresh and dried fruit consumption), parental history of diabetes (yes/no) and sleep 

duration (<7 hours/7-8 hours/>8 hours); see Supplementary Figure 4. We considered body mass 

index (BMI) to be a potential confounder but also a potential mediator of the association between 

physical activity and T2D given the plausible bidirectional associations between obesity and activity 

(28); in sensitivity analyses we also considered abdominal obesity using waist circumference. 

Those missing data in any potential confounder were excluded from the main analysis (n=2,940). 

Multiple imputation using chained equations (MICE) was used to impute these missing data for a 

sensitivity analysis. All potential confounders, PAEE, and incident T2D were included in the 

imputation model.

Potential effect modifiers

The following variables were investigated as potential effect modifiers: sex, age, ethnicity, BMI status, 

prevalent CVD status, prevalent cancer status, and tertiles of cardiorespiratory fitness, grip strength, 

genetic predisposition scores for T2D, insulin resistance, and BMI.

The association was not estimated in those with BMI <18.5 kg/m2 as the sample size was too small. 

Prevalent CVD was determined using both self-reported data and HES records up to accelerometry. 
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CVD was classified as ICD-9 410-414, 430-439 or ICD-10 I20-25, I60-69 or self-reported angina, 

chest pain, leg pain while walking normally, heart attack, or stroke. Prevalent cancer was determined 

using both self-reported data and HES records (ICD-9 140-199, 201-208, 209.1-209.3, 209.7-209.9, 

235-239 and ICD-10 C0-99). Cardio-respiratory fitness was estimated from resting heart rate 

measures taken during blood pressure measurements at the initial recruitment visit. Grip strength was 

measured at the same time point; we averaged the values from both hands. Age and sex-specific 

tertiles were derived. Genotyping was performed using the UK BiLEVE and UK Biobank Axiom 

arrays, and initial quality control performed by the UK Biobank (29). We used the ‘v3’ release of the 

genetic data, imputed to the full set of Haplotype Reference Consortium reference panel (30) and the 

merged UK10K and 1000 Genomes Phase III reference panels (31). Approximately 93 million directly 

genotyped and imputed autosomal genetic markers were available after quality control. From these, 

we derived genetic risk scores for T2D using 424 single-nucleotide polymorphisms (SNPs) (32), 

insulin resistance using 53 SNPs (33) and BMI using 97 SNPs (34), weighted by their relative effect 

size extracted from the reference genome-wide association studies. Participants were excluded from 

the specific analysis if they had a missing value of the stratification variable. 

Statistical analysis

As likely date of T2D diagnosis was inferred rather than measured, our primary analysis used logistic. 

Cubic splines with four evenly-spaced knots were used to examine the shape of the dose-response 

relationship between PAEE and incident T2D. We fit three models progressively adjusting for 

covariates. Model 0 adjusted for age, sex, and season of accelerometry wear. Season of wear is not a 

confounder (not associated with the outcome) but explains considerable variance in the exposure and 

is included to improve the precision of estimates (35). Model 1 additionally adjusted for all other 

demographic and lifestyle variables, and parental history of diabetes; Model 2 additionally adjusted for 

BMI, which may be considered to partially be on the causal pathway between PA and T2D. All 

continuous covariates except BMI met the linearity assumption as assessed visually by fractional 

polynomials. The shape of the BMI association was best modelled by including both a linear and a 

log-transformed term, determined using likelihood ratio tests. The reference value was 25 kJ.kg-1.d-1, 

approximately the 5th percentile of the PAEE distribution in the sample.
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We estimated the linear association between PAEE (per 5 kJ.kg-1.d-1) and incident T2D using the 

same three levels of adjustment. We also estimated the association between PAEE and T2D within 

subgroups of the potential effect modifiers. P-values for interaction were reported based on a 

likelihood ratio test comparing models with and without an interaction term. Genetic risk score 

analyses were additionally adjusted for the UK Biobank genotyping arrays and 10 genetic principal 

components, but did not adjust for ethnicity as analyses were restricted to those of white European 

ancestry (the population in which the scores were derived). 

Finally, we investigated the joint association of PAEE and %MVPA with T2D in the whole sample. 

Both exposures were included as linear terms alongside an interaction term in a logistic regression 

model. Odds ratios for selected values of %MVPA (10%, 20%, 30%, 40%) were displayed graphically 

across the corresponding observed range of PAEE, with tables showing the odds ratios for specific 

combinations.

We performed several sensitivity analyses on the linear association between PAEE and T2D in the 

whole sample: (1) a time-to-event analysis using Cox regression, (2) imputation of missing covariate 

data, (3) excluding participants whose estimated T2D event date occurred within the first two years 

post-accelerometry, (4) excluding participants who were underweight (BMI <18.5 kg/m2), and (5) 

excluding participants with HbA1c > 48mmoL/mol at study baseline (n=386). HbA1c was obtained 

from blood samples collected at the initial recruitment visit. Further details on the assay used are 

provided on the UK Biobank website (36). We also repeated the PAEE-%MVPA analysis additionally 

adjusting for waist circumference to shed light on the potential role of abdominal adiposity (37), and 

using alternative cut points for MVPA (100mg and 150mg). We also included a supplementary 

analysis of the association between time spent in MVPA and incident T2D risk using cubic splines as 

described above. 

All analyses performed in Stata v16.1 (StataCorp, TX). Figures were produced in R and 

Biorender.com.
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Results

Sample descriptives

The main analytical sample consisted of n=90,096 individuals (57% women, mean age at 

accelerometry baseline 62 (SD 7.8) years). There were 2018 incident T2D events. Table 1 presents 

the descriptive characteristics of the sample by tertile of PAEE. Supplementary Table 1 presents 

these characteristics by incident T2D status.

Cubic spline modelled associations of PAEE and incident T2D

Figure 1 shows the cubic spline modelled association between PAEE and incident T2D for the three 

levels of model adjustment. The association was approximately linear; compared with a PAEE of 25 

kJ.kg-1.d-1, the odds ratios adjusted for demographic, lifestyle, and health-related confounders except 

BMI (Model 1) were 0.78 (95% confidence interval: 0.75-0.82), 0.52 (0.46-0.59), and 0.36 (0.32-0.41) 

at 30, 40, and 50 kJ.kg-1.d-1, respectively. The comparable odds ratios after additional adjustment for 

BMI (Model 2) were 0.86 (0.82-0.90), 0.72 (0.63-0.82), and 0.59 (0.52-0.68), respectively 

(Supplementary Table 2). 

Linear associations of PAEE and incident T2D

We observed 19% (17-21%) lower odds of incident T2D per 5 kJ.kg-1.d-1 higher PAEE in Model 1 

(Supplementary Figure 5, Supplementary Table 3). With further adjustment for BMI (Model 2), odds 

were 11% (9-13%) lower(Figure 2). 

The associations were stronger for men than for women. The Model 1 odds ratios were 0.79 (0.77-

0.82) and 0.83 (0.81-0.86), respectively, with a borderline significant interaction (p-value for 

interaction, 0.033). The magnitude of the difference in the association between men and women was 

greater with further BMI adjustment (Model 2 odds ratios 0.86 (0.83-0.88) for men and 0.95 (0.91-

0.98) for women, with a p-value for interaction <0.001). 

The associations were weaker amongst the obese than the other BMI subgroups. The Model 2 odds 

ratios (including adjustment for BMI within subgroup) were 0.87 (0.82-0.93) for those of normal 

weight, 0.85 (0.82-0.89) for those who were overweight, and 0.93 (0.90-0.96) for those who were 
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obese (p-value for interaction 0.002). This pattern of association was also observed for the tertiles of 

BMI genetic risk  score, i.e. weaker associations in those at higher genetic risk of obesity.

There was some evidence that the association was stronger in White compared to than non-White 

individuals but this analysis is underpowered because of the small size of the non-White population 

subgroup in UK Biobank. There was no evidence of an interaction by age group, prevalent CVD or 

cancer status, or genetic risk for T2D or insulin resistance. There were no differences in strength of 

association across tertiles of cardiorespiratory fitness or grip strength in the BMI adjusted models, 

although the association was slightly stronger in the higher tertile of cardiorespiratory fitness in Model 

1.

There were negligible differences in the magnitude of the association between PAEE and incident 

T2D across the range of sensitivity analyses undertaken (Supplementary Table 4). The Model 2 

hazard ratio from Cox regression was 0.89 (0.87-0.91). The Model 1 and Model 2 odds ratios ranged 

between 0.81-0.82 and 0.89-0.90 respectively when missing data were imputed, and for different 

exclusion criteria (events estimated to occur within 2 years of accelerometry, those with BMI <18.5 

kg/m2 were excluded, and those with HbA1c >48 mmoL/mol).

Joint associations of PAEE and %MVPA with incident T2D

The association between %MVPA and incident T2D was approximately linear (Supplementary Figure 

6). 

In the confounder and BMI-adjusted model (Model 2), a fixed PAEE of 25 kJ.kg-1.d-1, a 20% 

contribution MVPA was associated with 21% (15%-26%) lower odds of incident T2D compared to a 

10% contribution of MVPA (Figure 3, Supplementary Table 5). Meanwhile 30% and 40% MVPA were 

associated with 37% (27-46%) and 50% (38-60%) lower odds respectively. When %MVPA was fixed, 

higher volumes of PAEE were associated with lower odds of incident T2D. The greatest risk 

reductions were observed with a combination of high PAEE and higher %MVPA. For example, those 

with a PAEE of 50 kJ.kg-1.d-1 and 40% MVPA had 58% (52-64%) lower odds of incident T2D 

compared with those a PAEE 15 kJ.kg-1.d-1 and 10% MVPA. Supplementary Figure 7 presents the 
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BMI-adjusted odds ratios for further combinations of PAEE and %MVPA, grouping those with similar 

durations of MVPA.

The associations were stronger without adjustment for BMI (Model1; Supplementary Figure 8). This 

was evident both with regards to the slope of the association between PAEE and incident T2D for a 

given %MVPA, and for the slope of the %MVPA association for a given PAEE, when compared to 

Model 2. Also, for a given value of PAEE, the differences across selected %MVPA values were 

greater. 

In sensitivity analyses, adjustment for waist circumference as well as BMI attenuated the odds ratios 

by up to 5 percentage points (Supplementary Table 5). The %MVPA associations tended to be 

slightly weaker using a lower movement intensity threshold for MVPA (100mg) and stronger using a 

higher threshold (150mg). The greatest differences in magnitude were evident at the higher end of the 

PAEE and %MVPA range (Supplementary Table 6).

Time spent in MVPA

Supplementary Figure 9 shows the cubic spline modelled association between time spent in MVPA 

and incident T2D for the three levels of model adjustment. The association was approximately linear. 

Compared to a reference value of 0.5 hours/day, the odds ratios for Model 1 were 0.57 (0.52-0.63), 

and 0.39 (0.34-0.44) at 1 and 1.5 hours/day, respectively. The comparable odds ratios after additional 

adjustment for BMI (Model 2) were 0.74 (0.67-0.81) and 0.60 (0.53-0.68), respectively 

(Supplementary Table 7).

Conclusions

In this large prospective cohort study with objective measurement of physical activity, we found that 

estimated PAEE was inversely associated with incident T2D. Both without and with adjustment for 

BMI, the relationship between PAEE and risk of T2D was linear with no observable attenuation in the 

association even at much higher PAEE levels. The magnitude of the association is that there is a 19% 

and 11% lower odds per 5 kJ.kg-1.d-1 for the models without and with adjustment of BMI; a difference 

in PAEE equivalent to an additional 20-min brisk walk per day. These results suggest that the benefits 

of higher physical activity on T2D risk are constant, whatever the initial level of activity (i.e. ‘some is 
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good but more is better’). The strength of the association differed by sex, BMI, and genetic 

susceptibility to obesity. However, a linear inverse association between PAEE and incident T2D was 

evident amongst all subgroups investigated, except those of non-white ethnicity, which was 

underpowered.

We also found an association for moderate physical activity intensity, over and above total activity 

volume, with incident T2D risk. In other words, accumulating the same volume through higher 

intensity activity was associated with lower odds of T2D than accumulating through lower intensity 

activity. This is in line with our findings for all-cause mortality and CVD (12,15). It highlights the key 

message that health benefits can be achieved through a variety of combinations of volume and 

intensity but that if practical and appealing, undertaking more intense activity should be encouraged.

Few studies have quantified the relationship between objectively measured physical activity and risk 

of T2D. Our estimates suggest a stronger association than has been typically observed in the 

literature. In a cohort of 16,415 Hispanic/Latino adults, Cuthbertson et al. (2022) estimated a 2% (0-

5%) lower hazard of incident diabetes per 1,000 steps/day; with the association fully attenuated after 

adjustment for BMI (21). Similarly, Garduno et al. (2022) found their estimated 12% (0-22%) lower 

hazard of incident diabetes per 2,000 steps/day to be non-significant after BMI adjustment amongst a 

sample of 4,838 older US women (19). Ballin et al. (2020) found a non-linear association between 

daily step count and incident diabetes amongst 3,055 older Swedish men and women (22). Compared 

to the sample median of 7,445 steps/day, the lowest extreme of the distribution (~1000 steps/day) had 

a three-fold higher risk, and there were no differences in risk amongst the upper half of the exposure 

distribution. Both Cuthbertson et al. and Garduno et al. found the relationship to be approximately 

linear, while Ballin et al. observed a non-linear dose-response relationship typically observed between 

physical activity and other chronic health outcomes (19,21,22). Cuthbertson et al. also found lower 

incidence of T2D (21). 

As BMI is a known mechanism through which physical activity may influence the risk of T2D (38), 

adjustment likely produces a conservative estimate of association. However, as BMI also acts as a 

confounder (28), not adjusting for it likely results in an overestimation of the association. Our results 

tentatively suggest that more of the association between PAEE and T2D is mediated through BMI 

amongst women, as we observed a greater difference between Models 1 and 2 than for men. 
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However, the finding of a stronger association amongst men than women needs confirmation in 

further studies. We note this finding is opposite to the sex-specific meta-analytical results of self-

reported data by Smith et al. (1), and the trends observed by Cuthbertson et al. (21). 

We found no evidence of an interaction of PAEE and incident T2D with genetic predisposition to T2D 

or insulin resistance. We did observe a smaller effect size in individuals who were obese at baseline 

and in those who had higher genetic susceptibility to obesity. However, it is absolute rather than 

relative risk which determines the benefits of targeted prevention. There is an extremely strong 

relationship between obesity and T2D risk, as demonstrated by the distribution of cases in the 

different obesity strata in Figure 2 (approximately 3- and 9-fold higher for overweight and obese 

compared with normal-weight). Therefore, the absolute risk difference for a difference in PAEE in the 

subgroup of obese individuals will still be much larger than in non-obese subgroups despite the lower 

relative risk. Therefore, these results suggest that population-level approaches to increasing PAEE in 

all individuals should remain a public health priority.

Our finding that activity intensity plays a role over and above volume in T2D risk is interesting to 

consider from a mechanistic perspective. Our sensitivity analysis additionally adjusting for waist 

circumference showed further attenuation, potentially indicating visceral fat as an important factor. 

Previous research has suggested that higher intensity activities may impact T2D risk through 

metabolic adaptations while lower intensity activities may be mediated through changes in BMI (37). 

This is plausible as higher intensities require greater reliance on carbohydrate oxidation (39), which 

may increase the expression and activity of proteins related to glucose metabolism and insulin 

signalling. It is also possible that the greater stimulation of cardiovascular related pathways (e.g. 

stroke volume, capillary density, red blood cell, mitochondrial density) (40), leads to improved 

cardiorespiratory fitness, which in turn lowers the risk of T2D (41). The main strength of this study is 

the accurate quantification of PAEE at a large scale. This allows the investigation of dose-response 

relationships within subgroups and identification of interactions. We have also undertaken several 

sensitivity analyses indicating that the analytical assumptions made have a negligible impact on 

overall conclusions. A key limitation is the reliance on hospital episode statistics and mortality data for 

the ascertainment of T2D. Although it would be preferable to enhance ascertainment with information 

from other sources, particularly primary care records, these are not currently available for the whole 

cohort. However, it is important to note that 58% of our sample attended hospital in the follow-up 
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period of approximately 6 years and that diabetes is routinely recorded when admitted to hospital for 

other reasons in the UK. Thus the under-ascertainment that might be presumed through use of 

secondary care data may not be as consequential as it may appear (27) and the bias diminishes over 

time. Under the assumption that errors in the outcome classification are not associated with the 

exposure, the implication for our results of ascertainment error is to increase the uncertainty around 

the estimate of the association (42). To mitigate the issue of the likely diagnosis date being earlier 

than the first secondary care record, we used logistic regression rather than a time-to-event analysis 

method. That being said, our sensitivity analysis using Cox regression produced very similar 

estimates of association. Another potential limitation is that our estimate of PAEE relies on the 

accurate reflection of energy expenditure from dominant wrist acceleration. Given the method’s 

documented validity in a UK population (13,14), this is a reasonable assumption at a whole sample 

level. The distribution of estimated PAEE is narrower than PAEE measured with stable isotopes and 

resting metabolic rate assessment; this error would lead to the amplification of the dose-response 

relationship. However, individuals who engage primarily in activities such as resistance exercise or 

cycling may not be appropriately characterised by the wrist measure which was also only done at a 

single time-point, thus not accounting for variability in activity levels over time, all of which could 

attenuate the associations. Other limitations include the measurement of covariates 5 years prior to 

accelerometry which may increase residual confounding in our estimates. However, we have 

previously shown that the majority of covariates are stable over this period, the exceptions being 

employment status and medication use (12). Also, the UK Biobank is not a representative national 

survey with a 5.5% response rate and respondents shown to be healthier and more affluent than the 

general population (43). However, our sample median PAEE of 42 kJ.kg-1.d-1 is in line with nationally 

representative age-specific estimates (11).

In summary, we have shown a strong linear relationship between accelerometer-derived PAEE and 

incident T2D in a large sample of middle-aged adults. A difference in PAEE equivalent to an additional 

daily 20-minute brisk walk was associated with 19% lower odds of T2D. The association was broadly 

similar across population subgroups although slightly stronger in men than women, and weaker in 

those with obesity and higher genetic susceptibility to obesity. These results support physical activity 

for the prevention of diabetes in the whole population. For a given level of PAEE, engaging in a 

greater proportion of moderate-to-vigorous activity was associated with additional benefits. Therefore, 
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the role of activity intensity, over and above its contribution to PAEE, appears to be important for 

incident T2D.
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Table 1

Descriptive characteristics by tertile of physical activity energy expenditure; UK Biobank (n=90,096)

Physical Activity Energy Expenditure

Tertile 1 Tertile 2 Tertile 3

Whole sample

Sample size (% of total analysis sample) 30032 
(33.3%)

30032 
(33.3%)

30032 
(33.3%)

90096 
(100.0%)

PAEE range (kJ.kg-1.d-1) 2.8-36.1 36.1-45.4 45.4-129.2 2.8-129.2

PAEE in kJ.kg-1.d-1, mean (SD) 29.9 (4.8) 40.6 (2.6) 54.1 (8.0) 41.5 (11.4)

MVPA in hours.d-1, mean (SD) 0.7 (0.3) 1.2 (0.3) 1.9 (0.5) 1.2 (0.6)

Diabetes incident events (n, %) 1111 (3.7%) 578 (1.9%) 329 (1.1%) 2018 (2.2%)

Age in years, mean (SD) 64.5 (7.5) 62.3 (7.7) 60.1 (7.7) 62.3 (7.8)

Age group, (n, %)

<60 years 7982 (26.6%) 11252 
(37.5%)

14476 
(48.2%) 33710 (37.4%)

60-70 years 14112 
(47.0%)

13566 
(45.2%)

12385 
(41.2%) 40063 (44.5%)

>70 years 7938 (26.4%) 5214 (17.4%) 3171 (10.6%) 16323 (18.1%)

Female sex, (n, %) 15333 
(51.1%)

17623 
(58.7%)

18478 
(61.5%) 51434 (57.1%)

Ethnicity, (n, %)

White 29310 
(97.6%)

29213 
(97.3%)

28990 
(96.5%) 87513 (97.1%)

Asian excl. Chinese 245 (0.8%) 253 (0.8%) 262 (0.9%) 760 (0.8%)

Chinese 43 (0.1%) 57 (0.2%) 97 (0.3%) 197 (0.2%)

Black 177 (0.6%) 219 (0.7%) 310 (1.0%) 706 (0.8%)

Mixed 136 (0.5%) 141 (0.5%) 189 (0.6%) 466 (0.5%)

Any other ethnic group 121 (0.4%) 149 (0.5%) 184 (0.6%) 454 (0.5%)

Townsend Index of Deprivation, mean (SD) -1.7 (2.9) -1.8 (2.8) -1.8 (2.8) -1.8 (2.8)

Highest education level achieved, (n, %)

No qualification 2953 (9.8%) 2189 (7.3%) 1983 (6.6%) 7125 (7.9%)

Any other qualification 14328 
(47.7%)

14364 
(47.8%)

14606 
(48.6%) 43298 (48.1%)

Degree level or above 12751 
(42.5%)

13479 
(44.9%)

13443 
(44.8%) 39673 (44.0%)

Employment status, (n, %)

Unemployed 14427 
(48.0%)

11519 
(38.4%) 9376 (31.2%) 35322 (39.2%)

In paid employment 15605 
(52.0%)

18513 
(61.6%)

20656 
(68.8%) 54774 (60.8%)

Smoking status, (n, %)

Never 16463 
(54.8%)

17542 
(58.4%)

17905 
(59.6%) 51910 (57.6%)

Previous 11164 
(37.2%)

10656 
(35.5%)

10431 
(34.7%) 32251 (35.8%)

Current 2405 (8.0%) 1834 (6.1%) 1696 (5.6%) 5935 (6.6%)

Alcohol drinking status, (n, %)

Never 1838 (6.1%) 1558 (5.2%) 1538 (5.1%) 4934 (5.5%)

< Twice a week 14131 
(47.1%)

13413 
(44.7%)

13316 
(44.3%) 40860 (45.4%)

At least three times a week 14063 
(46.8%)

15061 
(50.1%)

15178 
(50.5%) 44302 (49.2%)

Sleep duration, (n, %)

< 7 hours 6503 (21.7%) 6478 (21.6%) 6587 (21.9%) 19568 (21.7%)
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7-8 hours 20981 
(69.9%)

21732 
(72.4%)

22123 
(73.7%) 64836 (72.0%)

> 8 hours 2548 (8.5%) 1822 (6.1%) 1322 (4.4%) 5692 (6.3%)

Fruit and veg intake score, mean (SD) 1.6 (1.1) 1.7 (1.1) 1.8 (1.2) 1.7 (1.1)

Parental history of diabetes, (n, %)

No 25088 
(83.5%)

24934 
(83.0%)

24938 
(83.0%) 74960 (83.2%)

Yes 4944 (16.5%) 5098 (17.0%) 5094 (17.0%) 15136 (16.8%)

Body Mass Index (kg/m2), mean (SD) 27.8 (4.8) 26.5 (4.2) 25.3 (3.8) 26.5 (4.4)

Body Mass Index, (n, %)

Underweight (<18.5 kg/m2) 111 (0.4%) 150 (0.5%) 282 (0.9%) 543 (0.6%)

Normal weight (18.5-25 kg/m2) 8677 (28.9%) 11965 
(39.8%)

15332 
(51.1%) 35974 (39.9%)

Overweight (25-30 kg/m2) 13217 
(44.0%)

12874 
(42.9%)

11175 
(37.2%) 37266 (41.4%)

Obese (>30 kg/m2) 8027 (26.7%) 5043 (16.8%) 3243 (10.8%) 16313 (18.1%)

Prevalent cardiovascular disease, (n, %)

No 21144 
(70.4%)

22835 
(76.0%)

24240 
(80.7%) 68219 (75.7%)

Yes 8647 (28.8%) 6960 (23.2%) 5598 (18.6%) 21205 (23.5%)

Prevalent cancer, (n, %)

No 25695 
(85.6%)

26514 
(88.3%)

27203 
(90.6%) 79412 (88.1%)

Yes 4334 (14.4%) 3515 (11.7%) 2829 (9.4%) 10678 (11.9%)

BMI genetic risk score tertile, (n, %)

Lowest tertile 9386 (31.3%) 9361 (31.2%) 9334 (31.1%) 28081 (31.2%)

Middle tertile 9368 (31.2%) 9319 (31.0%) 9398 (31.3%) 28085 (31.2%)

Upper tertile 9430 (31.4%) 9465 (31.5%) 9190 (30.6%) 28085 (31.2%)
Insulin resistance risk score tertile (weighted), (n, 
%)

Lowest tertile 9470 (31.5%) 9277 (30.9%) 9336 (31.1%) 28083 (31.2%)

Middle tertile 9457 (31.5%) 9454 (31.5%) 9173 (30.5%) 28084 (31.2%)

Upper tertile 9257 (30.8%) 9414 (31.3%) 9413 (31.3%) 28084 (31.2%)

Type 2 Diabetes genetic risk score tertile, (n, %)

Lowest tertile 9366 (31.2%) 9394 (31.3%) 9323 (31.0%) 28083 (31.2%)

Middle tertile 9434 (31.4%) 9421 (31.4%) 9229 (30.7%) 28084 (31.2%)

Upper tertile 9384 (31.2%) 9330 (31.1%) 9370 (31.2%) 28084 (31.2%)

Season of wear was modelled as two orthogonal spline variables; a visualisation of these variables has been previously 

published in Strain et al. (2020) (12). Genetic risk scores were derived for those of white European ancestry only. PAEE: 

Physical activity energy expenditure; SD: standard deviation.  A higher Townsend index score indicates greater deprivation. 
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Figure Titles and Legends

Figure 1: Cubic spline modelled association between PAEE and incident type 2 diabetes; UK Biobank 

(n=90,096)

Model 0 adjusted for age, sex, and season of accelerometry wear (using two orthogonal sine functions); Model 1 additionally 

adjusted for ethnicity, Townsend Index of deprivation, highest educational level achieved, employment status, parental history 

of diabetes, smoking status, alcohol drinking status, sleep duration, and fruit and vegetable intake. Model 2 additionally 

adjusted for body mass index. Data presented for the observed range of PAEE amongst incident cases. PAEE: physical activity 

energy expenditure, BMI: body mass index.

Figure 2: Odds ratios for incident type 2 diabetes per 5 kJ.kg-1.d-1 PAEE for the whole sample and in 

subgroups adjusted for BMI and other confounding factors (Model 2); UK Biobank (n=90,096)

Model 2 adjusted for age, sex, season of accelerometry wear (using two orthogonal sine functions), ethnicity, Townsend Index 

of deprivation, highest educational level achieved, employment status, parental history of diabetes, smoking status, alcohol 

drinking status, sleep duration, fruit and vegetable intake, and body mass index. Genetic risk score stratified analyses also 

adjusted for UK Biobank genotyping array and 10 genetic principal components but did not adjust for ethnicity as analyses were 

restricted to those of white European ancestry. PAEE: physical activity energy expenditure, CMI: Cumulative incidence, CVD: 

cardiovascular disease, BMI: body mass index, GRS: genetic risk score. p-value for interaction between subgroups.

Figure 3: The joint association of PAEE and %MVPA with the odds of incident type 2 diabetes 

adjusted for BMI and other confounding factors (Model 2); UK Biobank (n=90,096)

Model 2 adjusted for age, sex, season of accelerometry wear (using two orthogonal sine functions), ethnicity, Townsend Index 

of deprivation, highest educational level achieved, employment status, parental history of diabetes, smoking status, alcohol 

drinking status, sleep duration, fruit and vegetable intake, and body mass index. Data presented for the observed range of 

PAEE amongst incident cases for a range around the %MVPA value (±5%, extending to respective end of distributions for 10% 

and 40%). PAEE: physical activity energy expenditure, %MVPA: percentage of PAEE from MVPA, BMI: body mass index.
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Twitter summary: Strain and colleagues found a strong linear relationship between physical activity 

energy expenditure and incident type 2 diabetes. A difference equivalent to an additional daily 20-

minute brisk walk was associated with 19% lower odds of type 2 diabetes.

Suggested twitter image: Graphical Abstract. Alt-text: Physical activity energy expenditure was 

estimated from wrist-worn accelerometers using data from 90,096 middle-aged UK Biobank 

participants. There were 2018 incident events. A 5 kJ./kg-1/.d-1 difference in physical activity energy 

expenditure – equivalent to an additional daily 20-minute brisk walk – was associated with 11% lower 

odds of type 2 diabetes, adjusted for demographic, lifestyle factors, and BMI.

Keywords: Physical activity, Type 2 Diabetes, Adults, Epidemiology, Triaxial Accelerometer

Word count: 42444389, 1 Table, 3 Figures
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Abstract 

Objective

To investigate the association between accelerometer-derived physical activity energy expenditure 

(PAEE) and incident type 2 diabetes (T2D) in a cohort of middle-aged adults and within subgroups.

Research Design and Methods

Data were from 90,096 UK Biobank participants without prevalent diabetes (mean age 62 years, 57% 

women) who wore a wrist accelerometer for 7 days. PAEE was derived from wrist acceleration using 

a population-specific method validated against doubly-labelled water. Logistic regressions were used 

to assess associations between PAEE, its underlying intensity, and incident T2D, ascertained using 

secondary-carehospital episode and mortality data up to November 2020. Models were progressively 

adjusted for demographic, lifestyle factors, and body mass index (BMI). 

Results

The association between PAEE and T2D was approximately linear (n=2018 events). We observed 

19% (95% confidence interval 17-21%) lower odds of T2D per 5 kJ.kg-1.d-1 in PAEE without 

adjustment for BMI, and 11% (9-13%) with BMI adjustment. The association was stronger in men than 

women, and weaker in those with obesity and higher genetic susceptibility to obesity. There was no 

evidence of effect modification by genetic susceptibility to T2D or insulin resistance. For a given level 

of PAEE, odds of T2D were lower amongst those engaging in more moderate-to-vigorous activity.

Conclusions

There was a strong linear relationship between PAEE and incident T2D. A difference in PAEE 

equivalent to an additional daily 20-minute brisk walk was associated with 19% lower odds of T2D. 

The association was broadly similar across population subgroups,. These results supporting physical 

activity for the prevention of diabetes prevention in the whole population. 
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Article highlights

 We aimed to investigate the association between accelerometer-derived physical activity 

energy expenditure and incident type 2 diabetes in a large (n=90,096) cohort of middle-aged 

adults.

 We found a strong linear relationship between physical activity energy expenditure and 

incident type 2 diabetes, broadly similar across population subgroups.

 A difference equivalent to an additional daily 20-minute brisk walk was associated with 19% 

lower odds of type 2 diabetes. 

 These results support physical activity for the prevention of diabetes in the whole population. 
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There is a well-established inverse association between self-reported physical activity and incident 

type 2 diabetes mellitus (T2D) in observational studies (1–5) which is supported by evidence of 

prevention in randomised controlled trials (6–8). However, quantification of the association between 

habitual physical activity energy expenditure (PAEE) has proven to be challenging because of the 

intrinsic limitations in translating self-reported participation in particular activities into accurate 

estimates of PAEE. For example, the recall and social desirability biases inherent to self-report 

methods may differ by weight status (9). Thus, there are remaining uncertainties about the dose-

response between physical activity and incident T2D. These uncertainties impact on public health 

messaging as it remains unclear how much benefit would be obtained from small changes in 

population-level PAEE. 

The importance of using PAEE to investigate dose-response relationships is that it allows public 

health recommendations to be framed in terms of the benefits of physical activity of any type, 

potentially informing more specific or targeted prevention strategies. The best method for estimating 

PAEE is using stable isotopes to assess total energy expenditure, from which a measure of resting 

energy expenditure is subtracted (10,11). However, applying this technique at sufficiently large scale 

to enable the study of disease incidence in the general population remains prohibitively expensive. 

The use of wearables such as accelerometers to measure physical activity offers a viable alternative 

to objectively quantify dose-response associations with health outcomes (12–15), complementing 

previous studies using self-report of behaviours (1,16–18). To date, few studies have investigated the 

association between accelerometer-measured physical activity and incident T2D (19–22) and none of 

these have parameterised PAEE using methods validated against gold-standard stable isotope 

measurements. In addition, previous studies had smaller sample sizes, limiting the investigation of 

effect modification by population stratification or exploration of volume-intensity interactions. 

The aims of this study were to investigate the association between accelerometer-derived PAEE and 

incident T2D in a large (n=90,096) cohort of middle-aged adults without known diabetes at baseline. 

We also examined whether associations differ in sub-groups defined by a range of demographic and 

health-related characteristics. Finally, we investigated whether different intensity profiles are 

associated with incident T2D.
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Research Design and Methods

Study population

The UK Biobank is a prospective study of over half a million adults aged 40-69 living in Great Britain 

when recruited in 2006-2010 as explained in detail elsewhere (23). Briefly, participants completed a 

touchscreen questionnaire, and undertook nurse interview and anthropometric assessment at a 

designated interview centre. A subsample (n=103,6708) were invited to wear a wrist-worn 

accelerometer approximately 5 years after initial recruitment (24). Some participants (n=8,697) 

undertook one or two additional assessment centre visits in the interim (see Supplementary Figure 1 

for an overview).

Accelerometry measurement & processing

Accelerometry subsample participants were requested to wear a triaxial accelerometer (AX3, Axivity, 

UK) on their dominant wrist continuously for seven days. Raw acceleration was collected at 100Hz 

resolution, calibrated to local gravity (25) and low-pass filtered at 20Hz to eliminate machine noise. 

Movement-related acceleration was calculated as vector magnitude minus gravitational acceleration 

in 5-second epochs and summarised into proportions of daily time spent at different movement 

intensity levels for each participant. Non-wear time (awake or sleep) was identified as extended 

periods of non-movement and imputed using the average of similar time-of-day vector magnitude and 

intensity distribution data points with one minute granularity on different days of the measurement. We 

excluded those with inadequate data for calibration (n=11), those that had insufficient wear time no 

wear data in each one-hour period of the 24-hour cycle from the whole period of wear or <72 hours of 

total wear(<72 hours or no wear data in each one-hour period of the 24-hour cycle; n=6,9857), and 

those with an average acceleration >100 milli-gravities (mg) (n=13), as explained elsewhere (24).

As in our previous work (12), we used a population-specific equation (13) to convert time spent in 

each movement intensity category into physical activity energy expenditure (PAEE) in kJ.kg-1.d-1. This 

was derived in a separate validation study through regression to PAEE measured by individually 

calibrated combined heart rate and trunk acceleration in 1695 UK adults;, the resulting wrist 

acceleration-based estimate of PAEE was and subsequently validated against total PAEE, measured 

by the gold-standard stable isotope method and resting indirect calorimetry in 97 adults 
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(Supplementary Figure 2) (14). In addition, we derived the fraction of PAEE from moderate-to-

vigorous physical activity (%MVPA; any activity with a movement intensity above 125 mg (equivalent 

to 3 METs from combined sensing), expressed as a percentage to enable the study of joint activity 

volume and intensity associations (12). A scatter plot between PAEE and %MVPA is shown in 

Supplementary Figure 3. We excluded one individual who was a clear outlier (PAEE>150kJ.kg-1.d-1 

and %MVPA>80%). We also derived time spent in MVPA (hours/day). Season of wear was 

parameterised as two sine functions.

Diabetes ascertainment

Participants were considered to have prevalent diabetes (any type) if they either self-reported any 

diabetes other than gestational diabetes, or self-reported diabetes medication at recruitment (insulin, 

sulfonylureas, glitazones, meglitinides, or acarbose), or had a hospital episode statistics (HES) event 

with ICD-10 codes E10-E14 prior to accelerometry (n=3,619) (26). We excluded those with prevalent 

diabetes of any type and those for whom no prevalent diabetes status could be inferred (n=5). 

Compared to the method developed by Eastwood et al. (27), we counted a further n=524 individuals 

as prevalent cases, primarily because we used self-reported (via touchscreen interview) diabetes 

diagnosis as evidence. Eastwood et al. (27) identified 10 individuals as prevalent cases that our 

algorithm did not; we excluded these in order to be conservative. Incident T2D was ascertained 

through HES and mortality records with ICD code E11 without E10, or E14 without E10-E13 (27). 

HES records were available until 30th November 2020 in England, 28th February 2018 in Wales, and 

31st October 2020 in Scotland. Death records were available until 30th November 2020. We used 

Eastwood et al.’s method to infer diagnosis date by taking the mid-point between the last record 

without diabetes and the date of the first record with diabetes (27). 

Potential confounders 

Data were obtained at initial recruitment through a touchscreen questionnaire and anthropometric 

assessment. Blood samples were also collected at this point. For participants that took part in further 

in-person assessments prior to accelerometry (n=9,171), we used the data from the time-point closest 
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to the accelerometry measurement. Exceptions were sex and Townsend Index of deprivation (based 

on postcode) that were only obtained at baseline; ethnicity (assumed not to have changed), and 

family medical history where a condition was counted even if it was at any of the measurement points. 

We have previously shown that the majority of covariates are stable over this period with the 

exceptions of employment status and medication use where there were trends towards 

unemployment and greater medication use at later visits (12).

We considered the following variables to be potential confounders with plausible associations to both 

exposure and outcome: sex (men/women), age (in years), ethnicity (white/non-white), Townsend 

Index of deprivation, highest educational level achieved (degree or above/any other qualification/no 

qualification), employment status (unemployed/in paid or self-employment), smoking status 

(never/previous/current), alcohol consumption (never/< twice a week/at  least three times a week), 

fruit and vegetable intake (a score from 0-4 taking into account questions on cooked and raw 

vegetables, fresh and dried fruit consumption), parental history of diabetes (yes/no) and sleep 

duration (<7 hours/7-8 hours/>8 hours); see Supplementary Figure 4. We considered body mass 

index (BMI) to be a potential confounder but also a potential mediator of the association between 

physical activity and T2D given the plausible bidirectional associations between obesity and activity 

(28); in sensitivity analyses we also considered abdominal obesity using waist circumference. 

Those missing data in any potential confounder were excluded from the main analysis (n=2,940). 

Multiple imputation using chained equations (MICE) was used to impute these missing data for a 

sensitivity analysis. All potential confounders, PAEE, and incident T2D were included in the 

imputation model.

Potential effect modifiers

The following variables were investigated as potential effect modifiers: sex, age, ethnicity, BMI status, 

prevalent CVD status, prevalent cancer status, and tertiles of cardiorespiratory fitness, grip strength, 

genetic predisposition scores for T2D, insulin resistance, and BMI.

The association was not estimated in those with BMI <18.5 kg/m2 as the sample size was too small. 

Prevalent CVD was determined using both self-reported data and HES records up to accelerometry. 
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CVD was classified as ICD-9 410-414, 430-439 or ICD-10 I20-25, I60-69 or self-reported angina, 

chest pain, leg pain while walking normally, heart attack, or stroke. Prevalent cancer was determined 

using both self-reported data and HES records (ICD-9 140-199, 201-208, 209.1-209.3, 209.7-209.9, 

235-239 and ICD-10 C0-99). Cardio-respiratory fitness was estimated from resting heart rate 

measures taken during blood pressure measurements at the initial recruitment visit. Grip strength was 

measured at the same time point; we averaged the values from both hands. Age and sex-specific 

tertiles were derived. Genotyping was performed using the UK BiLEVE and UK Biobank Axiom 

arrays, and initial quality control performed by the UK Biobank (29). We used the ‘v3’ release of the 

genetic data, imputed to the full set of Haplotype Reference Consortium reference panel (30) and the 

merged UK10K and 1000 Genomes Phase III reference panels (31). Approximately 93 million directly 

genotyped and imputed autosomal genetic markers were available after quality control. From these, 

we derived genetic risk scores for T2D using 424 single-nucleotide polymorphisms (SNPs) (32), 

insulin resistance using 53 SNPs (33) and BMI using 97 SNPs (34), weighted by their relative effect 

size extracted from the reference genome-wide association studies. Participants were excluded from 

the specific analysis if they had a missing value of the stratification variable. 

Statistical analysis

As likely date of T2D diagnosis was inferred rather than measured, our primary analysis used logistic. 

Cubic splines with four evenly-spaced knots were used to examine the shape of the dose-response 

relationship between PAEE and incident T2D. We fit three models progressively adjusting for 

covariates. Model 0 adjusted for age, sex, and season of accelerometry wear. Season of wear is not a 

confounder (not associated with the outcome) but explains considerable variance in the exposure and 

is included to improve the precision of estimates (35). Model 1 additionally adjusted for all other 

demographic and lifestyle variables, and parental history of diabetes; Model 2 additionally adjusted for 

BMI, which may be considered to partially be on the causal pathway between PA and T2D. All 

continuous covariates except BMI met the linearity assumption as assessed visually by fractional 

polynomials. The shape of the BMI association was best modelled by including both a linear and a 

log-transformed term, determined using likelihood ratio tests. The reference value was 25 kJ.kg-1.d-1, 

approximately the 5th percentile of the PAEE distribution in the sample.
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We estimated the linear association between PAEE (per 5 kJ.kg-1.d-1) and incident T2D using the 

same three levels of adjustment. We also estimated the association between PAEE and T2D within 

subgroups of the potential effect modifiers. P-values for interaction were reported based on a 

likelihood ratio test comparing models with and without an interaction term. Genetic risk score 

analyses were additionally adjusted for the UK Biobank genotyping arrays and 10 genetic principal 

components, but did not adjust for ethnicity as analyses were restricted to those of white European 

ancestry (the population in which the scores were derived). 

Finally, we investigated the joint association of PAEE and %MVPA with T2D in the whole sample. 

Both exposures were included as linear terms alongside an interaction term in a logistic regression 

model. Odds ratios for selected values of %MVPA (10%, 20%, 30%, 40%) were displayed graphically 

across the corresponding observed range of PAEE, with tables showing the odds ratios for specific 

combinations.

We performed several sensitivity analyses on the linear association between PAEE and T2D in the 

whole sample: (1) a time-to-event analysis using Cox regression, (2) imputation of missing covariate 

data, (3) excluding participants whose estimated T2D event date occurred within the first two years 

post-accelerometry, (4) excluding participants who were underweight (BMI <18.5 kg/m2), and (5) 

excluding participants with HbA1c > 48mmoL/mol at study baseline (n=386). HbA1c was obtained 

from blood samples collected at the initial recruitment visit. Further details on the assay used are 

provided on the UK Biobank website (36). We also repeated the PAEE-%MVPA analysis additionally 

adjusting for waist circumference to shed light on the potential role of abdominal adiposity (37), and 

using alternative cut points for MVPA (100mg and 150mg). We also included a supplementary 

analysis of the association between time spent in MVPA and incident T2D risk using cubic splines as 

described above. 

All analyses performed in Stata v16.1 (StataCorp, TX). Figures were produced in R and 

Biorender.com.
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Results

Sample descriptives

The main analytical sample consisted of n=90,096 individuals (57% women, mean age at 

accelerometry baseline 62 (SD 7.8) years). There were 2018 incident T2D events. Table 1 presents 

the descriptive characteristics of the sample by tertile of PAEE. Supplementary Table 1 presents 

these characteristics by incident T2D status.

Cubic spline modelled associations of PAEE and incident T2D

Figure 1 shows the cubic spline modelled association between PAEE and incident T2D for the three 

levels of model adjustment. The association was approximately linear; compared with a PAEE of 25 

kJ.kg-1.d-1, the odds ratios adjusted for demographic, lifestyle, and health-related confounders except 

BMI (Model 1) were 0.78 (95% confidence interval: 0.75-0.82), 0.52 (0.46-0.59), and 0.36 (0.32-0.41) 

at 30, 40, and 50 kJ.kg-1.d-1, respectively. The comparable odds ratios after additional adjustment for 

BMI (Model 2) were 0.86 (0.82-0.90), 0.72 (0.63-0.82), and 0.59 (0.52-0.68), respectively 

(Supplementary Table 2). 

Linear associations of PAEE and incident T2D

We observed 19% (17-21%) lower odds of incident T2D per 5 kJ.kg-1.d-1 higher PAEE in Model 1 

(Supplementary Figure 5, Supplementary Table 3). With further adjustment for BMI (Model 2), odds 

were 11% (9-13%) lower(Figure 2). 

The associations were stronger for men than for women. The Model 1 odds ratios were 0.79 (0.77-

0.82) and 0.83 (0.81-0.86), respectively, with a borderline significant interaction (p-value for 

interaction, 0.033). The magnitude of the difference in the association between men and women was 

greater with further BMI adjustment (Model 2 odds ratios 0.86 (0.83-0.88) for men and 0.95 (0.91-

0.98) for women, with a p-value for interaction <0.001). 

The associations were weaker amongst the obese than the other BMI subgroups. The Model 2 odds 

ratios (including adjustment for BMI within subgroup) were 0.87 (0.82-0.93) for those of normal 

weight, 0.85 (0.82-0.89) for those who were overweight, and 0.93 (0.90-0.96) for those who were 
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obese (p-value for interaction 0.002). This pattern of association was also observed for the tertiles of 

BMI genetic risk  score, i.e. weaker associations in those at higher genetic risk of obesity.

There was some evidence that the association was stronger in White compared to than non-White 

individuals but this analysis is underpowered because of the small size of the non-White population 

subgroup in UK Biobank. There was no evidence of an interaction by age group, prevalent CVD or 

cancer status, or genetic risk for T2D or insulin resistance. There were no differences in strength of 

association across tertiles of cardiorespiratory fitness or grip strength in the BMI adjusted models, 

although the association was slightly stronger in the higher tertile of cardiorespiratory fitness in Model 

1.

There were negligible differences in the magnitude of the association between PAEE and incident 

T2D across the range of sensitivity analyses undertaken (Supplementary Table 4). The Model 2 

hazard ratio from Cox regression was 0.89 (0.87-0.91). The Model 1 and Model 2 odds ratios ranged 

between 0.81-0.82 and 0.89-0.90 respectively when missing data were imputed, and for different 

exclusion criteria (events estimated to occur within 2 years of accelerometry, those with BMI <18.5 

kg/m2 were excluded, and those with HbA1c >48 mmoL/mol).

Joint associations of PAEE and %MVPA with incident T2D

The association between %MVPA and incident T2D was approximately linear (Supplementary Figure 

6). 

In the confounder and BMI-adjusted model (Model 2), a fixed PAEE of 25 kJ.kg-1.d-1, a 20% 

contribution MVPA was associated with 21% (15%-26%) lower odds of incident T2D compared to a 

10% contribution of MVPA (Figure 3, Supplementary Table 5). Meanwhile 30% and 40% MVPA were 

associated with 37% (27-46%) and 50% (38-60%) lower odds respectively. When %MVPA was fixed, 

higher volumes of PAEE were associated with lower odds of incident T2D. The greatest risk 

reductions were observed with a combination of high PAEE and higher %MVPA. For example, those 

with a PAEE of 50 kJ.kg-1.d-1 and 40% MVPA had 58% (52-64%) lower odds of incident T2D 

compared with those a PAEE 15 kJ.kg-1.d-1 and 10% MVPA. Supplementary Figure 7 presents the 
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BMI-adjusted odds ratios for further combinations of PAEE and %MVPA, grouping those with similar 

durations of MVPA.

The associations were stronger without adjustment for BMI (Model1; Supplementary Figure 8). This 

was evident both with regards to the slope of the association between PAEE and incident T2D for a 

given %MVPA, and for the slope of the %MVPA association for a given PAEE, when compared to 

Model 2. Also, for a given value of PAEE, the differences across selected %MVPA values were 

greater. 

In sensitivity analyses, adjustment for waist circumference as well as BMI attenuated the odds ratios 

by up to 5 percentage points (Supplementary Table 5). The %MVPA associations tended to be 

slightly weaker using a lower movement intensity threshold for MVPA (100mg) and stronger using a 

higher threshold (150mg). The greatest differences in magnitude were evident at the higher end of the 

PAEE and %MVPA range (Supplementary Table 6).

Time spent in MVPA

Supplementary Figure 9 shows the cubic spline modelled association between time spent in MVPA 

and incident T2D for the three levels of model adjustment. The association was approximately linear. 

Compared to a reference value of 0.5 hours/day, the odds ratios for Model 1 were 0.57 (0.52-0.63), 

and 0.39 (0.34-0.44) at 1 and 1.5 hours/day, respectively. The comparable odds ratios after additional 

adjustment for BMI (Model 2) were 0.74 (0.67-0.81) and 0.60 (0.53-0.68), respectively 

(Supplementary Table 7).

Conclusions

In this large prospective cohort study with objective measurement of physical activity, we found that 

estimated PAEE was inversely associated with incident T2D. Both without and with adjustment for 

BMI, the relationship between PAEE and risk of T2D was linear with no observable attenuation in the 

association even at much higher PAEE levels. The magnitude of the association is that there is a 19% 

and 11% lower odds per 5 kJ.kg-1.d-1 for the models without and with adjustment of BMI; a difference 

in PAEE equivalent to an additional 20-min brisk walk per day. These results suggest that the benefits 

of higher physical activity on T2D risk are constant, whatever the initial level of activity (i.e. ‘some is 
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good but more is better’). The strength of the association differed by sex, BMI, and genetic 

susceptibility to obesity. However, a linear inverse association between PAEE and incident T2D was 

evident amongst all subgroups investigated, except those of non-white ethnicity, which was 

underpowered.

We also found an association for moderate physical activity intensity, over and above total activity 

volume, with incident T2D risk. In other words, accumulating the same volume through higher 

intensity activity was associated with lower odds of T2D than accumulating through lower intensity 

activity. This is in line with our findings for all-cause mortality and CVD (12,15). It highlights the key 

message that health benefits can be achieved through a variety of combinations of volume and 

intensity but that if practical and appealing, undertaking more intense activity should be encouraged.

Few studies have quantified the relationship between objectively measured physical activity and risk 

of T2D. Our estimates suggest a stronger association than has been typically observed in the 

literature. In a cohort of 16,415 Hispanic/Latino adults, Cuthbertson et al. (2022) estimated a 2% (0-

5%) lower hazard of incident diabetes per 1,000 steps/day; with the association fully attenuated after 

adjustment for BMI (21). Similarly, Garduno et al. (2022) found their estimated 12% (0-22%) lower 

hazard of incident diabetes per 2,000 steps/day to be non-significant after BMI adjustment amongst a 

sample of 4,838 older US women (19). Ballin et al. (2020) found a non-linear association between 

daily step count and incident diabetes amongst 3,055 older Swedish men and women (22). Compared 

to the sample median of 7,445 steps/day, the lowest extreme of the distribution (~1000 steps/day) had 

a three-fold higher risk, and there were no differences in risk amongst the upper half of the exposure 

distribution. Both Cuthbertson et al. and Garduno et al. found the relationship to be approximately 

linear, while Ballin et al. observed a non-linear dose-response relationship typically observed between 

physical activity and other chronic health outcomes (19,21,22). Cuthbertson et al. also found lower 

incidence of T2D (21). 

As BMI is a known mechanism through which physical activity may influence the risk of T2D (38), 

adjustment likely produces a conservative estimate of association. However, as BMI also acts as a 

confounder (28), not adjusting for it likely results in an overestimation of the association. Our results 

tentatively suggest that more of the association between PAEE and T2D is mediated through BMI 

amongst women, as we observed a greater difference between Models 1 and 2 than for men. 
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However, the finding of a stronger association amongst men than women needs confirmation in 

further studies. We note this finding is opposite to the sex-specific meta-analytical results of self-

reported data by Smith et al. (1), and the trends observed by Cuthbertson et al. (21). 

We found no evidence of an interaction of PAEE and incident T2D with genetic predisposition to T2D 

or insulin resistance. We did observe a smaller effect size in individuals who were obese at baseline 

and in those who had higher genetic susceptibility to obesity. However, it is absolute rather than 

relative risk which determines the benefits of targeted prevention. There is an extremely strong 

relationship between obesity and T2D risk, as demonstrated by the distribution of cases in the 

different obesity strata in Figure 2 (approximately 3- and 9-fold higher for overweight and obese 

compared with normal-weight). Therefore, the absolute risk difference for a difference in PAEE in the 

subgroup of obese individuals will still be much larger than in non-obese subgroups despite the lower 

relative risk. Therefore, these results suggest that population-level approaches to increasing PAEE in 

all individuals should remain a public health priority.

Our finding that activity intensity plays a role over and above volume in T2D risk is interesting to 

consider from a mechanistic perspective. Our sensitivity analysis additionally adjusting for waist 

circumference showed further attenuation, potentially indicating visceral fat as an important factor. 

Previous research has suggested that higher intensity activities may impact T2D risk through 

metabolic adaptations while lower intensity activities may be mediated through changes in BMI (37). 

This is plausible as higher intensities require greater reliance on carbohydrate oxidation (39), which 

may increase the expression and activity of proteins related to glucose metabolism and insulin 

signalling. It is also possible that the greater stimulation of cardiovascular related pathways (e.g. 

stroke volume, capillary density, red blood cell, mitochondrial density) (40), leads to improved 

cardiorespiratory fitness, which in turn lowers the risk of T2D (41). The main strength of this study is 

the accurate quantification of PAEE at a large scale. This allows the investigation of dose-response 

relationships within subgroups and identification of interactions. We have also undertaken several 

sensitivity analyses indicating that the analytical assumptions made have a negligible impact on 

overall conclusions. A key limitation is the reliance on hospital episode statistics and mortality data for 

the ascertainment of T2D. Although it would be preferable to enhance ascertainment with information 

from other sources, particularly primary care records, these are not currently available for the whole 

cohort. However, it is important to note that 58% of our sample attended hospital in the follow-up 
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period of approximately 6 years and that diabetes is routinely recorded when admitted to hospital for 

other reasons in the UK. Thus the under-ascertainment that might be presumed through use of 

secondary care data may not be as consequential as it may appear (27) and the bias diminishes over 

time. Under the assumption that errors in the outcome classification are not associated with the 

exposure, the implication for our results of ascertainment error is to increase the uncertainty around 

the estimate of the association (42). To mitigate the issue of the likely diagnosis date being earlier 

than the first secondary care record, we used logistic regression rather than a time-to-event analysis 

method. That being said, our sensitivity analysis using Cox regression produced very similar 

estimates of association. Another potential limitation is that our estimate of PAEE relies on the 

accurate reflection of energy expenditure from dominant wrist acceleration. Given the method’s 

documented validity in a UK population (13,14), this is a reasonable assumption at a whole sample 

level. The distribution of estimated PAEE is narrower than PAEE measured with stable isotopes and 

resting metabolic rate assessment; this error would lead to the amplification of the dose-response 

relationship. However, individuals who engage primarily in activities such as resistance exercise or 

cycling may not be appropriately characterised by the wrist measure which was also only done at a 

single time-point, thus not accounting for variability in activity levels over time, all of which could 

attenuate the associations. Other limitations include the measurement of covariates 5 years prior to 

accelerometry which may increase residual confounding in our estimates. However, we have 

previously shown that the majority of covariates are stable over this period, the exceptions being 

employment status and medication use (12). Also, the UK Biobank is not a representative national 

survey with a 5.5% response rate and respondents shown to be healthier and more affluent than the 

general population (43). However, our sample median PAEE of 42 kJ.kg-1.d-1 is in line with nationally 

representative age-specific estimates (11).

In summary, we have shown a strong linear relationship between accelerometer-derived PAEE and 

incident T2D in a large sample of middle-aged adults. A difference in PAEE equivalent to an additional 

daily 20-minute brisk walk was associated with 19% lower odds of T2D. The association was broadly 

similar across population subgroups although slightly stronger in men than women, and weaker in 

those with obesity and higher genetic susceptibility to obesity. These results support physical activity 

for the prevention of diabetes in the whole population. For a given level of PAEE, engaging in a 

greater proportion of moderate-to-vigorous activity was associated with additional benefits. Therefore, 
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the role of activity intensity, over and above its contribution to PAEE, appears to be important for 

incident T2D.
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Table 1

Descriptive characteristics by tertile of physical activity energy expenditure; UK Biobank (n=90,096)

Physical Activity Energy Expenditure

Tertile 1 Tertile 2 Tertile 3

Whole sample

Sample size (% of total analysis sample) 30032 
(33.3%)

30032 
(33.3%)

30032 
(33.3%)

90096 
(100.0%)

PAEE range (kJ.kg-1.d-1) 2.8-36.1 36.1-45.4 45.4-129.2 2.8-129.2

PAEE in kJ.kg-1.d-1, mean (SD) 29.9 (4.8) 40.6 (2.6) 54.1 (8.0) 41.5 (11.4)

MVPA in hours.d-1, mean (SD) 0.7 (0.3) 1.2 (0.3) 1.9 (0.5) 1.2 (0.6)

Diabetes incident events (n, %) 1111 (3.7%) 578 (1.9%) 329 (1.1%) 2018 (2.2%)

Age in years, mean (SD) 64.5 (7.5) 62.3 (7.7) 60.1 (7.7) 62.3 (7.8)

Age group, (n, %)

<60 years 7982 (26.6%) 11252 
(37.5%)

14476 
(48.2%) 33710 (37.4%)

60-70 years 14112 
(47.0%)

13566 
(45.2%)

12385 
(41.2%) 40063 (44.5%)

>70 years 7938 (26.4%) 5214 (17.4%) 3171 (10.6%) 16323 (18.1%)

Female sex, (n, %) 15333 
(51.1%)

17623 
(58.7%)

18478 
(61.5%) 51434 (57.1%)

Ethnicity, (n, %)

White 29310 
(97.6%)

29213 
(97.3%)

28990 
(96.5%) 87513 (97.1%)

Asian excl. Chinese 245 (0.8%) 253 (0.8%) 262 (0.9%) 760 (0.8%)

Chinese 43 (0.1%) 57 (0.2%) 97 (0.3%) 197 (0.2%)

Black 177 (0.6%) 219 (0.7%) 310 (1.0%) 706 (0.8%)

Mixed 136 (0.5%) 141 (0.5%) 189 (0.6%) 466 (0.5%)

Any other ethnic group 121 (0.4%) 149 (0.5%) 184 (0.6%) 454 (0.5%)

Townsend Index of Deprivation, mean (SD) -1.7 (2.9) -1.8 (2.8) -1.8 (2.8) -1.8 (2.8)

Highest education level achieved, (n, %)

No qualification 2953 (9.8%) 2189 (7.3%) 1983 (6.6%) 7125 (7.9%)

Any other qualification 14328 
(47.7%)

14364 
(47.8%)

14606 
(48.6%) 43298 (48.1%)

Degree level or above 12751 
(42.5%)

13479 
(44.9%)

13443 
(44.8%) 39673 (44.0%)

Employment status, (n, %)

Unemployed 14427 
(48.0%)

11519 
(38.4%) 9376 (31.2%) 35322 (39.2%)

In paid employment 15605 
(52.0%)

18513 
(61.6%)

20656 
(68.8%) 54774 (60.8%)

Smoking status, (n, %)

Never 16463 
(54.8%)

17542 
(58.4%)

17905 
(59.6%) 51910 (57.6%)

Previous 11164 
(37.2%)

10656 
(35.5%)

10431 
(34.7%) 32251 (35.8%)

Current 2405 (8.0%) 1834 (6.1%) 1696 (5.6%) 5935 (6.6%)

Alcohol drinking status, (n, %)

Never 1838 (6.1%) 1558 (5.2%) 1538 (5.1%) 4934 (5.5%)

< Twice a week 14131 
(47.1%)

13413 
(44.7%)

13316 
(44.3%) 40860 (45.4%)

At least three times a week 14063 
(46.8%)

15061 
(50.1%)

15178 
(50.5%) 44302 (49.2%)

Sleep duration, (n, %)

< 7 hours 6503 (21.7%) 6478 (21.6%) 6587 (21.9%) 19568 (21.7%)
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7-8 hours 20981 
(69.9%)

21732 
(72.4%)

22123 
(73.7%) 64836 (72.0%)

> 8 hours 2548 (8.5%) 1822 (6.1%) 1322 (4.4%) 5692 (6.3%)

Fruit and veg intake score, mean (SD) 1.6 (1.1) 1.7 (1.1) 1.8 (1.2) 1.7 (1.1)

Parental history of diabetes, (n, %)

No 25088 
(83.5%)

24934 
(83.0%)

24938 
(83.0%) 74960 (83.2%)

Yes 4944 (16.5%) 5098 (17.0%) 5094 (17.0%) 15136 (16.8%)

Body Mass Index (kg/m2), mean (SD) 27.8 (4.8) 26.5 (4.2) 25.3 (3.8) 26.5 (4.4)

Body Mass Index, (n, %)

Underweight (<18.5 kg/m2) 111 (0.4%) 150 (0.5%) 282 (0.9%) 543 (0.6%)

Normal weight (18.5-25 kg/m2) 8677 (28.9%) 11965 
(39.8%)

15332 
(51.1%) 35974 (39.9%)

Overweight (25-30 kg/m2) 13217 
(44.0%)

12874 
(42.9%)

11175 
(37.2%) 37266 (41.4%)

Obese (>30 kg/m2) 8027 (26.7%) 5043 (16.8%) 3243 (10.8%) 16313 (18.1%)

Prevalent cardiovascular disease, (n, %)

No 21144 
(70.4%)

22835 
(76.0%)

24240 
(80.7%) 68219 (75.7%)

Yes 8647 (28.8%) 6960 (23.2%) 5598 (18.6%) 21205 (23.5%)

Prevalent cancer, (n, %)

No 25695 
(85.6%)

26514 
(88.3%)

27203 
(90.6%) 79412 (88.1%)

Yes 4334 (14.4%) 3515 (11.7%) 2829 (9.4%) 10678 (11.9%)

BMI genetic risk score tertile, (n, %)

Lowest tertile 9386 (31.3%) 9361 (31.2%) 9334 (31.1%) 28081 (31.2%)

Middle tertile 9368 (31.2%) 9319 (31.0%) 9398 (31.3%) 28085 (31.2%)

Upper tertile 9430 (31.4%) 9465 (31.5%) 9190 (30.6%) 28085 (31.2%)
Insulin resistance risk score tertile (weighted), (n, 
%)

Lowest tertile 9470 (31.5%) 9277 (30.9%) 9336 (31.1%) 28083 (31.2%)

Middle tertile 9457 (31.5%) 9454 (31.5%) 9173 (30.5%) 28084 (31.2%)

Upper tertile 9257 (30.8%) 9414 (31.3%) 9413 (31.3%) 28084 (31.2%)

Type 2 Diabetes genetic risk score tertile, (n, %)

Lowest tertile 9366 (31.2%) 9394 (31.3%) 9323 (31.0%) 28083 (31.2%)

Middle tertile 9434 (31.4%) 9421 (31.4%) 9229 (30.7%) 28084 (31.2%)

Upper tertile 9384 (31.2%) 9330 (31.1%) 9370 (31.2%) 28084 (31.2%)

Season of wear was modelled as two orthogonal spline variables; a visualisation of these variables has been previously 

published in Strain et al. (2020) (12). Genetic risk scores were derived for those of white European ancestry only. PAEE: 

Physical activity energy expenditure; SD: standard deviation.  A higher Townsend index score indicates greater deprivation. 
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Figure Titles and Legends

Figure 1: Cubic spline modelled association between PAEE and incident type 2 diabetes; UK Biobank 

(n=90,096)

Model 0 adjusted for age, sex, and season of accelerometry wear (using two orthogonal sine functions); Model 1 additionally 

adjusted for ethnicity, Townsend Index of deprivation, highest educational level achieved, employment status, parental history 

of diabetes, smoking status, alcohol drinking status, sleep duration, and fruit and vegetable intake. Model 2 additionally 

adjusted for body mass index. Data presented for the observed range of PAEE amongst incident cases. PAEE: physical activity 

energy expenditure, BMI: body mass index.

Figure 2: Odds ratios for incident type 2 diabetes per 5 kJ.kg-1.d-1 PAEE for the whole sample and in 

subgroups adjusted for BMI and other confounding factors (Model 2); UK Biobank (n=90,096)

Model 2 adjusted for age, sex, season of accelerometry wear (using two orthogonal sine functions), ethnicity, Townsend Index 

of deprivation, highest educational level achieved, employment status, parental history of diabetes, smoking status, alcohol 

drinking status, sleep duration, fruit and vegetable intake, and body mass index. Genetic risk score stratified analyses also 

adjusted for UK Biobank genotyping array and 10 genetic principal components but did not adjust for ethnicity as analyses were 

restricted to those of white European ancestry. PAEE: physical activity energy expenditure, CMI: Cumulative incidence, CVD: 

cardiovascular disease, BMI: body mass index, GRS: genetic risk score. p-value for interaction between subgroups.

Figure 3: The joint association of PAEE and %MVPA with the odds of incident type 2 diabetes 

adjusted for BMI and other confounding factors (Model 2); UK Biobank (n=90,096)

Model 2 adjusted for age, sex, season of accelerometry wear (using two orthogonal sine functions), ethnicity, Townsend Index 

of deprivation, highest educational level achieved, employment status, parental history of diabetes, smoking status, alcohol 

drinking status, sleep duration, fruit and vegetable intake, and body mass index. Data presented for the observed range of 

PAEE amongst incident cases for a range around the %MVPA value (±5%, extending to respective end of distributions for 10% 

and 40%). PAEE: physical activity energy expenditure, %MVPA: percentage of PAEE from MVPA, BMI: body mass index.
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Supplementary Tables and Figures

Supplementary Figure 1

Timeline of measurements and sample sizes for those included in the present study.

Figure created using Biorender.com. Covariate data was obtained at assessment centre visits with the data provided at the closest time point prior to accelerometry used (unless otherwise stated in 

the Methods). Hospital episode statistics were used to inform prevalent disease status prior to accelerometry and were one method of incident Type 2 diabetes diagnosis ascertainment in the follow 

up period alongside mortality records.
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Supplementary Figure 2

Derivation and validation of PAEE from dominant wrist-worn accelerometry

Created with biorender.com. PAEE: physical activity energy expenditure; AEE: activity energy expenditure. References 
provided at the end of the Supplementary Materials.
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Supplementary Figure 3

Scatter plot showing PAEE and the percentage of PAEE from MVPA by incident type 2 diabetes 

status; UK Biobank (n=90,096)

PAEE: Physical Activity Energy Expenditure, MVPA: moderate-to-vigorous physical activity. Pearson’s correlation coefficient 
between PAEE and the percentage of PAEE from MVPA = 0.72
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Supplementary Figure 4

A simplified diagram displaying the rationale for covariate adjustment 

Figure created using Biorender.com. Models progressively adjusted for variables listed above i.e. Model 2 also adjusted for variables listed under Models 0 and 1. References are provided at the end 
of the Supplementary Materials.
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Supplementary Figure 5

Odds ratios for incident type 2 diabetes per 5 kJ.kg-1.d-1 PAEE for the whole sample and in subgroups 

with adjustment for confounding factors but not BMI (Model 1); UK Biobank (n=90,096)

Model 1 displayed; adjusted for age, sex, season of accelerometry wear (using two orthogonal sine functions), ethnicity, 
Townsend Index of deprivation, highest educational level achieved, employment status, parental history of diabetes, smoking 
status, alcohol drinking status, sleep duration, and fruit and vegetable intake. Genetic risk score stratified analyses also 
adjusted for UK Biobank genotyping array and 10 genetic principal components but did not adjust for ethnicity as analyses were 
restricted to those of white European ancestry. PAEE: physical activity energy expenditure, CMI: Cumulative incidence, CVD: 
cardiovascular disease, BMI: body mass index, GRS: genetic risk score.
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Supplementary Figure 6

Cubic spline modelled association between the percentage of PAEE from MVPA and incident type 2 

diabetes; UK Biobank (n=90,096)

Model 0 adjusted for age, sex, season of accelerometry wear (using two orthogonal sine functions), and PAEE; Model 1 

additionally adjusted for ethnicity, Townsend Index of deprivation, highest educational level achieved, employment status, 

parental history of diabetes, smoking status, alcohol drinking status, sleep duration, and fruit and vegetable intake. Model 2 

additionally adjusted for body mass index. Data presented for the observed range of %MVPA amongst incident cases.  PAEE: 

physical activity energy expenditure, %MVPA: percentage of PAEE from MVPA, BMI: body mass index.
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Supplementary Figure 7

The relative risk of incident Type 2 diabetes for combinations of PAEE and %MVPA adjusted for BMI; UK Biobank (n=90,096). 

PAEE: physical activity energy expenditure, %MVPA: percentage of PAEE from MVPA. BMI-adjusted odds ratio for type 2 diabetes represented by the colour gradient with 25 kJ/kg/day and 10% as 

reference values. Size of the points represents sample size and segments indicate the approximate average minutes of unbouted MVPA for each combination. Lines divide groups of similar 

observed median values of MVPA time, as indicated by the text. Each data point represents categories of dimensions 2.5 kJ/kg/day * 2.5%. Data points are placed at the midpoint of these 

categories. Points are not shown if there were no observations for that combination. Data are shown within the observed range of PAEE and %MVPA amongst incident type 2 diabetes cases.

Page 61 of 78

CONFIDENTIAL-For Peer Review Only

Diabetes Care



Supplementary Figure 8

The joint association of PAEE and %MVPA with the odds of incident type 2 diabetes (Model 1 

emphasised); UK Biobank (n=90,096)

Model 1 adjusted for age, sex, season of accelerometry wear (using two orthogonal sine functions), ethnicity, Townsend Index 

of deprivation, highest educational level achieved, employment status, parental history of diabetes, smoking status, alcohol 

drinking status, sleep duration, fruit and vegetable intake. Model 2 additionally adjusted for body mass index. Data presented 

for the observed range of PAEE amongst incident cases for a range around the %MVPA value (±5%, extending to respective 

end of distributions for 10% and 40%). PAEE: physical activity energy expenditure, %MVPA: percentage of PAEE from MVPA.
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Supplementary Figure 9

Cubic spline modelled association between time spent in MVPA and incident type 2 diabetes; UK 

Biobank (n=90,096)

Model 0 adjusted for age, sex, and season of accelerometry wear (using two orthogonal sine functions); Model 1 additionally 

adjusted for ethnicity, Townsend Index of deprivation, highest educational level achieved, employment status, parental history 

of diabetes, smoking status, alcohol drinking status, sleep duration, and fruit and vegetable intake. Model 2 additionally 

adjusted for body mass index. Data presented for the observed range of MVPA amongst incident cases. MVPA: moderate-to-

vigorous physical activity, BMI: body mass index.
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Supplementary Table 1

Descriptive characteristics by incident Type 2 Diabetes status; UK Biobank (n=90,096) 

Incident Type 2 Diabetes status

Non-cases Cases
Whole sample

Sample size (% of total analysis sample) 88078 (97.8%) 2018 (2.2%) 90096 (100.0%)

PAEE range (kJ/kg/d) 2.8-129.2 7.0-85.3 2.8-129.2

PAEE in kJ/kg/d, mean (SD) 41.7 (11.3) 35.5 (10.3) 41.5 (11.4)

Percentage of PAEE from MVPA, mean (SD) 34.7 (11.1) 28.2 (10.5) 34.6 (11.1)

Age in years, mean (SD) 62.2 (7.8) 65.2 (7.4) 62.3 (7.8)

Age group, (n, %)

<60 years 33221 (37.7%) 489 (24.2%) 33710 (37.4%)

60-70 years 39132 (44.4%) 931 (46.1%) 40063 (44.5%)

>70 years 15725 (17.9%) 598 (29.6%) 16323 (18.1%)

Female sex, (n, %) 50603 (57.5%) 831 (41.2%) 51434 (57.1%)

Ethnicity, (n, %)

White 85612 (97.2%) 1901 (94.2%) 87513 (97.1%)

Asian excl. Chinese 714 (0.8%) 46 (2.3%) 760 (0.8%)

Chinese 194 (0.2%) 3 (0.1%) 197 (0.2%)

Black 668 (0.8%) 38 (1.9%) 706 (0.8%)

Mixed 454 (0.5%) 12 (0.6%) 466 (0.5%)

Any other ethnic group 436 (0.5%) 18 (0.9%) 454 (0.5%)
Townsend Index of Deprivation, mean (SD) -1.8 (2.8) -1.1 (3.1) -1.8 (2.8)

Highest education level achieved, (n, %)

No qualification 6797 (7.7%) 328 (16.3%) 7125 (7.9%)

Any other qualification 42227 (47.9%) 1071 (53.1%) 43298 (48.1%)

Degree level or above 39054 (44.3%) 619 (30.7%) 39673 (44.0%)

Employment status, (n, %)

Unemployed 34284 (38.9%) 1038 (51.4%) 35322 (39.2%)

In paid employment 53794 (61.1%) 980 (48.6%) 54774 (60.8%)

Smoking status, (n, %)

Never 51009 (57.9%) 901 (44.6%) 51910 (57.6%)

Previous 31341 (35.6%) 910 (45.1%) 32251 (35.8%)

Current 5728 (6.5%) 207 (10.3%) 5935 (6.6%)

Alcohol drinking status, (n, %)

Never 4735 (5.4%) 199 (9.9%) 4934 (5.5%)

< Twice a week 39852 (45.2%) 1008 (50.0%) 40860 (45.4%)

At least three times a week 43491 (49.4%) 811 (40.2%) 44302 (49.2%)

Sleep duration, (n, %)

< 7 hours 19001 (21.6%) 567 (28.1%) 19568 (21.7%)

7-8 hours 63573.0 (72.2) 1263.0 (62.6) 64836.0 (72.0)

> 8 hours 5504 (6.2%) 188 (9.3%) 5692 (6.3%)

Fruit and veg intake score,  mean (SD) 1.7 (1.1) 1.5 (1.1) 1.7 (1.1)

Parental history of diabetes, (n, %)

No 73481.0 (83.4) 1479.0 (73.3) 74960.0 (83.2)

Yes 14597 (16.6%) 539 (26.7%) 15136 (16.8%)
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BMI (kg/m2),  mean (SD) 26.4 (4.3) 30.7 (5.6) 26.5 (4.4)

Body Mass Index, (n, %)

Underweight 541 (0.6%) 2 (0.1%) 543 (0.6%)

Normal weight 35732 (40.6%) 242 (12.0%) 35974 (39.9%)

Overweight 36486 (41.4%) 780 (38.7%) 37266 (41.4%)

Obese 15319 (17.4%) 994 (49.3%) 16313 (18.1%)

Prevalent CVD, (n, %)

No 67097 (76.2%) 1122 (55.6%) 68219 (75.7%)

Yes 20326 (23.1%) 879 (43.6%) 21205 (23.5%)

Missing 655 (0.7%) 17 (0.8%) 672 (0.7%)

Prevalent cancer, (n, %)

No 77747 (88.3%) 1665 (82.5%) 79412 (88.1%)

Yes 10325 (11.7%) 353 (17.5%) 10678 (11.9%)

Missing 6 (0.0%) 0 (0.0%) 6 (0.0%)

BMI genetic risk score tertile, (n, %)

Lowest tertile 27538 (31.3%) 543 (26.9%) 28081 (31.2%)

Middle tertile 27481 (31.2%) 604 (29.9%) 28085 (31.2%)

Upper tertile 27416 (31.1%) 669 (33.2%) 28085 (31.2%)

Missing 5643 (6.4%) 202 (10.0%) 5845 (6.5%)

Insulin resistance risk score tertile, (n, %)

Lowest tertile 27537 (31.3%) 546 (27.1%) 28083 (31.2%)

Middle tertile 27472 (31.2%) 612 (30.3%) 28084 (31.2%)

Upper tertile 27426 (31.1%) 658 (32.6%) 28084 (31.2%)

Missing 5643 (6.4%) 202 (10.0%) 5845 (6.5%)

Type 2 Diabetes genetic risk score tertile, (n, %)

Lowest tertile 27728 (31.5%) 355 (17.6%) 28083 (31.2%)

Middle tertile 27543 (31.3%) 541 (26.8%) 28084 (31.2%)

Upper tertile 27164 (30.8%) 920 (45.6%) 28084 (31.2%)

Missing 5643 (6.4%) 202 (10.0%) 5845 (6.5%)

Fitness tertile, (n, %)

Lower fitness 26446 (30.0%) 876 (43.4%) 27322 (30.3%)

Medium fitness 30032 (34.1%) 634 (31.4%) 30666 (34.0%)

Higher fitness 31548 (35.8%) 503 (24.9%) 32051 (35.6%)

Missing 52 (0.1%) 5 (0.2%) 57 (0.1%)

Grip strength tertile, (n, %)

Lower grip strength 30717 (34.9%) 849 (42.1%) 31566 (35.0%)

Medium grip strength 29380 (33.4%) 632 (31.3%) 30012 (33.3%)

Higher grip strength 27649 (31.4%) 526 (26.1%) 28175 (31.3%)

Missing 332 (0.4%) 11 (0.5%) 343 (0.4%)
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Supplementary Table 2

Odds ratios for incident type 2 diabetes for selected values of PAEE based on the cubic-spline 

models; UK Biobank (n=90,096)

Model 0 Model 1 Model 2

PAEE (kJ.kg-1.d-1) Odds ratio (95% CI) Odds ratio (95% CI) Odds ratio (95% CI)

20 1.41 (1.31-1.53) 1.31 (1.21-1.41) 1.20 (1.11-1.30)

25 1.00 1.00 1.00

30 0.74 (0.70-0.77) 0.78 (0.75-0.82) 0.86 (0.82-0.90)

40 0.46 (0.40-0.52) 0.52 (0.46-0.59) 0.72 (0.63-0.82)

50 0.31 (0.27-0.35) 0.36 (0.32-0.41) 0.59 (0.52-0.68)

60 0.21 (0.17-0.25) 0.24 (0.20-0.29) 0.45 (0.37-0.55)

Model 0 adjusted for age, sex, and season of accelerometry wear (using two orthogonal sine functions); Model 1 additionally 
adjusted for ethnicity, Townsend Index of deprivation, highest educational level achieved, employment status, parental history 
of diabetes, smoking status, alcohol drinking status, sleep duration, and fruit and vegetable intake. Model 2 additionally 
adjusted for body mass index. PAEE: physical activity energy expenditure, CI: confidence interval.
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Supplementary Table 3 

Linear associations between PAEE (per 5 kJ.kg-1.d-1) and incident type 2 diabetes for the whole sample and in subgroups; UK Biobank (n=90,096)

n / cases Cumulative incidence Model 0 OR (95% CI) Model 1 OR (95% CI)
p value for 
interaction 
(Model 1)

Model 2 OR (95% CI)
p value for 
interaction 
(Model 2)

Whole sample 90096 / 2018 2.24% 0.78 (0.77-0.80) 0.81 (0.79-0.83) 0.89 (0.87-0.91)

Sex

Women 51434 / 831 1.62% 0.81 (0.78-0.83) 0.83 (0.81-0.86) 0.95 (0.91-0.98)

Men 38662 / 1187 3.07% 0.77 (0.75-0.79) 0.79 (0.77-0.82) 0.033 0.86 (0.83-0.88) 0.000

Age group

<60 years 33710 / 489 1.45% 0.76 (0.72-0.79) 0.78 (0.74-0.81) 0.85 (0.81-0.88)

60-70 years 40063 / 931 2.32% 0.79 (0.76-0.82) 0.82 (0.79-0.84) 0.90 (0.87-0.93)

≥70 years 16323 / 598 3.66% 0.79 (0.76-0.83) 0.82 (0.78-0.85) 0.175 0.90 (0.86-0.94) 0.062

Ethnicity

White 87513 / 1901 2.17% 0.77 (0.76-0.79) 0.80 (0.78-0.82) 0.88 (0.86-0.91)

Non-white 2583 / 117 4.53% 0.92 (0.84-1.00) 0.92 (0.85-1.00) 0.002 0.98 (0.91-1.07) 0.018

BMI

Normal weight 35974 / 242 0.67% 0.84 (0.79-0.89) 0.86 (0.81-0.92) 0.87 (0.82-0.93)

Overweight 37266 / 780 2.09% 0.83 (0.80-0.86) 0.84 (0.81-0.87) 0.85 (0.82-0.89)

Obese 16313 / 994 6.09% 0.89 (0.86-0.92) 0.90 (0.87-0.93) 0.024 0.93 (0.90-0.96) 0.002

Prevalent CVD status

No prevalent CVD 68219 / 1122 1.65% 0.79 (0.76-0.81) 0.81 (0.78-0.83) 0.89 (0.86-0.92)

Prevalent CVD 21205 / 879 4.15% 0.81 (0.78-0.84) 0.83 (0.81-0.86) 0.172 0.91 (0.88-0.94) 0.353

Prevalent cancer status

No prevalent cancer 79412 / 1665 2.10% 0.78 (0.76-0.80) 0.81 (0.79-0.83) 0.89 (0.87-0.91)

Prevalent cancer 10678 / 353 3.31% 0.80 (0.75-0.84) 0.82 (0.78-0.87) 0.623 0.90 (0.85-0.95) 0.660
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BMI genetic risk score tertile

Lowest tertile 28081 / 543 1.93% 0.76 (0.73-0.80) 0.79 (0.75-0.82) 0.87 (0.83-0.91)

Middle tertile 28085 / 604 2.15% 0.75 (0.72-0.78) 0.78 (0.74-0.81) 0.86 (0.82-0.89)

Upper tertile 28085 / 669 2.38% 0.81 (0.78-0.85) 0.84 (0.81-0.87) 0.012 0.93 (0.90-0.97) 0.006

Insulin resistance genetic risk score tertile

Lowest tertile 22250 / 419 1.88% 0.76 (0.73-0.79) 0.78 (0.75-0.82) 0.87 (0.83-0.91)

Middle tertile 22234 / 465 2.09% 0.78 (0.75-0.81) 0.81 (0.78-0.85) 0.90 (0.86-0.94)

Upper tertile 22289 / 512 2.30% 0.78 (0.75-0.81) 0.81 (0.78-0.84) 0.472 0.89 (0.85-0.92) 0.598

Type 2 Diabetes genetic risk score tertile

Lowest tertile 22294 / 277 1.24% 0.73 (0.69-0.78) 0.77 (0.73-0.81) 0.85 (0.81-0.90)

Middle tertile 22228 / 410 1.85% 0.76 (0.73-0.80) 0.79 (0.76-0.83) 0.88 (0.84-0.92)

Upper tertile 22251 / 709 3.19% 0.80 (0.77-0.82) 0.82 (0.79-0.85) 0.072 0.90 (0.87-0.93) 0.191

Cardiorespiratory fitness

Lower fitness 20180 / 618 3.06% 0.81 (0.78-0.84) 0.84 (0.81-0.87) 0.91 (0.88-0.94)

Medium fitness 22745 / 425 1.87% 0.81 (0.78-0.85) 0.84 (0.80-0.87) 0.91 (0.87-0.95)

Higher fitness 23805 / 349 1.47% 0.76 (0.72-0.79) 0.78 (0.74-0.81) 0.022 0.86 (0.82-0.90) 0.072

Grip strength

Lower fitness 22975 / 586 2.55% 0.80 (0.77-0.83) 0.82 (0.80-0.85) 0.91 (0.88-0.94)

Medium fitness 22445 / 443 1.97% 0.77 (0.74-0.80) 0.80 (0.77-0.83) 0.88 (0.85-0.92)

Higher fitness 21102 / 360 1.71% 0.77 (0.74-0.81) 0.80 (0.76-0.83) 0.380 0.87 (0.83-0.91) 0.325

Model 0 adjusted for age, sex and season of accelerometry wear (using two orthogonal sine functions); Model 1 additionally adjusted for ethnicity, Townsend Index of deprivation, highest educational level achieved, 

employment status, parental history of diabetes, smoking status, alcohol drinking status, sleep duration, and fruit and vegetable intake. Model 2 additionally adjusted for body mass index. Genetic risk score stratified 

analyses also adjusted for UK Biobank genotyping array and 10 genetic principal components but did not adjust for ethnicity as analyses were restricted to those of white European ancestry. PAEE: physical activity 

energy expenditure, OR: odds ratio, CI: confidence interval, BMI: body mass index, CVD: cardiovascular disease.
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Supplementary Table 4

Sensitivity analyses for the linear associations per 5 kJ.kg-1.d-1 of PAEE and incident Type 2 Diabetes; UK Biobank (n=93,036)

Model 1 Model 2
n / cases

Hazard Ratio (95% CI) Hazard Ratio (95% CI)

Cox Regression 90096 / 2014 0.81 (0.80-0.83) 0.89 (0.87-0.91)

n / cases Odds Ratio (95% CI) Odds Ratio (95% CI)

Missing data imputed 93036 / 2131 0.81 (0.79-0.83) 0.89 (0.87-0.91)

Excluding early incident events (first 2 years) 89539 / 1461 0.82 (0.80-0.84) 0.90 (0.87-0.92)

Excluding underweight (BMI<18.5 kg/m2) 89553 / 2016 0.81 (0.79-0.83) 0.89 (0.87-0.91)

Excluding those with HbA1c>48 mmoL/mol 89710 / 1806 0.81 (0.79-0.83) 0.89 (0.87-0.91)

Model 1 adjusted for age, sex, season of accelerometry wear (using two orthogonal sine functions), ethnicity, Townsend Index of deprivation, highest educational level achieved, employment status, parental history 

of diabetes, smoking status, alcohol drinking status, sleep duration, fruit and vegetable intake. Model 2 additionally adjusted for body mass index. *Hazard ratio. PAEE: physical activity energy expenditure, CI: 

confidence interval.
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Supplementary Table 5

Associations between PAEE and %MVPA and incident Type 2 Diabetes for selected values of PAEE 

and %MVPA; UK Biobank (n=90,096)

Model 0 Model 1 Model 2
Additional 

adjustment for 
waist circumference

PAEE 
(kJ.kg-1.d-1) %MVPA

Odds Ratio (95% CI) Odds Ratio (95% CI) Odds Ratio (95% CI) Odds Ratio (95% CI)

20 10 1.12 (1.07-1.18) 1.08 (1.03-1.14) 1.02 (0.97-1.07) 1.02 (0.97-1.07)

25 10 1.00 1.00 1.00 1.00

30 10 0.89 (0.85-0.93) 0.92 (0.88-0.97) 0.98 (0.93-1.03) 0.98 (0.93-1.03)

40 10 0.70 (0.61-0.81) 0.79 (0.68-0.91) 0.94 (0.81-1.09) 0.95 (0.82-1.10)

50 10 N/A N/A N/A N/A

60 10 N/A N/A N/A N/A

20 20 0.76 (0.69-0.83) 0.77 (0.70-0.84) 0.81 (0.74-0.89) 0.83 (0.76-0.92)

25 20 0.68 (0.63-0.73) 0.71 (0.66-0.76) 0.79 (0.74-0.85) 0.81 (0.76-0.88)

30 20 0.60 (0.56-0.65) 0.65 (0.61-0.70) 0.77 (0.72-0.83) 0.79 (0.74-0.85)

40 20 0.48 (0.43-0.54) 0.55 (0.49-0.62) 0.73 (0.65-0.83) 0.75 (0.67-0.85)

50 20 0.39 (0.32-0.46) 0.47 (0.39-0.56) 0.70 (0.58-0.84) 0.72 (0.59-0.87)

60 20 0.31 (0.24-0.40) 0.40 (0.31-0.52) 0.66 (0.51-0.86) 0.68 (0.52-0.89)

20 30 0.51 (0.43-0.60) 0.54 (0.46-0.64) 0.65 (0.55-0.76) 0.68 (0.58-0.81)

25 30 0.46 (0.40-0.53) 0.50 (0.43-0.58) 0.63 (0.54-0.73) 0.66 (0.57-0.77)

30 30 0.41 (0.36-0.47) 0.46 (0.40-0.52) 0.61 (0.53-0.69) 0.64 (0.56-0.73)

40 30 0.33 (0.30-0.37) 0.39 (0.34-0.44) 0.57 (0.50-0.65) 0.60 (0.53-0.68)

50 30 0.27 (0.23-0.31) 0.33 (0.28-0.38) 0.54 (0.46-0.63) 0.56 (0.48-0.66)

60 30 0.22 (0.18-0.26) 0.28 (0.23-0.34) 0.51 (0.42-0.62) 0.53 (0.43-0.64)

20 40 0.34 (0.27-0.43) 0.38 (0.30-0.49) 0.51 (0.40-0.66) 0.56 (0.44-0.72)

25 40 0.31 (0.25-0.38) 0.35 (0.28-0.44) 0.50 (0.40-0.62) 0.54 (0.43-0.67)

30 40 0.28 (0.23-0.34) 0.32 (0.27-0.39) 0.48 (0.39-0.58) 0.52 (0.43-0.63)

40 40 0.23 (0.20-0.27) 0.27 (0.23-0.32) 0.45 (0.38-0.52) 0.48 (0.41-0.56)

50 40 0.19 (0.16-0.22) 0.23 (0.20-0.26) 0.42 (0.36-0.48) 0.44 (0.38-0.52)

60 40 0.15 (0.13-0.18) 0.19 (0.16-0.23) 0.39 (0.33-0.46) 0.41 (0.34-0.49)

N/A indicates this combination of PAEE and %MVPA not observed in this sample amongst incident cases. Model 0 adjusted for 

age, sex and season of accelerometry wear (using two orthogonal sine functions); Model 1 additionally adjusted for ethnicity, 

Townsend Index of deprivation, highest educational level achieved, employment status, parental history of diabetes, smoking 

status, alcohol drinking status, sleep duration, and fruit and vegetable intake; Model 2 additionally adjusted for body mass 

index. Data presented for the observed range of PAEE amongst incident cases for a range around the %MVPA value (±5%, 

extending to respective end of distributions for 10% and 40%). PAEE: physical activity energy expenditure, %MVPA: 

percentage of PAEE from MVPA, CI: confidence interval.
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Supplementary Table 6

Sensitivity analyses using different thresholds for MVPA to estimate the association between PAEE 

and %MVPA and incident Type 2 Diabetes; UK Biobank (n=90,096)

100mg 150mg

Model 1 Model 2 Model 1 Model 2PAEE %MVPA

Odds Ratio (95% CI) Odds Ratio (95% CI) Odds Ratio (95% CI) Odds Ratio (95% CI)

20 10 1.05 (0.99-1.12) 1.00 (0.93-1.06) 1.11 (1.06-1.15) 1.04 (1.00-1.08)

25 10 1.00 1.00 1.00 1.00

30 10 0.95 (0.89-1.01) 1.00 (0.94-1.07) 0.90 (0.87-0.94) 0.96 (0.92-1.00)

40 10 N/A N/A 0.74 (0.65-0.83) 0.89 (0.79-1.01)

50 10 N/A N/A 0.60 (0.49-0.73) 0.83 (0.68-1.01)

60 10 N/A N/A N/A N/A

20 20 0.78 (0.71-0.85) 0.81 (0.74-0.89) 0.76 (0.69-0.84) 0.82 (0.74-0.90)

25 20 0.73 (0.69-0.78) 0.80 (0.75-0.86) 0.69 (0.63-0.75) 0.78 (0.72-0.85)

30 20 0.69 (0.64-0.74) 0.80 (0.74-0.86) 0.62 (0.58-0.67) 0.75 (0.70-0.81)

40 20 N/A N/A 0.51 (0.47-0.56) 0.69 (0.63-0.76)

50 20 N/A N/A 0.42 (0.36-0.48) 0.64 (0.55-0.74)

60 20 N/A N/A 0.34 (0.28-0.42) 0.59 (0.48-0.72)

20 30 0.58 (0.49-0.67) 0.66 (0.56-0.77) 0.52 (0.43-0.63) 0.64 (0.53-0.78)

25 30 0.54 (0.47-0.61) 0.65 (0.57-0.74) 0.48 (0.40-0.56) 0.61 (0.52-0.73)

30 30 0.50 (0.44-0.57) 0.64 (0.56-0.72) 0.43 (0.37-0.50) 0.59 (0.51-0.68)

40 30 0.44 (0.38-0.50) 0.62 (0.54-0.72) 0.36 (0.32-0.40) 0.54 (0.48-0.61)

50 30 0.38 (0.31-0.46) 0.60 (0.49-0.74) 0.29 (0.26-0.33) 0.49 (0.43-0.56)

60 30 N/A N/A 0.24 (0.20-0.28) 0.45 (0.38-0.53)

20 40 0.43 (0.34-0.53) 0.53 (0.43-0.67) N/A N/A

25 40 0.39 (0.32-0.48) 0.52 (0.43-0.64) 0.33 (0.26-0.42) 0.48 (0.37-0.62)

30 40 0.36 (0.31-0.44) 0.51 (0.42-0.61) 0.30 (0.24-0.37) 0.46 (0.37-0.57)

40 40 0.31 (0.27-0.37) 0.49 (0.41-0.57) 0.25 (0.21-0.29) 0.42 (0.35-0.50)

50 40 0.27 (0.23-0.32) 0.47 (0.39-0.56) 0.20 (0.17-0.24) 0.38 (0.32-0.45)

60 40 0.23 (0.19-0.28) 0.45 (0.36-0.55) 0.17 (0.14-0.20) 0.35 (0.28-0.42)

Model 1 adjusted for age, sex, season of accelerometry wear (using two orthogonal sine functions), ethnicity, Townsend Index 

of deprivation, highest educational level achieved, employment status, parental history of diabetes, smoking status, alcohol 

drinking status, sleep duration, fruit and vegetable intake. Model 2 additionally adjusted for body mass index. Data presented 

for the observed range of PAEE amongst incident cases for a range around the %MVPA value (±5%, extending to respective 

end of distributions for 10% and 40%). PAEE: physical activity energy expenditure, %MVPA: percentage of PAEE from MVPA, 

CI: confidence interval.

Page 71 of 78

CONFIDENTIAL-For Peer Review Only

Diabetes Care



Supplementary Table 7

Odds ratios for incident type 2 diabetes for selected values of time spent in MVPA based on the 

cubic-spline models; UK Biobank (n=90,096)

Model 0 Model 1 Model 2
MVPA (hours/d)

Odds ratio (95% CI) Odds ratio (95% CI) Odds ratio (95% CI)

0.5 1.00 1.00 1.00

1 0.52 (0.47-0.57) 0.57 (0.52-0.63) 0.74 (0.67-0.81)

1.5 0.34 (0.30-0.38) 0.39 (0.34-0.44) 0.60 (0.53-0.68)

2 0.23 (0.19-0.27) 0.26 (0.22-0.31) 0.46 (0.39-0.55)

Model 0 adjusted for age, sex, and season of accelerometry wear (using two orthogonal sine functions); Model 1 additionally 
adjusted for ethnicity, Townsend Index of deprivation, highest educational level achieved, employment status, parental history 
of diabetes, smoking status, alcohol drinking status, sleep duration, and fruit and vegetable intake. Model 2 additionally 
adjusted for body mass index. MVPA: moderate-to-vigorous physical activity, CI: confidence interval.
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Figure 1: Cubic spline modelled association between PAEE and incident type 2 diabetes; UK Biobank 
(n=90,096) 

Model 0 adjusted for age, sex, and season of accelerometry wear (using two orthogonal sine functions); 
Model 1 additionally adjusted for ethnicity, Townsend Index of deprivation, highest educational level 

achieved, employment status, parental history of diabetes, smoking status, alcohol drinking status, sleep 
duration, and fruit and vegetable intake. Model 2 additionally adjusted for body mass index. Data presented 
for the observed range of PAEE amongst incident cases. PAEE: physical activity energy expenditure, BMI: 

body mass index. 
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Figure 2: Odds ratios for incident type 2 diabetes per 5 kJ.kg-1.d-1 PAEE for the whole sample and in 
subgroups adjusted for BMI and other confounding factors (Model 2); UK Biobank (n=90,096) 

Model 2 adjusted for age, sex, season of accelerometry wear (using two orthogonal sine functions), 
ethnicity, Townsend Index of deprivation, highest educational level achieved, employment status, parental 
history of diabetes, smoking status, alcohol drinking status, sleep duration, fruit and vegetable intake, and 
body mass index. Genetic risk score stratified analyses also adjusted for UK Biobank genotyping array and 

10 genetic principal components but did not adjust for ethnicity as analyses were restricted to those of white 
European ancestry. PAEE: physical activity energy expenditure, CMI: Cumulative incidence, CVD: 

cardiovascular disease, BMI: body mass index, GRS: genetic risk score. p-value for interaction between 
subgroups. 
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Figure 3: The joint association of PAEE and %MVPA with the odds of incident type 2 diabetes adjusted for 
BMI and other confounding factors (Model 2); UK Biobank (n=90,096) 

Model 2 adjusted for age, sex, season of accelerometry wear (using two orthogonal sine functions), 
ethnicity, Townsend Index of deprivation, highest educational level achieved, employment status, parental 
history of diabetes, smoking status, alcohol drinking status, sleep duration, fruit and vegetable intake, and 

body mass index. Data presented for the observed range of PAEE amongst incident cases for a range around 
the %MVPA value (±5%, extending to respective end of distributions for 10% and 40%). PAEE: physical 

activity energy expenditure, %MVPA: percentage of PAEE from MVPA, BMI: body mass index. 
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