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Abstract
Background  Stepping has been associated with reduced risk for type 2 diabetes (T2D), but existing prospective 
studies focus largely on average stepping volume (steps per day or week) and ignore important differences in how 
stepping is accumulated. Here, we examined independent associations of stepping volume and within and between 
day variability, with incident T2D.

Methods  Participants (n = 4594, 40-75y) without preexisting T2D from The Maastricht Study wore an activPAL3 
accelerometer (6–7 days). Prospective associations of stepping volume (steps/day) with incident T2D were assessed 
using Cox proportional hazards models with restricted cubic splines, adjusted for age, sex, BMI, education, smoking, 
CVD, sedentary time and diet. Four indices of between-day (i-iii below) and within-day (iv below) stepping pattern 
were modelled alongside total steps/day. These were: (i) proportion of steps accumulated on the 2 most active days 
(%Active-2days), (ii) between-day step count variability (BDV) and (iii) inter-daily step count stability (IS), (iv) within-
day variability in stepping (WDV) (variability in steps/hour). Higher values in %Active-2days, BDV and WDV indicate 
greater variation in stepping between or within days. Higher IS values indicate greater uniformity in hourly stepping 
pattern between days.

Results  Over 30,336 person-years of follow-up (mean 6.6y), 178 incident cases of T2D were recorded. A non-linear 
(p = 0.04) ‘L-shaped’ association was observed between stepping volume and T2D risk, with steeper risk reduction 
earlier in the steps/day distribution. Relative to accumulating ≤ 5000 steps/day, adjusted hazard ratios (95% CI) were 
0.57 (0.34, 0.96) for 5000–7500 steps/day, 0.60 (0.65–0.94) for 7501–10,000 steps/day, 0.48 (0.25, 0.89) for 10,001–
12,500 steps/day and 0.68 (0.37, 1.24) for > 12,501 steps/day. Higher %Active-2days, BDV, and lower IS, (cumulatively 
describing a stepping pattern which is variable between days and within days), were linearly associated with T2D risk 
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Background
Prevalence of type 2 diabetes (T2D) is growing, affecting 
over 96% of the estimated 529 million people living with 
diabetes worldwide [1]. The 2016 Non-Communicable 
Disease Risk Factor Collaboration (NCD-RisC) Study 
projected the probability of meeting global targets to 
halt the rise in diabetes prevalence to be < 1% [2]. Under-
standing modifiable risk factors and effective strategies to 
reduce T2D remains a global public health priority.

Physical activity (PA) improves glucose homeostasis 
acutely via insulin-independent clearance of circulating 
glucose, and chronically via improvements in insulin sen-
sitivity and body composition [3, 4]. Prospective studies 
suggest that higher PA levels can reduce risk of incident 
T2D [5–7]. Public health guidelines recommend that 
adults achieve a minimum of 150 min per week of mod-
erate-vigorous PA (MVPA) to reduce the risk of chronic 
non-communicable conditions such as diabetes [8, 9]; 
however global prevalence of PA at this recommended 
level remains low [10].

Stepping, encompassing walking, running and stair 
climbing, is a fundamental PA behaviour that is asso-
ciated with favourable health outcomes [11–13]. The 
proliferation of wearable activity trackers that can mea-
sure free-living stepping across multiple days presents 
new opportunities for research [14]. In addition, the 
ubiquitous capture of stepping by smart watches and 
smart-phone applications offers significant potential for 
population level insights into day-to-day stepping pat-
terns and as a platform for interventions [15]. At present 
no national or international physical activity guidelines 
include recommendations for stepping. While differ-
ent devices used in different ways may capture stepping 
slightly differently (due to differences in hardwear, on-
board processing and wear location amongst other fac-
tors), stepping-based PA metrics have promise as the 
basis of future public health guidelines due to their sim-
plicity, interpretability, and the accessibility of self-moni-
toring [16]. 

To date, a small number of existing prospective studies 
have examined associations between stepping and inci-
dent T2D [17–20]. While these studies provide insight 
into associations of average daily stepping volume (steps/
day) with incident T2D risk, they largely do not consider 

potentially important differences in the daily and weekly 
patterns in which stepping is accumulated. The impor-
tance of differences in stepping pattern for T2D risk is 
intuitive. A high weekly volume of steps may be accu-
mulated rapidly on a few days via relatively short peri-
ods of exercise; which is known to reduce diabetes risk 
via improvements in insulin sensitivity and beneficial 
changes in body composition [3]. Conversely, a similar 
high volume of steps may be accumulated across much 
longer periods as part of daily occupational activity, but 
this may not confer the same health benefits [21, 22]. 

There is evidence that differences in between-day and 
within-day patterns of PA accumulation can influence 
health over and above total PA volume [23, 24]. Two stud-
ies have reported that neither the variability nor stability 
of accelerometer-based estimates of daily energy expen-
diture were associated with T2D risk [25, 26]. However, 
there is growing evidence for associations between vol-
ume-independent differences in daily stepping patterns 
and diabetes risk factors, including age, BMI and vascular 
function [23, 27, 28]. 

The importance of different between- and within-
day patterns of step accumulation for T2D risk remains 
poorly understood but may provide opportunities for 
more detailed public health guidance, or interventions 
which could focus on optimising how a given stepping 
volume is achieved rather than focussing only on stepping 
more. The aim of this study is to examine how stepping 
volume and variations in stepping volume between- and 
within-days are associated with risk of T2D.

Methods
Study design and participants
The Maastricht study is a prospective population-based 
cohort study of adults living in the southern Nether-
lands. The rationale and methodology of The Maastricht 
study have been described previously [29]. Briefly, the 
Maastricht study focuses on the etiology, pathophysi-
ology, complications, and comorbidities of T2D and is 
characterized by an extensive phenotyping approach. 
Eligible participants were between 40 and 75 years of 
age and were recruited through mass media campaigns, 
from the municipal registries and the regional Diabetes 
Patient Registry via mailings. Recruitment was stratified 

independent of stepping volume. HRs per SD increase were: %Active-2days 0.70 (0.65, 0.97), BDV 0.69 (0.54, 0.89) and 
IS 1.32 (1.08, 1.63).

Conclusions  Substantial reductions in T2D risk can be achieved by accumulating more steps during the day. 
Further, accumulating steps in a pattern possibly reflecting periodic larger doses of stepping may provide additional 
reductions in T2D risk. Future research regarding volume and optimum patterns of stepping could form the basis of 
the next generation of public health guidance and interventions to improve health through movement.

Keywords  Accelerometers, ActivPal, Daily steps, Physical activity, Activity patterns, Type 2 diabetes, Prospective study
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according to known diabetes status, with an overs-
ampling of individuals with T2D. The present analy-
sis includes data on participants without T2D, drawn 
from the full Maastricht cohort of 9187 participants, 
who completed the baseline survey between November 
2010 and October 2020. The examinations of each par-
ticipant were performed within a time window of three 
months. The study was approved by the institutional 
ethical committee (NL31329.068.10) and the Minister of 
Health, Welfare, and Sports of the Netherlands (permit 
no. 131088-105234-PG). All participants gave written 
informed consent.

Ascertainment of incident T2D
Diabetes status at baseline was assessed and classified 
based on a standardised oral glucose tolerance test fol-
lowing an overnight fast, and medication use according 
to the World Health Organisation 2006 criteria [29]. Par-
ticipants with T2D at baseline were excluded. Partici-
pants on diabetes medication and without type 1 diabetes 
were also considered to have T2D and also excluded.

Diabetes Survival Time after baseline was assessed by 
annual self-report. Participants were asked “Has a doctor 
told you that you have diabetes in the last 12 months with 
possible responses “yes”, ”no” or ”I don’t know” ("I don’t 
know" was coded as a missing value). This measure has 
been validated against reference diabetes indices, includ-
ing fasting glucose and medication use [30]. Survival 
time (years) for diabetes cases was computed as the mid-
point between the follow-up date at which the event was 
reported and the previous follow-up date. Survival time 
(years) for censored cases was computed as the time of 
the last available follow-up date.

Assessment of daily stepping volume and pattern
Stepping was assessed using the activPAL3™ PA moni-
tor (PAL Technologies, Glasgow, UK). The activPAL3 is 
a small (53 × 35 × 7 mm), lightweight (15 g) triaxial accel-
erometer that records movement in vertical, anteropos-
terior and mediolateral axes, and determines posture 
(sitting or lying, standing and stepping) based on move-
ment acceleration and inclinometer orientation. The 
device was placed in a waterproof nitrile sleeve and 
then attached directly to the skin on the anterior aspect 
of the right thigh with a waterproof adhesive dressing 
(3  M Tegaderm™). Participants were asked to wear the 
accelerometer continuously for eight complete (24  h) 
consecutive days. Participants were asked not to replace 
the device once removed. Data were uploaded using 
manufacturers software and estimates of accelerometer 
wear and stepping computed using customised software 
written in MATLAB R2018b (MathWorks, Natick, MA, 
USA) ​h​t​t​p​​s​:​/​​/​w​w​w​​.​d​​e​m​a​​a​s​t​​r​i​c​h​​t​s​​t​u​d​​i​e​.​​n​l​/​r​​e​s​​e​a​r​c​h​/​a​c​c​e​l​e​
r​o​m​e​t​r​y. Data from the first day were excluded from the 

analysis of PA to exclude data recorded during laboratory 
testing procedures undertaken after attachment of the 
device. Participants were included in the present analysis 
if they provided at least 6 complete days (a complete day 
being 24 h or accelerometer wear starting at midnight).

Stepping volume was quantified as the average daily 
step count recorded over the wear period. Between and 
within day variability in stepping accumulation were cap-
tured as described below. Examples of how a given vol-
ume of stepping can be accumulated in different between 
and within day patterns are described in supplementary 
figures S1 a and b [23].

Variation in step count between and within days

 	• The proportion of step count accumulated on the 
two most active days of the week (%Active-2days): 
Daily step count was expressed as a percentage of 
weekly step count and the two most active days 
summed to calculate %Active-2days. This is similar 
to the ‘weekend warrior’ profile described elsewhere 
[31], although here retained as a continuous 
exposure measure rather than dichotomising 
participants into those who achieved above or 
below 50% of activity in the most active 2 days. For 
participants in the analytical sample with 6 complete 
days of accelerometer wear the average daily step 
count was multiplied by 7 to allow the 2 most active 
7 days for all participants to be represented as a 
proportion of 7 days of stepping.

 	• Between-day step count variability (in steps, BDV): 
Calculated as the standard deviation (SD) of the 
differences in total step count between consecutive 
measured days.

 	• Inter-daily stability in step count (IS): The extent to 
which the pattern of hourly step counts is consistent 
across days, represented by the ratio (0–1) of the 
difference between each hourly step count and the 
sample mean step count for that hour. 1 indicates 
perfect stability (consistent hour-by-hour stepping 
pattern across days), while zero indicates a pattern 
that is inconsistent between days.

 	• Within-day step count variability (WDV): Calculated 
as the SD of differences between step count for 
consecutive hours of each consecutive day.

These metrics capture simple variability of stepping 
between and within days and have been used previously 
to examine associations with diabetes risk and other 
health outcomes [23, 26, 32]. Mathematical formulae for 
these metrics of activity variability have been detailed 
previously [33], and their application to stepping data 
from The Maastricht Study is described by Lear et al. [23]

https://www.demaastrichtstudie.nl/research/accelerometry
https://www.demaastrichtstudie.nl/research/accelerometry
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Covariates
Covariates included age (years), sex, educational level 
(low, medium and high), BMI (kg/m2), smoking status 
(never, former smoker, current smoker) and sedentary 
time. Habitual dietary quality was calculated using a vali-
dated food frequency questionnaire [34] and quantified 
using the Dutch Healthy Diet Index [35]. Prevalent car-
diovascular disease was defined as a self-reported history 
of myocardial or cerebrovascular infarction or percuta-
neous artery angioplasty of, or vascular surgery on, the 
coronary, abdominal, peripheral, or carotid arteries [36]. 

Statistical analyses
Analyses were conducted in Stata (V17. StataCorp, Col-
lege Station Texas, US) and R (V4.2.3. R Core Team, 
Vienna, Austria). Prospective associations of stepping 
with incident T2D were assessed using Cox Proportional 
Hazards models with restricted cubic splines. We tested 
restricted cubic splines with 3 knots (located at 10th, 
50th, and 90th centiles), 4 knots (at 5th, 35th, 65th, and 
95th centiles), and 5 knots (at 5th, 27.5th, 50th, 72.5th, 
and 95th centiles) and calculated the Akaike information 
criterion to identify the best fit model [37]. In case of a 
non-linear association, a likelihood ratio test was used to 
test whether additional knots significantly improved the 
model. When the model improvement was not signifi-
cant the model with a lower number of knots was used 
for the main analyses. Analytical models were adjusted 
for age, sex, BMI, education and accelerometer wear time 
(model 1), and subsequently for smoking status, Dutch 
Healthy Diet index, CVD and sedentary time (model 2). 
To examine the volume-independent associations of the 
4 stepping pattern metrics, these were added individually 
in models 3a-d. Pearson coefficients examined the corre-
lations between stepping volume and pattern metrics. To 
examine whether associations between average daily step 
count and incident T2D differed between a priori defined 
subgroups, interaction terms were fitted for step count 
with sex and age. To examine whether the association 
between PA pattern metrics and incident T2D differed 
according to stepping volume, an interaction term was 
fitted for average daily step count. Proportional Hazards 
assumptions were assessed using a test of Schoenfeld 
residuals and Nelson-Aelen plots.

Sensitivity analyses
To explore the possible impact of the number of knots on 
dose response associations between stepping volume and 
diabetes we performed sensitivity analyses using 4 and 
5 knots. Analyses were repeated with additional adjust-
ment for within-day step count variability for examina-
tion of between-day step count variability, and vice versa. 
Analyses were also repeated with; (a) household-adjusted 
income and (b) occupational status (based on ISEI-08 

classification) as indicators of socioeconomic position 
instead of education level. Analyses were repeated with 
further adjustment for family history of T2D, and for 
mobility limitations determined using the 36-item Short-
Form Health Survey (SF-36) [38] and defined as having 
difficulty walking 500 m and/or climbing up a flight of 
stairs, to explore its role as a confounder, or on the causal 
pathway.

To explore the potential confounding effects of occult 
diabetes at baseline, analyses were repeated follow-
ing exclusion of incident T2D cases within the first 12 
months of follow-up. Analyses were also repeated with 
survival time calculated as time from baseline assessment 
to the midpoint between reporting of diabetes and the 
event of the preceding follow-up questionnaire (conser-
vative method).

Results
Participants
The final analytical sample consisted of 4594 participants 
without T2D at baseline who wore an accelerometer for 
≥ 6 days, and had complete data for stepping and covari-
ates (see Supplementary Figure S2). Sample characteris-
tics are described in Table  1. Those in the sample were 
slightly older on average and had a slightly better Dutch 
Healthy Diet Index score than those who were excluded. 
There were no differences by sex, educational level, 
smoking status, BMI, waist circumference or HbA1C. 
A total of 178 incident T2D cases were recorded over 
30,336 person-years of follow-up (mean follow-up time 
6.6 ± 2.6 years).

Table 1. Participant characteristics. Data are mean ± SD 
unless otherwise stated. Education was reported in the 
Maastricht study in the following categories: 1 = None, 
2 = Primary educational level, 3 = Lower vocational edu-
cation, 4 = Intermediate general secondary education, 
5 = Intermediate vocational education, 6 = Higher general 
secondary education, 7 = Higher vocational education, 
8 = University education,. For categorical analyses these 
groups were collapsed into Low (groups 1–4– above) 
Intermediate (5 & 6) and High (7 & 8). The analytical 
sample described here were slightly older, had a bet-
ter Dutch Healthy Diet Score than the wider population 
of DMS. There were no other observable differences 
between the analytical sample and the wider Maastricht 
study population.

Dose-response association between stepping volume and 
incident T2D
Schoenfeld residuals and Nelson-Aelen plots did not 
suggest evidence for any deviations from proportional-
ity in any of the Cox models. We observed a non-linear 
(p = 0.04) association between average steps/day and 
risk for incident T2D in both minimally adjusted and 



Page 5 of 13Pulsford et al. International Journal of Behavioral Nutrition and Physical Activity          (2025) 22:145 

fully adjusted models. Figure  1 describes the trajectory 
of diabetes risk according to stepping volume following 
adjustment for confounders (model 2). Restricted spline 
models with 3 knots were used as additional knots did 
not significantly improve the model fit (difference in 
AICs was nonsignificant with p > 0.5). Relative to accu-
mulating 5000 steps/day, hazard ratios for T2D were 
progressively lower with increasing daily steps before the 
curve shallowed at approximately 9000 steps/day. Nadir 
(i.e. lowest point on the risk curve) was at ~ 12,000 steps/
day where risk for incident T2D was ~ 46% lower than 
at 5000 steps/day. Relative to accumulating ≤ 5000 steps/
day, adjusted hazard ratios and 95% confidence intervals 
(95%CI) were 0.57 (0.34, 0.96) for 5000–7500 steps/day, 
0.60 (0.65–0.94) for 7501–10,000 steps/day, 0.48 (0.25, 
0.89) for 10,001–12,500 steps/day and 0.68 (0.37, 1.24) 
for > 12,501 steps/day (Table  2). Adjusted hazard ratios 
for 1000-step increments relative to different reference 
stepping levels are described in Fig. 2. There were no sig-
nificant interactions of stepping volume with age or sex 
(p > 0.05). Observed dose-response associations did not 
differ using restricted cubic spline models with 4 and 5 
knots.

Volume-independent associations of between- and within-
day stepping pattern with incident T2D
Correlations between stepping volume and pattern 
metrics are described in supplementary table S1. Only 
within-day stepping variability was strongly correlated 
with stepping volume (r = 0.7). After adjustment for step-
ping volume, we observed linear associations between 
the other 3 of the 4 stepping variability metrics with 
T2D risk (p values for non-linearity 0.34–0.96). Stepping 
volume-independent associations between stepping pat-
tern metrics and diabetes risk are described in Fig. 3a and 
d. Both %Active-2days and BDV were inversely associ-
ated with T2D risk. The hazard ratio for an increase of 

1 standard deviation in %Active-2days of (SD equal to a 
5.7% increase in %Active-2days) was 0.79 (0.65, 0.97) and 
for BDV (SD equal to BDV of 3106 steps) was 0.69 (0.54, 
0.89). Conversely IS was positively associated with T2D 
risk: hazard ratio per standard deviation increase (SD 
equal to 0.1) was 1.32 (1.08, 1.63). Collectively a higher 
%Active-2days and BDV and a lower IS describing a more 
variable activity pattern. WDV was not associated with 
T2D risk.

Mutual adjustment for between- and within-day step-
ping variability, additional adjustment for mobility limi-
tations, adjustment for SEP using alternative indices, 
family history of diabetes, and survival time using the 
‘conservative method’ did not materially impact the 
findings described. Analyses repeated following exclu-
sion of cases identified within the first 12 months of fol-
low-up are described in Supplementary Fig.  3 (68 cases 
excluded). Associations were attenuated (slightly smaller 
hazard ratios and wider confidence intervals) but trends 
remained comparable. Associations with WDV remained 
null.

Discussion
In these prospective analyses of over 4500 people, we 
examined the independent associations of both device-
measured stepping volume and indices describing daily 
and weekly stepping patterns with incident T2D. After 
adjustment for important confounding factors and up 
to 10 years of follow-up (33,600 person-years of follow-
up), we observed a strong non-linear inverse association 
between average daily step count and risk for T2D. Accu-
mulating 12,000 steps/day was associated with 46% lower 
risk of T2D risk compared to 5000 steps/day. Moreover, 
an important and novel finding of this work is that the 
higher proportion of steps accumulated during the two 
most active days and higher variability of stepping vol-
ume between days were associated with lower incident 

Table 1  Participant characteristics
Total sample Males Females

N (%) 4594 2014 (44%) 2580 (56%)
Age (years) 59.50 (8.5) 60.60 (8.41) 58.65 (8.55)
Education level (%) Low 30.13 25.18 33.95

Intermediate 27.40 25.64 28.76
High 42.47 49.18 37.28

BMI (kg/m 2) 25.89 (3.82) 26.37 (3.32) 25.52 (4.13)
Waist Circ. (cm) 91.48 (11.81) 97.49 (10.04) 86.86 (10.97)
HbA1C (mmol/mol) 35.72 (4.79) 35.79 (4.90) 35.65 (4.69)
Smoking Status (%) Never 41.20 38.79 43.07

Former 47.83 49.54 46.51
Current 11.67 11.67 10.42

Dutch Healthy Diet Score 85.61 (15.02) 80.78 (15.26) 89.36 (13.71)
Steps/day 10,028 (3504) 10,063 (3695) 9987 (3350)
Sedentary time hrs/day 9.13 (1.56) 9.63 (1.52) 8.74 (1.49)



Page 6 of 13Pulsford et al. International Journal of Behavioral Nutrition and Physical Activity          (2025) 22:145 

Fig. 1  Figure 1 edited for proofs
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T2D, independent of total stepping volume. Greater 
stability of stepping patterns between days was associ-
ated with higher diabetes risk. These findings suggests 
that small increases in daily steps have the potential to 
improve health, but importantly, not all steps are equal: 
the way in which steps are accumulated may influence 
the impact on diabetes risk.

The observed inverse association between stepping vol-
ume and incident T2D is consistent with previous pro-
spective studies [17–19]. The underpinning physiological 
mechanisms are intuitive, given that higher PA levels pro-
mote better glucose homeostasis [39]. Muscular contrac-
tion during movement facilitates insulin-independent 
glucose transport from the circulation to skeletal muscle 
via translocation of glucose transporters (e.g. glucose 
transporter protein type 4: GLUT4) to the cell membrane 
[3, 40]. More chronic adaptations to PA include changes 
in muscle fibre type, mitochondrial enzyme content, and 
an increase in GLUT4, all of which support better glucose 
transport, and reduced insulin demand [41]. In addition, 
higher daily stepping may reduce adiposity and inflam-
matory markers, which are risk factors for T2D [39]. 

Previous studies report inverse linear associations 
between stepping volume and diabetes risk [17–19]. 
Here we observed a steep decline in diabetes risk with 
higher daily stepping volume until 9000 steps/day where 
the rate of decrease in risk began to slow, and nadir at ~ 
12,000 steps/day. Ballin and co-workers [20] observed a 
similar non-linear inverse relationship between stepping 
and diabetes risk in a prospective study of community-
dwelling older adults in the Swedish Healthy Aging Ini-
tiative, where initial steep reduction in risk shallowed at 
around 6000 steps/day and plateaued at ~ 8000 steps/day. 
Further, the magnitude of risk reduction associated with 
increased stepping in the current study (~ 45% for 12000 
steps/day compared to 5000 steps/day) is greater than 
has been reported previously [17–20], albeit comparisons 
between studies are complicated by differences in study 
populations (younger and healthier in the present analy-
ses) and the use of different reference levels and devices 
used to capture stepping.

The observation that the proportion of steps accu-
mulated on the two most active days, higher between-
day variability and lower inter-daily stability were all 

Table 2  Hazard ratios for incident diabetes according to daily stepping
n/cases Person-years Rate Hazard Ratiosb 95% CI

(x1000) (/1000 Person Year)
Average daily stepsa

≤ 5000 297/21 1.26 16.55 1 1
5001 to 7500 900/50 5.79 8.64 0.57 0.34, 0.96
7501 to 10,000 1326/57 8.76 6.50 0.60 0.35, 0.94
10,001 to 12,500 1052/22 7.22 3.04 0.48 0.25, 0.89
> 12,501 1019/28 6.99 4.00 0.68 0.37, 1.24
Ptrend P < 0.001
Hazard Ratios and 95% confidence intervals (95% CI) for associations of stepping volume with incident T2D. a determined by activPal accelerometer worn on the 
anterior aspect of the mid-thigh for ≥ 6 days; b adjusted for age, sex, education level, and accelerometer wear time, smoking status, healthy diet score, body mass 
index (BMI) CVD and daily sedentary time

Fig. 2  Each row provides estimated Hazard Ratios for 1000 steps/day increments relative to different reference stepping levels (REF). Analyses are based 
on restricted cubic spline models adjusted for age, sex, educational level, smoking status, diet, body mass index (BMI) CVD and daily sedentary time
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Fig. 3 (See legend on next page.)
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associated with lower diabetes risk after adjusting for 
stepping volume is an important and novel finding of this 
work. Collectively these characteristics describe an activ-
ity profile in which daily organisation and ‘doses’ of PA 
vary across days of a week. To date, no existing studies 
have examined the volume-independent effects of differ-
ences in between- and within-day stepping patterns on 
diabetes risk. Findings from the limited research examin-
ing the independent effects on diabetes risk of differences 
in PA patterns based on other indices of PA are incon-
sistent. Both Tian et al. [25] and Wu et al. [26] observed 
that in separate studies of participants from UK Biobank, 
neither consistency of PA (SD of daily PA energy expen-
diture in MET-hrs per week) [25] nor IS (based on PA 
time in minutes) [26] were associated with incident T2D 
risk. These contrasting findings may reflect differences 
in the respective study’s population, (the present sample 
were slightly younger) although important differences in 
the movement parameters studied make direct compari-
son problematic. Stepping is a behavioural volume met-
ric and not directly comparable with PA time (in Wu et 
al. [26], which is finite and does not reflect volume), or 
estimates of energy expenditure based on movement (in 
Tian et al. [25], which may reflect variations in movement 
intensity not captured here).

More broadly, evidence for associations between the 
variability and stability of PA with health outcomes is 
inconsistent. In contrast to the present study, more regu-
lar and stable activity patterns have previously been asso-
ciated with lower mortality and CVD risk, hypertension 
and obesity [42], although, associations were not adjusted 
for PA volume preventing insight into the independent 
importance of PA patterns. Studies of older populations 
in particular have observed health benefits associated 
with more consistent and stable activity patterns, how-
ever it is possible that the regularity of behavioural pat-
terns may be sensitive to different aspects of lifestyle and 
behaviour at different points on the life-course [24]. Pre-
vious studies in similar aged populations have observed 
similar, more-variable and less-stable PA patterns are 
associated with better health [23, 24]. 

A possible explanation for more variable stepping pat-
terns being associated with reduced T2D risk may be the 
contribution of exercise to both variability in daily step-
ping and in reducing T2D risk. Exercise is likely a key 
driver of daily and weekly PA patterns [23, 32]. During 
exercise, a large volume of steps may be accumulated in 
bouts of a longer duration or at a higher rate. Unless very 

similar exercise is undertaken at the same time on each 
day (uncommon at a population level), exercise will result 
in a stepping profile that varies between and within days, 
characterised by a high IV, lower IS, and a greater propor-
tion of activity on some days than others. These irregular 
larger ‘doses’ of activity are more likely to have longer-
lasting acute effects on circulating glucose and to elicit 
greater chronic adaptation which promote better glucose 
homeostasis (e.g. beneficial changes to body composi-
tion, musculature, vascular function, insulin sensitivity) 
than the same stepping volume accumulated via sporadic 
incidental lower intensity activity. A stable activity pro-
file may also reflect accumulation of occupational PA 
which may not confer the same health benefits as leisure 
time PA. Occupational PA may be consistent across each 
working day but is typically of a lower intensity, repeti-
tive and often without sufficient recovery time and may 
also be linked with environmental exposures and occu-
pational stress [28, 43]. Increases in stepping variability 
per se should likely not be a specific target for behaviour 
change. However, these examples illustrate that a given 
stepping volume might be accumulated through differ-
ent behaviours, with different implications for health, and 
which are reflected differently in indices of between and 
within-day stepping variability.

Strengths and limitations
Strengths of this work include novel focus on stepping 
and the independent consideration of stepping vol-
ume and pattern. Stepping is a fundamental movement 
behaviour which can be described using simple interpre-
table metrics reflecting volume and pattern, which lend 
themselves to self-monitoring within the population and 
healthcare, and have the potential as the basis of future 
interventions and public health guidance. Crucially, 
adjustment for stepping volume revealed that stepping 
pattern itself may be an important determinant of T2D 
risk, a finding with important implications.

Nevertheless, this work is not without limitation. To 
permit analyses of stepping pattern, analyses were lim-
ited to participants with ≥ 6 complete days of acceler-
ometer wear which reduced the analytical sample size 
(Figure S2). Stepping volume was captured in hourly win-
dows. While this is replicable using stepping data from 
both research and consumer wearables, examination of 
how steps were accumulated within these windows was 
not possible which may have masked important differ-
ences in how individual stepping events are accumulated 

(See figure on previous page.)
Fig. 3  Panels A, B, C and D. Volume independent associations of between and within day stepping pattern metrics with incident T2D. The solid line and 
shaded area represents estimated Hazard ratios and associated 95% confidence intervals (95% CI) for incident T2D according to measures of between day 
variability in step count following adjustment for covariates (age, sex, educational attainment, smoking status, diet, body mass index (BMI), CVD and daily 
sedentary time) and also including total stepping volume. (A) Proportion of step count accumulated on two most active days, (B) Between day variability 
in step count (see notes above), (C) Within-day variability in step count and (D) Between day stability in step count
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[28]. For example previous research suggests that step-
ping intensity (i.e. cadence) may be important for T2D 
risk [17]. Advancing analytical processes for accelerom-
eter data will permit future work to determine the inde-
pendent contributions of frequency, intensity, duration 
and temporal distribution of stepping events for incident 
T2D risk. Additionally, while the measure of inter-daily 
stability captures the uniformity (or not) or daily stepping 
patterns, we did not additionally examine whether the 
timing of stepping during the day influenced T2D risk. 
The activPal3 has excellent analytical validity in a labo-
ratory setting but is more limited in detecting stepping 
at very low [44, 45] and very high [46] step rates, poten-
tially reducing the range of measured stepping in the 
present analyses. Like many accelerometer studies, we 
had limited ability to determine activity type and context, 
which in future provide important insight into differ-
ences in stepping accumulation, and underlying mecha-
nisms for observed differences in health outcomes. The 
self-report of T2D incidence in The Maastricht study, 
despite previously showing strong criterion validity, 
may have introduced some outcome misclassification. 
Despite the sensitivity of the assessment of T2D [29], 
it is possible, that reverse causality due to deteriorating 
health, sub-clinical or occult disease may have affected 
both T2D incidence and stepping, and have contributed 
towards the observed associations. Following exclusion 
of cases within the first 12 months of follow-up, hazard 
ratios for stepping were strikingly similar, confidence 
intervals were wider and at times fractionally crossed the 
threshold to null. While this likely reflects lower statisti-
cal power due to the lower number of incident cases we 
acknowledge that studies of associations of the stepping 
patterns of T2D risk here with longer follow-up periods 
and greater diabetes incidence are required. Despite com-
prehensive sensitivity analyses and adjustment for impor-
tant confounders, we could not statistically control for 
all possible influences on T2D risk including key factors 
such as genetic predisposition and earlier life exposures. 
As such we acknowledge that associations described may 
be affected by unmeasured confounding.

Implications for policy makers and researchers
The proliferation of studies employing wearable move-
ment sensors has permitted insights into dose-response 
associations between estimates of stepping with incident 
disease and mortality risk [11, 12]. Learning from the 
present findings and others, alongside the ubiquity of 
devices which allow assessment of stepping, may support 
future integration of stepping metrics within global PA 
guidance, surveillance and the development and evalua-
tion of interventions [16, 47]. In this study we add impor-
tant information: that all steps are not equal, and that the 
pattern in which stepping is accumulated may impact 

its association with health. These findings bring impor-
tant considerations for research and may highlight new 
opportunities for interventions and guidance for improv-
ing health through PA. For example, a logical extension 
of the observation that some stepping patterns may pro-
vide more benefit than others is that while increasing 
daily PA remains an important message, health may be 
improved by changing stepping patterns without marked 
changes in stepping volume. This may be particularly 
important for those for whom increases in stepping vol-
ume may be challenging. Specific recommendations 
regarding how ‘moving differently’ might benefit health 
may be premature at present. However, continued exami-
nation of how PA is accumulated, alongside how much, 
should be an important part of further research which 
underpins development of the next iteration of public 
health PA guidance, and future behavioural and clinical 
interventions.

Conclusions
Our prospective analysis of data from a large cohort 
study of adults free from T2D suggests that a higher daily 
stepping volume is associated with substantial reductions 
in future diabetes risk. Moreover, we have provided novel 
insights into how the pattern in which a given volume of 
steps is accumulated within a day and over a week are 
additionally associated with T2D risk. Accumulating a 
given volume of steps in a variable pattern which might 
include larger ‘doses’ of activity may provide the greatest 
reduction in T2D risk. Further prospective studies are 
needed to determine how differences in PA accumula-
tion are associated with health outcomes independent of 
activity volume in order to best inform the next genera-
tion of PA guidelines, which are likely to be informed by 
more device-generated evidence than previous iterations.
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active days
BDV	� Between day variability
IS	� Inter-daily stability
WDV	� Within Day Variability
SD	� Standard deviation
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Supplementary Material 1: Supplementary Fig. 1 A. Graphical representa-
tion of real data from The Maastricht Study illustrating how for a given 
volume of PA, the way in which PA is accumulated can vary considerably 
between days of the week and between hours of the day. From Lear et 
al. 2024 [23]. Dark grey continuous bars represent the average daily step 
count (all four participants accumulate on average 10 000 steps/day). 
Lighter grey individual bars represent the absolute daily step count. Black 
continuous line represents the steps per hour (note the alternate y-axis 

https://doi.org/10.1186/s12966-025-01839-z
https://doi.org/10.1186/s12966-025-01839-z


Page 11 of 13Pulsford et al. International Journal of Behavioral Nutrition and Physical Activity          (2025) 22:145 

on right). Participant 1 accumulates approximately 10 000 steps/day on 
each day with very little variation between different days of the week. 
Summarizing this participant as achieving on average 10 000 steps/day is 
therefore fairly accurate. Participant 2 however accumulates the majority 
of their weekly activity in just 2 days of the week with over 20 000 steps 
on those days, and much lower levels of activity on the remaining days 
leading to a higher proportion of activity accumulated in the most active 
2 days, and a higher between-day variability. Participant 3 has a fairly con-
tinuous pattern of activity accumulation across hours of the day with no 
large peaks or dips in activity during day time hours, giving a low within- 
day variability. Participant 4 however has a very fragmented pattern of 
activity accumulation within each day with some large peaks, followed 
by dips in activity repeated across hours of the day (shown by the black 
line) leading to a much higher within-day variability. Supplementary Fig. 1 
B. Graphical representation of real data from The Maastricht Study illustrat-
ing two participants individual day PA profile (grey lines) superimposed on 
their average daily PA profile (black line) showing the difference between 
a high and low inter-daily stability. From Lear et al. 2024 [23]. Participant 5 
has a very high inter-daily stability at 0.92 clearly indicated by how well the 
grey lines reflect the average black line showing that this participant does 
exactly the same amount of stepping activity at exactly the same times 
every day of the week. Participant 6 on the other hand has a low inter-
daily stability at 0.14 due to obtaining a very different amount of stepping 
activity at different times on different days of the week; this participant 
shows little to no routine of activity.

Supplementary Material 2: Supplementary Fig. 2. Participant flow diagram 
detailing case-wise exclusions from total Maastricht Study cohort through 
to the final sample for the presented analyses

Supplementary Material 3: Supplementary Fig. 3. Restricted cubic spline 
for the associations between accelerometer-measured steps/day and 
incident T2D following exclusion of incident cases recorded during the 
first 12 months of follow-up. The solid line represents estimated Hazard Ra-
tio for incident T2D and shaded area represents 95% confidence intervals 
(95% CI). Analyses are based on Cox proportional Hazards Models adjusted 
for age, sex, educational attainment, smoking status, diet body mass index 
(BMI), CVD and daily sedentary time

Supplementary Material 4

Supplementary Material 5: Supplementary table S1. Pearsons correlation 
coefficients for stepping volume and variability metrics. Data are Pearsons 
correlation coefficients (r). %Active-2days = the proportion of total weekly 
step count accumulated on the two most active days of the week. BDV 
= between day step count variability. WDV = within day step count vari-
ability. IS = Intra-daily step count stability
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