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ABSTRACT
Objective: To quantify associations between sitting
time and glucose, insulin and insulin sensitivity by
considering reallocation of time into standing or
stepping.
Design: Cross-sectional.
Setting: Leicestershire, UK, 2013.
Participants: Adults aged 30–75 years at high risk of
impaired glucose regulation (IGR) or type 2 diabetes.
435 adults (age 66.8±7.4 years; 61.7% male; 89.2%
white European) were included.
Methods: Participants wore an activPAL3 monitor
24 hours/day for 7 days to capture time spent sitting,
standing and stepping. Fasting and 2-hour
postchallenge glucose and insulin were assessed;
insulin sensitivity was calculated by Homeostasis
Model Assessment of Insulin Secretion (HOMA-IS) and
Matsuda-Insulin Sensitivity Index (Matsuda-ISI).
Isotemporal substitution regression modelling was
used to quantify associations of substituting 30 min of
waking sitting time (accumulated in prolonged
(≥30 min) or short (<30 min) bouts) for standing or
stepping on glucose regulation and insulin sensitivity.
Interaction terms were fitted to assess whether the
associations with measures of glucose regulation and
insulin sensitivity was modified by sex or IGR status.
Results: After adjustment for confounders, including
waist circumference, reallocation of prolonged sitting to
short sitting time and to standing was associated with
4% lower fasting insulin and 4% higher HOMA-IS;
reallocation of prolonged sitting to standing was also
associated with a 5% higher Matsuda-ISI. Reallocation
to stepping was associated with 5% lower 2-hour
glucose, 7% lower fasting insulin, 13% lower 2-hour
insulin and a 9% and 16% higher HOMA-IS and
Matsuda-ISI, respectively. Reallocation of short sitting
time to stepping was associated with 5% and 10%
lower 2-hour glucose and 2-hour insulin and 12%
higher Matsuda-ISI. Results were not modified by IGR
status or sex.
Conclusions: Reallocating a small amount of short or
prolonged sitting time with standing or stepping may

improve 2-hour glucose, fasting and 2-hour insulin and
insulin sensitivity. Findings should be confirmed
through prospective and intervention research.
Trial registration number: ISRCTN31392913,
Post-results.

INTRODUCTION
Over the past decade, sedentary behaviour,
defined as any waking behaviour charac-
terised by a low energy expenditure while in
a sitting or reclining posture,1 has emerged
as a potential independent risk factor for car-
diometabolic health,2–5 chronic disease6–9

and mortality.6 10 However, epidemiological
research to date has either assessed sedentary
behaviour using self-reported questions
around television viewing, screen time and
total sitting time, or used objective measures

Strengths and limitations of this study

▪ Sedentary behaviour in epidemiological research
is usually assessed using self-reported questions
or waist-worn accelerometers which infer sitting
posture through lack of movement.

▪ In this study, the highly accurate activPAL3
monitor, which specifically assesses the postures
of sitting, standing and stepping time, was used.

▪ To the best of our knowledge, this is the first
study to examine associations between object-
ively measured sitting time and insulin
sensitivity.

▪ The sample size is moderate.
▪ The population used in this study, that is, those

identified as being at high risk of developing
type 2 diabetes are broadly representative of
those referred onto diabetes prevention pro-
grammes, therefore having direct relevance for
future diabetes prevention.
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such as waist-worn accelerometers which infer sitting or
reclining posture through lack of movement.
Determining sedentary behaviour using acceler-
ometers, such as ActiGraph, may result in upright
activities with little movement such as standing being
misclassified as sedentary,11 therefore potentially over-
estimating time spent in sedentary behaviour. This is
important as standing may have potential health bene-
fits.12–15

A key factor in improving our understanding of the
relationship between sedentary behaviour and health is
to use objective devices that directly measure the
posture of sitting and can distinguish between seated
and upright activity accurately. One such device is the
activPAL, which in recent years has increasingly been
used in research focused on sedentary behaviour.16 This
device has shown almost perfect correlation and excel-
lent agreement with direct observation for measuring
sitting/lying time, upright time, sitting/lying to upright
transitions and detecting reductions in sitting.11 17–19

Isotemporal substitution modelling has previously
been used to model the association with health of substi-
tuting accelerometer determined sedentary time for
light or moderate-to-vigorous physical activity.20–24 This
type of modelling takes into account that time is finite,
therefore spending time in one behaviour results in less
time being spent in another. Given the indirect assess-
ment of sitting using waist-worn accelerometers, it is
important to repeat these analyses using an objective
device that can directly and accurately measure sitting,
such as the activPAL. Furthermore, given the suggestion
from experimental research that simply standing could
benefit health, the activPAL device is able to provide an
accurate measure of standing time to enable investiga-
tion, through epidemiological data, into the benefits of
simply standing; something that most previous studies
have been unable to do. To date, only one study25 has
investigated time reallocation from sitting to standing or
stepping measured by the activPAL and associations with
health. Healy et al,25 in a general population of
Australian adults, found that replacing 2 hours of sitting
with standing or stepping was beneficially associated
with various markers of cardiometabolic health (fasting
glucose, triglycerides and high-density lipoprotein chol-
esterol). However, these findings need to be confirmed
and extended by examining other population groups
and health markers, such as insulin sensitivity; an
important risk factor for chronic disease. Furthermore,
it has been suggested in previous research that the way
in which sedentary time is accumulated may be import-
ant for health. For example, prolonged sedentary behav-
iour, that is, sitting time that occurs in long periods
without interruption, may be more detrimental to
health than short bouts of sedentary behaviour.22 This
also warrants further investigation.
Therefore, the purpose of this study was to expand on

previous isotemporal investigations by examining associa-
tions between activPAL measured sitting time (split into

time accumulated in short (<30 min) and prolonged
(≥30 min) bouts), standing and movement with glucose
regulation and measures of insulin sensitivity using iso-
temporal substitution modelling in a population of
adults at risk of type 2 diabetes mellitus (T2DM).

METHODS
Design and participants
Participants for this study were part of the Walking
Away from Diabetes randomised controlled trial, details
of which have been described elsewhere.26 27 Data col-
lected at the 3-year follow-up visit (2013–2014) were
used for this cross-sectional analysis as this was the only
time point where participants were asked to wear the
activPAL monitor. Adults aged 30–75 years and identi-
fied as being at high risk of impaired glucose regula-
tion (IGR; impaired glucose tolerance and/or
impaired fasting glycaemia) or T2DM from general
practice databases (n=10; range of participants from
each practice=47–127) using a modified version of the
automated Leicester Risk Score28 that was specifically
designed to be administered in primary care were eli-
gible. An automated platform using existing medical
records was used to rank individuals for diabetes risk
using predefined weighted variables (age, gender, eth-
nicity, body mass index (BMI), family history of T2DM
and use of antihypertensive medication). Individuals
scoring within the 90th centile in each practice were
invited to take part. Interested individuals returned a
reply slip to the research team and a study visit, where
participants provided written informed consent, was
arranged. Individuals were excluded if they had known
T2DM, were taking steroids, were unable to give
informed consent and were unable to speak English.

Anthropometric and demographic measures
Body weight (Tanita TBE 611, Tanita, West Drayton,
UK), height and waist circumference (midpoint between
the lower costal margin and iliac crest) were measured
to the nearest 0.1 kg, 0.5 and 0.5 cm, respectively.
Information on smoking status, medication history,
family history of disease and ethnicity was obtained by a
healthcare professional.

Sitting/lying, standing and stepping measure
The activPAL3 device (PAL Technologies, Glasgow, UK)
is a small thigh-worn monitor which determines body
posture (ie, sitting/lying and upright (with and without
stepping)), as well as number of steps, step cadence,
posture transitions and energy expenditure. The
activPAL3 was initialised using the manufacturer’s soft-
ware with default settings. The device was waterproofed
with a nitrile sleeve and Hypafix Transparent dressing.
Participants were asked to wear the device continuously
24 hours/day for 7 days on the midline anterior aspect
of the right thigh secured with a piece of waterproof
dressing.
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Glucose and insulin measures
Participants were asked to fast from 22:00 on the evening
before the test and to avoid vigorous-intensity physical
activity in the preceding 24 hours. Fasting and 2-hour
postchallenge glucose and insulin were measured. Fasting
and 2-hour insulin were only available on a subsample of
participants due to the cessation of bleeding. Glucose
samples were measured within a laboratory at the
Leicester Royal Infirmary, Leicestershire, UK, using a
glucose oxidase method on the Beckman Auto Analyzer
(Beckman, High Wycombe, UK). Plasma samples for
insulin analysis were frozen within a−80°C freezer and
analysed at the end of data collection using an enzyme
immunoassay (80-INSHU-E01.1, E10.1 Alpco Diagnostics
26G Keewaydin Drive, Salem, New Hampshire 03079,
USA) at a specialist laboratory by Unilever R&D,
Bedfordshire, UK. Analysis was conducted by individuals
blinded to the patients’ identity, using stable methodology
standardised to external quality assurance reference
values. HOMA-IS and Matsuda-ISI were used to estimate
insulin sensitivity:29 30

HOMA � IS ¼ 1=HOMA � IR ¼ 22:5=(G0 � I0)
MatsudaISI ¼ 10000=sqrt(G0 � I0 � G120 � I120)

These models are commonly used indexes of insulin sen-
sitivity in epidemiological research and have been shown
to correlate reasonably with gold standard measures of
insulin sensitivity (ie, the hyperinsulinaemic–euglycaemic
clamp) and/or progression to T2DM.31 32 Matsuda-ISI is
more likely to reflect factors related to insulin release and
peripheral insulin resistance whereas HOMA-IS may be a
better measure of hepatic insulin resistance.33

ActivPAL data processing and reduction
ActivPAL data were downloaded using the manufac-
turer’s software (activPAL Professional Research Edition,
PAL Technologies, Glasgow, UK) and processed using a
validated automated algorithm in STATA (StataCorp
LP). This has been described in detail elsewhere,34 but
in brief, the algorithm uses the activPAL event files, to
isolate waking hours from ‘sleeping’ (time in bed), pro-
longed non-wear periods and invalid data. A valid day
was defined as a day with <95% spent in any one behav-
iour (eg, standing or sitting), >500 steps and ≥10 hours
of waking hours data. Participants were required to have
at least four valid days of data to be included in the ana-
lysis. Output variables included average time spent
sitting/lying (in short bouts <30 min and prolonged
bouts ≥30 min), standing and stepping and average
waking hours per day.

Statistical analysis
All statistical analyses were conducted using IBM SPSS
Statistics V.22.0. Listwise deletion was used for handling
any missing data. Linear regression modelling using an
isotemporal substitution approach was used to quantify
the association of reallocating 30 min of sitting/lying

(short and prolonged bouts) for 30 min of standing or
stepping on fasting and 2-hour glucose, fasting and
2-hour insulin and insulin sensitivity (HOMA-IS and
Matsuda-ISI). Isotemporal substitution has been recom-
mended for use in observational research employing
time-based measures of physical activity.35

In order to investigate the association between sitting
time (accumulated in short and prolonged bouts) and
glucose regulation and insulin sensitivity, isotemporal
substitution requires that average waking hours (ie,
activPAL waking wear hours), time in standing and time
stepping are simultaneously entered into a linear regres-
sion model; the resulting regression coefficient for
standing and stepping represent the association of sub-
stituting a given unit of sitting time (which is the missing
time segment in the model) into each category, respect-
ively, while keeping waking hours constant.35 Each
model was further adjusted for age (continuous), sex
(male, female), ethnicity (white, non-white), smoking
status (never and previous, current), family history of
T2DM (yes, no), β-blocker and statin medication status
(yes, no). In addition, results were additionally adjusted
for waist circumference to investigate the extent to
which adiposity mediated the results. Sensitivity analyses
were conducted to investigate whether results were
affected if a different measure of adiposity (BMI) was
used as a covariate in model 2. Interaction terms were
fitted to assess whether the associations with measures of
glucose regulation and insulin sensitivity were modified
by sex or IGR status; for the purposes of this analysis,
IGR was defined as: fasting glucose ≥6.0 mmol/L and/
or 2-hour glucose ≥7.8 mmol/L and/or glycated
haemoglobin≥6.0%.
All measures of glucose, insulin and insulin sensitivity

displayed non-parametric distributions; therefore, all
dependent variables were log-transformed with resulting
regression coefficients back transformed; displayed coef-
ficients consequently represent the value by which the
dependent variable is multiplied by for a given unit of
time in standing or stepping. We display results per
30 min difference as previous experimental research has
shown that breaking up prolonged sitting with standing
or walking every 30 min elicits significant reductions in
glucose and insulin in adults at risk of T2DM.14

Assumptions of linearity for each model were verified
and multicollinearity was checked using the variance
inflation factor (VIF). VIF values in all models were <5
indicating that multicollinearity was low. All analyses
were two-sided; p<0.05 was considered significant for
main effects and p<0.1 was considered significant for
interactions.

RESULTS
A total of 530 participants were asked to wear an
activPAL monitor, of which 435 (mean age (SD) 66.8
(7.4) years; 61.7% male; 89.2% white European) pro-
vided valid data (82% of total sample) and were
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included in this study (figure 1). Table 1 displays the
participant characteristics. The majority of participants
(81%) provided 7 days of valid activPAL data with a
mean (SD) of 9.44 (1.92) hours/day spent sitting, 4.48
(1.49) hours/day standing and 1.68 (0.64) hours/day
stepping. Those participants who failed to provide valid
activPAL data compared with those who did provide
valid activPAL data were more likely to be male (74% vs
61%) and had higher fasting insulin (11.9 vs 10.1 mU/L;
p=0.016) but there was no difference for age, ethnicity,
BMI, waist circumference, fasting and 2-hour glucose
and 2-hour insulin (data not in table).

Reallocating prolonged sitting (all time accumulated in
bouts ≥30 min)
Table 2 and figure 2 present the results of the isotem-
poral substitution. Reallocating 30 min of prolonged
sitting time for short sitting was associated with a lower
fasting insulin (4% difference (1–7%); p=0.010) and
higher HOMA-IS (4% difference (1–7%), p=0.012).
Reallocating 30 min of prolonged sitting time for stand-
ing or stepping was associated with a lower fasting
insulin (5% difference (2–8%), p=0.001; 11% difference
(5–16%), p=0.001, respectively) and 2-hour insulin (6%
difference (1–10%), p=0.029; 15% difference (8–22%),
p=0.002, respectively) and a higher HOMA-IS (6% dif-
ference (2–10%), p=0.002; 15% difference (6–26%),
p=0.001, respectively) and Matsuda-ISI (6% difference

(1–11%), p=0.018; 22% difference (9–35%), p<0.001,
respectively). Furthermore, reallocating 30 min of pro-
longed sitting time for stepping was also associated with
a lower fasting (2% difference (1–3%), p=0.046) and
2-hour glucose (6% difference (3–8%), p=0.001). No
associations were observed for any other glucose and
insulin measures (p>0.05). After adjusting for waist cir-
cumference, some associations were attenuated but
reallocating prolonged sitting for standing or stepping
was no longer significantly associated with 2-hour insulin
and fasting glucose, respectively (table 2 and figure 2).

Reallocating short sitting (all time accumulated in bouts
<30 min)
No associations with glucose, insulin and insulin sensitiv-
ity were observed for reallocating 30 min of short sitting
for standing. Reallocating 30 min of short sitting time
for stepping was associated with lower 2-hour glucose
(5% difference (3–8%), p<0.001), fasting insulin (7%
difference (2–12%), p=0.006) and 2-hour insulin (13%
difference (7–19%), p=0.003) and a higher HOMA-IS

Figure 1 Number of participants approached and included at

each stage of the larger study and present analyses.

Table 1 Characteristics of the included participants from

Leicestershire, UK (data collected during 2013)

Characteristics (N=435)

Age (years) 66.86±7.41

Male (%) 61.7

White European (%) 89.2

Waist circumference (cm) 103.79±12.52

Body mass index (kg/m2) 31.47±5.31

Currently using β-blockers (%) 20.2

Currently using lipid lowering

medication (%)

32.3

Family history of diabetes (%) 32.7

Current smokers (%) 7.3

Fasting plasma glucose (mmol/L)

(n=435)

5.2 (4.8–5.5)

2-hour plasma glucose (mmol/L)

(n=422)

5.6 (4.7–6.9)

Fasting insulin (mU/L) (n=307) 9.0 (6.3–13.1)

2-hour insulin (mU/L) (n=266) 44.0 (23.7–79.2)

ActivPAL variables
Days of valid wear (%)

4 days 3.2

5 days 4.3

6 days 11.9

7 days 80.6

Average waking wear (hours/day) 15.59±1.26

Average sitting/lying time (hours/day) 9.44±1.92

Average short (<30 min) bouts of

sitting/lying time (hours/day)

4.19±1.23

Average prolonged (≥30 min) bouts

of sitting/lying time (hours/day)

5.24±1.99

Average standing (hours/day) 4.48±1.49

Average stepping (hours/day) 1.68±0.64

Continuous parametric variables are presented as mean±SD,
categorical variables are presented as percentages and
continuous nonparametric variables as median (IQR).
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Table 2 Associations of reallocating 30 min of prolonged and short sitting/lying for standing or stepping with measures of glucose regulation and insulin sensitivity

n

Prolonged ST

to short ST p Value

Prolonged ST

to standing p Value

Prolonged ST

to stepping p Value

Short ST

to standing p Value

Short ST

to stepping p Value

Model 1 (coefficient (95% CI)

Fasting glucose 435 1.00

(0.99 to 1.00)

0.178 1.00

(0.99 to 1.01)

0.395 0.98

(0.97 to 0.99)

0.046 1.00

(0.99 to 1.01)

0.781 0.99

(0.98 to 1.00)

0.082

2-hour glucose 422 0.99

(0.97 to 1.01)

0.235 1.00

(0.98 to 1.01)

0.460 0.94

(0.92 to 0.97)

0.001 1.00

(0.99 to 1.00)

0.429 0.95

(0.92 to 0.97)

<0.001

Fasting insulin 307 0.96

(0.93 to 0.99)

0.010 0.95

(0.92 to 0.98)

0.001 0.89

(0.84 to 0.95)

0.001 0.98

(0.95 to 1.01)

0.204 0.93

(0.88 to 0.98)

0.006

2-hour insulin 266 0.97

(0.92 to 1.02)

0.147 0.94

(0.90 to 0.99)

0.029 0.85

(0.78 to 0.92)

0.002 0.98

(0.94 to 1.02)

0.258 0.87

(0.81 to 0.93)

0.003

HOMA-IS 307 1.04

(1.01 to 1.07)

0.012 1.06

(1.02 to 1.10)

0.002 1.15

(1.06 to 1.26)

0.001 1.02

(0.99 to 1.05)

0.284 1.10

(1.03 to 1.17)

0.004

Matsuda-ISI 264 1.03

(0.99 to 1.07)

0.100 1.06

(1.01 to 1.11)

0.018 1.22

(1.09 to 1.35)

<0.001 1.02

(0.99 to 1.06)

0.239 1.17

(1.07 to 1.27)

<0.001

Model 2 (coefficient (95% CI)

Fasting glucose 435 1.00

(0.99 to 1.01)

0.188 1.00

(0.99 to 1.01)

0.611 0.99

(0.98 to 1.00)

0.159 1.00

(0.99 to 1.01)

0.866 1.00

(0.98 to 1.01)

0.261

2-hour glucose 422 0.99

(0.97 to 1.01)

0.236 1.00

(0.98 to 1.02)

0.602 0.95

(0.92 to 0.98)

0.002 1.00

(0.99 to 1.00)

0.417 0.95

(0.93 to 0.98)

0.001

Fasting insulin 307 0.96

(0.94 to 0.98)

0.013 0.96

(0.93 to 0.99)

0.028 0.93

(0.88 to 0.98)

0.007 0.99

(0.96 to 1.02)

0.532 0.96

(0.92 to 1.00)

0.173

2-hour insulin 266 0.97

(0.92 to 1.02)

0.158 0.95

(0.91 to 1.00)

0.052 0.87

(0.80 to 0.94)

0.011 0.99

(0.95 to 1.03)

0.441 0.90

(0.83 to 0.98)

0.021

HOMA-IS 307 1.04

(1.01 to 1.07)

0.016 1.04

(1.01 to 1.07)

0.012 1.09

(1.01 to 1.17)

0.024 1.00

(0.97 to 1.03)

0.680 1.05

(0.99 to 1.11)

0.143

Matsuda-ISI 264 1.03

(0.98 to 1.08)

0.116 1.05

(1.01 to 1.09)

0.042 1.16

(1.05 to 1.28)

0.004 1.01

(0.96 to 1.05)

0.515 1.12

(1.03 to 1.22)

0.008

Model 1 was adjusted for age, sex, smoking status, family history of T2DM, ethnicity, β-blockers, lipid-lowering medication and activPAL waking wear time. Model 2 was additionally adjusted for
waist circumference.
Bolded values indicate statistically significant (p<0.05) associations.
ST, sitting time.
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(10% difference (3–17%), p=0.004) and Matsuda-ISI
(17% difference (7–27%), p<0.001). No associations
were observed for any other glucose and insulin mea-
sures. After adjusting for waist circumference, associa-
tions were attenuated and no longer significant for
fasting insulin and HOMA-IS (table 2 and figure 2).

Given the high correlation between the waist circum-
ference and BMI (r=0.84, p<0.001) results reported
above were unaffected if BMI, rather than waist circum-
ference was used in model 2.
There was no interaction by sex or IGR status for any

measure (p>0.1 for all).

Figure 2 Percentage change in glucose regulation and insulin sensitivity measures of 30 min/day reallocations of mean

prolonged sitting/lying coinciding with equivalent increases in short sitting/lying, standing or stepping time and mean short sitting

time with equivalent increases in standing and stepping time. T2DM, type 2 diabetes mellitus.
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DISCUSSION
This unique study modelled the association of reallocat-
ing time spent sitting (accumulated in short and pro-
longed bouts) to standing or stepping, measured with a
robust objective assessment of posture, on associations
with glucose, insulin and insulin sensitivity. Our results
demonstrate that reallocating a small amount of sitting
time into time spent standing or walking is associated
better insulin sensitivity in a population who are poten-
tially at high risk of developing T2DM. Importantly,
these associations were observed when reallocating time
in prolonged sitting to standing or stepping or reallocat-
ing time in short sitting to stepping. Stronger associa-
tions were observed for stepping and no associations
were observed for reallocating short sitting to standing.
Only one other recently published epidemiological

study has investigated the association of replacing object-
ively assessed sitting with standing or stepping on associa-
tions with glucose where small associations were reported
for fasting glucose.25 Our study extends this initial work
by investigating differences between short and long bouts
of sitting time, using a cohort with a high risk of T2DM
and employing measures of insulin sensitivity. We
observed that reallocating 30 min of prolonged sitting for
short sitting, standing and stepping time had beneficial
associations with HOMA-IS (4–9% lower). Additionally,
we also found that reallocating 30 min of both short
(12% higher) and prolonged sitting to standing (5%
higher) and stepping (16% higher) was associated with
beneficial impacts on Matsuda-ISI, a finding which is con-
sistent with previous studies measuring sedentary behav-
iour indirectly with waist-worn accelerometers.21 23 Both
Yates and colleagues and Buman and colleagues found
that reallocating time in sedentary behaviour to light
intensity physical activity was associated with an increase
in Matsuda-ISI and a decrease in fasting insulin and
HOMA-β and an increase in HOMA-S, respectively.
Furthermore, these studies observed stronger associations
when reallocating sedentary time to moderate-to-vigorous
physical activity, a finding broadly in line with the present
study indicating that a higher intensity activity (ie, step-
ping) produced stronger beneficial associations than
standing. Nevertheless, breaking up sitting time by stand-
ing more may be a more amenable target and act as a
first ‘behavioural’ step for certain populations such as
older adults or those at risk of T2DM.
Previous research has suggested that the way in which

sedentary time is accumulated may also be important for
health.20 22 We examined time spent sitting accumulated
in bouts <30 min (short) and ≥30 min (prolonged) and
investigated whether the associations for reallocating
time to standing or stepping differed by sitting time
accumulation (ie, short vs prolonged bouts). Our find-
ings reinforce previous studies20 22 by demonstrating
that reallocating time from prolonged sitting to short
sitting may be beneficial, but reallocating time from
short sitting to very light activity such as standing may
not be enough of a stimulus to result in health benefits.

The findings from the current study also support pre-
vious experimental research showing that breaking up
prolonged sitting with walking (light or moderate)
improves measures of insulin sensitivity acutely,13 14 36–38

with standing breaks also found to be beneficial in those
with a high risk of T2DM.14 For example, in a similar
population of at-risk adults, Henson and colleagues
demonstrated that breaking up sitting every 30 min with
5 min of either standing or light walking significantly
reduced postprandial glucose and insulin area under
the curve across a 7.5-hour day.14 However, the acute
nature of these studies prohibits inferences about longer
term effects on health. Only a small number of studies
have examined longer term reductions in sedentary
behaviour.39 40 Aadahl et al39 reported improvements in
fasting insulin and HOMA-IS following a 6-month inter-
vention to reduce sitting time. In contrast however,
Kozey-Keadle et al,40 in a small 12-week pilot study, only
observed increases in insulin sensitivity when a reduction
in sitting time was accompanied by moderate exercise.
The exact mechanisms by which reducing sitting

through standing and walking impacts on markers of
dysglycaemia are unclear. Moderate-to-vigorous intensity
physical activity has been shown to enhance insulin-
stimulated and contraction-stimulated glucose transport
capacity, the product of which is an increase in the
expression of skeletal muscle glucose transporter 4
(GLUT4).41 However, it is unknown to what extent and
through what mechanisms lower stimulus activity such as
standing or light walking influence the translocation
and turnover of GLUT4 within muscle cells, although
pilot work suggests that breaking prolonged sitting with
light walking upregulates muscle contraction-stimulated,
AMPK-mediated glucose uptake pathways.42 This needs
to be further investigated in future experimental studies.
Our study has several strengths. Unlike the majority of

previous studies, sitting time was measured objectively
using a device that directly assesses different postures,
that is, sitting, standing and walking. We included robust
measures of fasting and 2-hour glucose and insulin which
enabled us to examine novel associations with insulin sen-
sitivity. Finally, our unique cohort of individuals identified
as being at increased risk of developing T2DM are
broadly representative of those referred onto diabetes pre-
vention programmes, therefore having direct relevance
for future diabetes prevention. Although our sample size
was reasonable, considerably fewer individuals (∼100) pro-
vided measures of insulin sensitivity compared with
glucose measures due to insufficient volumes of blood.
The cross-sectional design of this study limits the ability to
make causal inferences and the use of isotemporal substi-
tution modelling does not reflect actual behavioural time
reallocation within this cohort. Our findings need to be
confirmed through prospective and intervention research
that can demonstrate actual change in behaviour.
In conclusion, this study provides novel evidence for

the potential benefits on glucose, insulin and insulin
sensitivity when substituting small amounts of sitting
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time for standing and greater benefits may be achieved
when substituting small amounts of sitting time for step-
ping. However, results should be viewed with caution
given the study design and need to be replicated with
intervention studies.
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