
Taru G
arthw

aite
D

 1808
A

N
N

A
LES U

N
IV

ERSITATIS TU
RK

U
EN

SIS

TURUN YLIOPISTON JULKAISUJA – ANNALES UNIVERSITATIS TURKUENSIS

SARJA – SER. D OSA – TOM. 1808 | MEDICA – ODONTOLOGICA | TURKU 2024

SEDENTARY BEHAVIOR, 
PHYSICAL ACTIVITY, AND 
ENERGY METABOLISM IN 
METABOLIC SYNDROME

With special reference to insulin sensitivity 
and metabolic flexibility

Taru Garthwaite





 

 
 
 
 

Taru Garthwaite 

SEDENTARY BEHAVIOR, 
PHYSICAL ACTIVITY, AND 
ENERGY METABOLISM IN 
METABOLIC SYNDROME 

With special reference to insulin sensitivity and 
metabolic flexibility 

TURUN YLIOPISTON JULKAISUJA – ANNALES UNIVERSITATIS TURKUENSIS 
SARJA – SER. D OSA – TOM. 1808 | MEDICA – ODONTOLOGICA | TURKU 2024 



University of Turku 

Faculty of Medicine 
Clinical Physiology and Nuclear Medicine 
Doctoral Programme in Clinical Research 
Turku PET Centre 

Supervised by 

Adjunct Professor Ilkka Heinonen, PhD 
Turku PET Centre 
University of Turku 
Finland 

Professor Juhani Knuuti, MD, PhD 
Turku PET Centre 
University of Turku 
Finland 

Reviewed by 

Professor Patrick Schrauwen, PhD 
Department of Clinical Epidemiology 
Leiden University Medical Center 
The Netherlands 
 

Academy Research Fellow Laura 
Karavirta, PhD 
Faculty of Sport and Health Sciences 
University of Jyväskylä 
Finland 

Opponent 

Professor George A. Brooks, PhD  
Department of Integrative Biology  
University of California, Berkeley 
United States  
 

The originality of this publication has been checked in accordance with the University 
of Turku quality assurance system using the Turnitin OriginalityCheck service. 

ISBN 978-951-29-9841-8 (PRINT) 
ISBN 978-951-29-9842-5 (PDF) 
ISSN 0355-9483 (Print) 
ISSN 2343-3213 (Online) 
Painosalama, Turku, Finland 2024 



 

It is not the mountain we conquer, but ourselves. 
Sir Edmund Hillary 



 4 

Faculty of Medicine 
Clinical Physiology and Nuclear Medicine 
Turku PET Centre 
TARU GARTHWAITE: Sedentary behavior, physical activity, and energy 
metabolism in metabolic syndrome – with special reference to insulin 
sensitivity and metabolic flexibility 
Doctoral Dissertation, 159 pp. 
Doctoral Programme in Clinical Research 
August 2024 

ABSTRACT 

This study investigated the relationships between physical activity behaviors and 
energy metabolism in 64 middle-aged, sedentary adults with metabolic syndrome. 
Associations were examined cross-sectionally, and a 6-month randomized controlled 
trial was conducted to investigate whether reducing daily sedentary time through 
increased standing and light-to-moderate-intensity physical activity, without adding 
intentional exercise training, could improve metabolic health.  

The time spent in activity behaviors was measured with hip-worn accelerometers 
continuously for 6 months. Cardiorespiratory fitness was determined with maximal 
cycle ergometry. Metabolic outcomes were assessed at baseline, 3 months, and 6 
months using hyperinsulinemic euglycemic clamp, positron emission tomography, 
indirect calorimetry, fasting blood samples, body composition, and anthropometrics. 

Activity behaviors and fitness associated with whole-body and skeletal muscle 
insulin sensitivity, but only associations between standing and insulin sensitivity 
markers were independent of adiposity. Sedentary time associated adversely and 
standing and physical activity, of even light-intensity, beneficially with lipid 
metabolism and metabolic flexibility. A 50-min reduction in daily sedentary time 
attenuated increases in several cardiometabolic markers at 3 months, but the 
intervention did not improve metabolic flexibility in 6 months. However, additional 
analyses showed that successfully reducing daily sedentary time by 30 min or more 
improved metabolic flexibility compared to continued high sedentary time. 
Improvements in metabolic flexibility also correlated with increased standing time.  

The findings highlight the importance of a healthy body composition and suggest 
that reducing sedentary time and increasing standing and light-intensity activity 
might help slow down the progression of metabolic diseases in inactive individuals 
with an increased cardiometabolic risk. 

KEYWORDS: sedentary behavior, physical activity, energy metabolism, insulin 
sensitivity, metabolic flexibility, metabolic syndrome  
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TIIVISTELMÄ 

Tässä tutkimuksessa selvitettiin paikallaanolon, liikkumisen ja energia-aineen-
vaihdunnan välisiä yhteyksiä 64:llä keski-ikäisellä vähän liikkuvalla aikuisella, joilla 
on metabolinen oireyhtymä. Yhteyksiä tutkittiin poikkileikkausasetelmassa ja 6 kk 
interventiolla selvitettiin voiko aineenvaihdunnallista terveyttä parantaa vähentä-
mällä paikallaanoloa, ilman varsinaista liikuntaharjoittelua.  

Paikallaanoloa, seisomista ja liikkumista mitattiin lantiolla pidettävillä liike-
mittareilla koko tutkimusjakson ajan. Kestävyyskunto määritettiin maksimaalisella 
polkupyöräergometritestillä. Aineenvaihdunnallisen terveyden muuttujia tutkittiin 
lähtötilanteessa, 3 kk ja 6 kk kohdalla käyttämällä hyperinsulineemista euglykee-
mistä clamp-tutkimusta, positroniemissiotomografiaa, epäsuoraa kalorimetriaa, 
paastoverinäytteitä, kehonkoostumusta ja antropometriaa. 

Paikallaanolo, liikkuminen ja kestävyyskunto olivat yhteydessä koko kehon ja 
luurankolihasten insuliiniherkkyyteen, mutta vain seisominen oli yhteydessä insu-
liiniherkkyysmuuttujiin, kun kehon rasvoittuneisuus otettiin huomioon. Runsas 
paikallaanolo oli yhteydessä huonompaan ja seisominen ja kevytkin liikkuminen 
parempaan rasva-aineenvaihduntaan ja aineenvaihdunnalliseen joustavuuteen. 
Interventio vähensi päivittäistä paikallaanoloa 50 min 3 kk aikana, mikä hidasti 
kontrolliryhmässä havaittua heikkenemistä useissa kardiometabolisissa muuttujissa, 
mutta interventio ei parantanut aineenvaihdunnallista joustavuutta 6 kk aikana. 
Aineenvaihdunnallinen joustavuus parani kuitenkin niillä, jotka onnistuneesti vähen-
sivät päivittäistä paikallaanoloa yli 30 min. Aineenvaihdunnallisen joustavuuden 
muutos korreloi positiivisesti seisomisajan muutoksen kanssa.  

Tulokset korostavat terveen kehonkoostumuksen merkitystä ja viittaavat siihen, 
että paikallaanolon vähentäminen ja kevyenkin liikkumisen lisääminen voi auttaa 
hidastamaan aineenvaihduntasairauksien etenemistä vähän liikkuvilla riskiryhmillä.  

AVAINSANAT: paikallaanolo, fyysinen aktiivisuus, energia-aineenvaihdunta, 
insuliiniherkkyys, aineenvaihdunnallinen joustavuus, metabolinen oireyhtymä    
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[18F]FDG 18F-fluorodeoxyglucose  
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CHO Carbohydrate 
CHOox Carbohydrate oxidation 
CI Confidence interval 
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LDL Low-density lipoprotein 
MAD Mean amplitude deviation 
MET Metabolic equivalent of task 
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MVPA Moderate-to-vigorous physical activity 
OGTT Oral glucose tolerance test 
PA Physical activity 
PET Positron emission tomography 
PO Power output 
RER Respiratory exchange ratio 
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RQ Respiratory quotient 
Q1 First quartile 
Q3 Third quartile 
QUICKI Quantitative insulin sensitivity check index 
SD Standard deviation 
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1 Introduction 

Physical activity (PA) used to be a fundamental component of daily life and a 
necessity for survival for our ancestors. In modern day, however, the demands for 
PA have significantly reduced. Together with changes in food availability and 
dietary quality, the increasingly sedentary and inactive lifestyle has doubled the 
obesity prevalence in the past few decades and now 2.5 billion, or ~ 40 % of adults 
worldwide are overweight or obese (World Health Organization, 2024). In addition, 
463 million people are estimated to have diabetes (Saeedi et al., 2019).  

PA plays a key role in the prevention of these lifestyle-related health problems, 
but despite the well-known health benefits of regular PA (2018 Physical Activity 
Guidelines Advisory Committee, 2018), nearly a third of adults globally are 
physically inactive and do not meet the current weekly PA recommendations of at 
least 150–300 min of moderate-intensity or 75–150 min of vigorous-intensity 
aerobic activity and muscle-strengthening activities on at least 2 days (Strain et al., 
2024; World Health Organization, 2020). Consequently, physical inactivity is an 
established major health risk and a global public health concern as it is estimated to 
cause 6–10 % of premature deaths and chronic diseases, levels comparable to obesity 
and smoking (Katzmarzyk et al., 2021; Lee et al., 2012). 

In addition to physical inactivity, sedentary behavior has more recently been 
identified as an important determinant of health and a modifiable risk factor for 
adverse health outcomes. Whereas physical inactivity is defined as an insufficient 
PA level to meet the current recommendations, sedentary behavior covers a broad 
range of behaviors involving sitting, reclining or lying down with low energy 
expenditure (EE) (Tremblay et al., 2017). Adults in developed countries now spend 
on average ~ 9–10 h sedentary daily, of which majority is commonly accumulated 
through desk-based office work and sedentary leisure-time activities (Bauman et al., 
2018; Dohrn et al., 2024; Loyen et al., 2017; Matthews et al., 2021). High levels of 
sedentary behavior are associated with an increased risk of mortality and chronic 
diseases, and the risk seems to increase with sedentary time over 9.5 h/day (Bailey 
et al., 2019; Dempsey et al., 2020; Ekelund, Tarp, et al., 2019; Sagelv et al., 2023). 
Therefore, a recommendation to limit sedentary time and to replace it with PA of 
any intensity has recently been included in the activity guidelines (World Health 
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Organization, 2020). Current evidence is insufficient to provide more specific 
quantitative recommendations, however (Dempsey et al., 2020). 

Although strong observational data supports the relationship between high 
sedentary time and poor health outcomes, less is known about the impact of reduced 
sedentary time on health. Meta-analyses have shown that behavioral interventions 
have potential to reduce daily sedentary time, which might lead to health benefits 
(Hadgraft et al., 2021; Martin et al., 2015; Nieste et al., 2021; Peachey et al., 2020; 
Shrestha et al., 2019). However, the evidence on health improvements is limited, 
studies have mostly targeted healthy populations and occupational sitting, and the 
majority have lasted for less than 3 months or reported attenuations in sedentary time 
reductions with longer follow-ups (Hadgraft et al., 2021; Peachey et al., 2020; 
Shrestha et al., 2018). Moreover, accelerometers are typically used only for a week, 
which might not accurately reflect habitual activity behaviors over longer periods of 
time or capture changes in behavior. Considering the high levels of physical 
inactivity and the rapidly increasing prevalence of lifestyle-related chronic diseases, 
longer-term free-living interventions and accelerometer-measurements are needed 
particularly in populations with an increased risk of metabolic diseases.  

This PhD study aims to fill some of these research gaps with a 6-month free-
living behavioral intervention in adults with metabolic syndrome. Studying the 
associations and causality between sedentary time, PA, and metabolic outcomes 
related to energy metabolism and insulin sensitivity will help advance the 
understanding of the role of lifestyle factors in the progression of metabolic diseases 
and possibly aid in the development of potential intervention targets. 
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2 Review of the Literature 

2.1 Sedentary behavior and physical activity 
Physical activity is defined as ‘any bodily movement produced by skeletal muscles 
that results in energy expenditure’ (Caspersen et al., 1985), while not meeting the 
current PA recommendations is considered physical inactivity (Tremblay et al., 
2017). Previously in PA and sedentary behavior research, the term ‘sedentary’ was 
often used interchangeably with ‘physical inactivity’, causing confusion in the field. 
More recently, the two have been recognized as distinct behaviors with potentially 
different health consequences, and the Sedentary Behavior Research Network has 
developed a consensus statement regarding the terminology in an attempt to 
standardize the definitions (Tremblay et al., 2017). Sedentary behavior is now 
defined as any waking behavior in a sitting, reclining, or lying posture with an energy 
expenditure ≤ 1.5 metabolic equivalents (METs) (Tremblay et al., 2017). A MET is 
a measure of energy expenditure, with 1 MET representing about 3.5 ml/kg/min 
oxygen consumption (VO2) while sitting at rest (Ainsworth et al., 1993). Multiples 
of 1 MET are used to describe the intensity of PA: light-intensity physical activity 
(LPA) is often defined as > 1.5 to < 3.0 METs, moderate-intensity physical activity 
(MPA) as 3.0 to < 6.0 METs, and vigorous-intensity physical activity (VPA) as 
≥ 6.0 METs.  

2.1.1 Assessment of physical activity and sedentary time 
Most of the evidence about the health effects of PA and sedentary behavior accrued 
to date is based on epidemiological studies using self-reported estimates of time 
spent in specific activity behaviors (World Health Organization, 2020). The 
estimates can be collected with questionnaires, behavioral logs, diaries, and short-
term recalls. The advantages of these methods are that they are relatively 
inexpensive, implementable on large scale, and they can provide information on the 
types of activity and the contexts and domains in which the activities take place, 
separating for example occupational and leisure-time activities (Healy et al., 2011). 
However, self-reports are prone to measurement error and reporting bias, often 
overestimating PA and underestimating sedentary time by as much as 1.74 h/day 
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(Chastin et al., 2018; Prince et al., 2020). They are also unable to record light-
intensity and non-exercise, intermittent sporadic bouts of activities in daily living, 
and in general have poorer accuracy, precision, and validity compared to objective 
measures (Chastin et al., 2018).  

Technical advances have led to an increasing use of objective measuring devices 
in PA and sedentary behavior research. Devices enable a more accurate 
quantification of time spent in different activity behaviors compared to self-reports 
and they can also assess the pattern in which the time is accumulated. The most 
commonly used objective devices are wearable activity monitors, including 
accelerometers and inclinometers. The first-mentioned primarily measure 
accelerations generated by movement and the intensity of such movements, while 
inclinometers assess the inclination of body parts and provide postural information 
(Boerema et al., 2020). Consequently, the objective device-based methods are 
capable of capturing also incidental and light-intensity activity and quantifying the 
time spent in specific postures, i.e., sitting, standing, and lying. Some disadvantages 
of devices are the lack of contextual and domain-specific information, a higher cost 
and participant burden compared to self-report measures, and the inability of some 
devices to accurately assess certain types of activities (e.g., cycling, resistance 
training) (Gibbs et al., 2015).  

Although activity monitors provide more accurate information on the time spent 
in different activity behaviors in comparison to subjective self-report measures, the 
estimates from objective device-based measurements can also vary depending on, 
for example, monitor placement, the duration of the measurement, daily wear time, 
and data processing and analysis methods. The most commonly used locations for 
accelerometers in research settings are the hip, wrist, and thigh. Thigh-worn 
accelerometers are currently considered the “gold standard” of sedentary behavior 
measurement because of the capability to accurately identify postures. However, the 
PA assessment is based on step counts, and a disadvantage of the thigh-worn devices 
is that they are often attached onto the skin with adhesive and can thus cause skin 
irritation, a higher participant burden, and possibly a more limited measurement 
duration in comparison to hip- and wrist-worn devices. Estimates from hip-worn 
devices in turn are more accurate in estimating whole-body movements than wrist-
based measurements due to positioning closer to the center of body mass, whereas 
wrist-worn devices also capture forearm movements (Rosenberger et al., 2013; 
Shiroma et al., 2016). Recent technical developments also allow triaxial hip-worn 
accelerometers to reliably estimate posture with validated algorithms (Vähä‐Ypyä et 
al., 2018).  

A typical activity measurement period in studies is 7 days, with a minimum of 
10 h/day monitor wear time usually considered sufficient (Atkin et al., 2012). One 
week may be enough to reliably estimate sedentary time and PA, but a longer 
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measurement may be needed to detect associations with health outcomes (Aadland 
& Ylvisåker, 2015; Sjöros et al., 2021). Moreover, analyses should be corrected for 
individual variation in daily monitor wear time (Aadland & Ylvisåker, 2015; Healy 
et al., 2011). Making comparisons between devices and studies can also be 
challenging due to differences in data processing methods and metrics used. 
Estimates are affected by, for example, the chosen epoch length for acceleration data 
analysis and the intensity thresholds for activity count-based measurements (Atkin 
et al., 2012; Sievänen & Kujala, 2017). Although the arbitrary activity counts are a 
commonly used metric, universal algorithms for raw acceleration data can provide 
more easily interpretable and physiologically relevant measures that allow 
comparisons between studies (Vähä‐Ypyä, Vasankari, Husu, Suni, et al., 2015). 

Overall, although the device-based measures are preferred for a more accurate 
estimation of total time spent sedentary or in PA and the patterns of accumulation, 
self-reports can provide complementary, valuable information on the contexts and 
types of activities. Thus, the combination of the two measurement methods can 
provide a more comprehensive picture of activity behaviors than either one alone.  

2.1.2 Health risks of sedentary behavior 
Epidemiological studies have consistently linked high volumes of sitting to an 
increased risk of premature mortality, cardiovascular disease, type 2 diabetes, certain 
types of cancer, and metabolic syndrome (Bailey et al., 2019; Biswas et al., 2015; 
Dempsey et al., 2020; Jingjie et al., 2022; Lynch, 2010; Patterson et al., 2018; Sagelv 
et al., 2023; Wilmot et al., 2012; Wu et al., 2022). High volumes of sedentary 
behavior appear to increase particularly the risk of type 2 diabetes, as the risk is 
approximately doubled in the quartile with the highest self-reported sedentary time 
in comparison to the lowest quartile (Biswas et al., 2015; Wilmot et al., 2012).  
Besides an increased risk of mortality and chronic disease incidence, sedentary 
behavior has also been shown to associate adversely with several cardiometabolic 
outcomes, including waist circumference, glycemic outcomes and lipid profile 
(Brocklebank et al., 2015; Powell et al., 2018), as well as mental health and cognitive 
outcomes (Saunders et al., 2020). These deleterious health effects are likely a result 
of negative impacts on multiple physiological systems following reduced muscle 
contractions, blood flow, and energy expenditure in comparison to standing and PA, 
leading to, for example, insulin resistance, vascular dysfunction, accumulation of 
lipids and lipid intermediates, a shift in muscle fiber type from oxidative to glycolytic 
type, and an increased oxidation of carbohydrates (CHO) over fats (Pinto et al., 
2023). 

The risk of mortality and incident disease has been shown to increase with longer 
sitting time. The risk increases from self-reported sitting time of 7–8 h/day onwards, 
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(Chau et al., 2013; Ekelund et al., 2016; Patterson et al., 2018), and in accelerometer 
studies the risk has been shown to be more pronounced with sitting time over 
9.5 h/day (Ekelund, Tarp, et al., 2019). Among the least active even less time spent 
sedentary might be detrimental. Although sedentary behavior has also been claimed 
to have detrimental health effects independent of PA (Patterson et al., 2018), PA 
seems to modify the associations between sedentary time and health outcomes to 
some extent. The detrimental associations are more pronounced among physically 
inactive people, and ~ 20–40 min/day of accelerometer-assessed moderate-to-
vigorous PA (MVPA) might offset some of the negative effects of sitting (Ekelund, 
Brown, et al., 2019; Ekelund et al., 2020; Sagelv et al., 2023). In contrast, however, 
the idea of sedentary behavior as an independent determinant of adverse health 
effects is supported by bed rest studies showing that even large volumes of exercise 
do not fully counteract the negative metabolic consequences of bed rest-induced 
inactivity and sedentariness (Le Roux et al., 2022). This highlights the role of non-
exercise activity and LPA in daily living in the maintenance of health.  

Not only the total sitting time, but the accumulation patterns of sedentary time 
may have distinct implications on health outcomes as well, i.e., whether the total 
sitting time is accrued in prolonged periods or in shorter bouts with frequent breaks. 
Limited prospective evidence suggests higher rates of chronic diseases and mortality 
with longer sedentary bouts (Dempsey et al., 2022; Diaz, Howard et al., 2017; Wu 
et al., 2023), and experimental studies consistently show detrimental effects on 
cardiometabolic risk markers, including blood pressure, glucose, insulin, and lipid 
levels (Bellettiere et al., 2017; Dempsey et al., 2018; Diaz, Goldsmith et al., 2017; 
Dunstan et al., 2012; Grace et al., 2017; Homer et al., 2017; Paterson et al., 2020). 
Longer sitting bouts may also magnify the deleterious health effects of total 
sedentary time (Bellettiere et al., 2017). The total volume of sedentary time may, 
however, be the more detrimental characteristic of sedentary behavior, as the health 
risks of prolonged sitting bouts do not seem to be independent of total sedentary time 
(Diaz, Goldsmith et al., 2017; Diaz, Howard et al., 2017). 

Besides the total sedentary time and the pattern of accumulation, the 
relationships between sedentary behaviors and health outcomes may be influenced 
by the domain in which sedentary time is accrued, and the type of sedentary behavior. 
For example, the deleterious effects of sitting seem to be more pronounced with 
sitting during leisure time and with mentally passive sedentary behaviors (e.g., TV 
viewing), rather than with sitting time accrued at work or during mentally active 
behaviors (e.g., reading) (Hallgren et al., 2020; Ketels et al., 2020; Kitano et al., 
2022; Saidj et al., 2016). It is worth noting, however, that other lifestyle factors 
related to TV viewing, including eating habits, may contribute to the associations 
with adverse outcomes (Heinonen et al., 2013).  
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As lifestyle-related cardiometabolic diseases result in a great disease burden 
globally and high volumes of sedentary time are associated with adverse metabolic 
outcomes, reducing the time spent sedentary could be a potential strategy to improve, 
or maintain, health. The health risks appear to be the highest with the combination 
of high total sedentary time and its accrual in prolonged bouts, particularly during 
leisure time, thus targeting both reductions and interruptions in leisure-time sitting 
is likely to yield the most health benefits. 

2.1.3 Effects of reduced sedentary time on health 
Acute experimental studies and short-term crossover interventions have suggested 
potential cardiometabolic health benefits for reducing and breaking up prolonged 
sitting (Buffey et al., 2022; Loh et al., 2020), and an increasing number of 
interventions are now targeting reductions in sedentary time to investigate the 
potential health benefits in longer term. Meta-analyses show that sedentary behavior 
interventions can lead to reductions in daily sitting time ranging from ~ 0.5 h to 1.5 
h with varying settings, behavior change techniques, and intervention durations 
(Compernolle et al., 2019; Martin et al., 2015; Murtagh et al., 2020; Neuhaus et al., 
2014; Nieste et al., 2021; Peachey et al., 2020; Prince et al., 2020; Shrestha et al., 
2018, 2019). Self-monitoring and environmental restructuring (e.g., sit–to–stand 
workstations at workplaces) appear to be particularly useful strategies (Gardner et 
al., 2016), and targeting sedentary behavior alone is more effective in reducing 
sedentary time than targeting changes in PA alone or in combination with sedentary 
behavior (Nguyen et al., 2020). Most sedentary behavior interventions have targeted 
workplaces, significantly reducing occupational sitting time (Shrestha et al., 2018) 
and showing promise for improved cardiometabolic risk (Brierley et al., 2019). 
However, from public health perspective it is also important to note that there might 
be a compensatory effect by increased sitting and reduced activity outside of work 
hours (Mansoubi et al., 2016). Although a large amount of sitting is accrued in leisure 
time, fewer interventions have targeted specifically non-occupational sedentary 
behavior. Non-worksite interventions seem to be effective in reducing total sedentary 
time (Thraen-Borowski et al., 2017), and targeted interventions can also reduce 
leisure-time sitting on average by 30 min/day in medium-term (4–12 months), and 
TV viewing by 61 min/day in short-term (≤ 4 months) and 11 min/day in medium-
term (Shrestha et al., 2019). The sustainability and potential for health improvements 
over longer term remain unclear, however.  

The evidence on the health effects of reduced sitting is still limited. In short term, 
reducing sitting by increased standing and light-intensity walking might improve 
insulin sensitivity and circulating lipids, as suggested by 4-day free-living crossover 
trials (Duvivier et al., 2013, 2016, 2017). Meta-analyses of acute, experimental 



Taru Garthwaite 

 18 

studies also show consistent glycemic benefits with frequent interruptions to 
prolonged sitting by either light- or moderate-intensity PA breaks, with greater 
benefits for those with underlying metabolic impairments (Buffey et al., 2022; 
Dempsey et al., 2018; Loh et al., 2020; Saunders et al., 2018). Breaking up sitting by 
standing may provide benefits as well, but the evidence is more inconsistent. Short, 
frequent PA breaks seem slightly more beneficial than one continuous bout (Chastin 
et al., 2015; Loh et al., 2020), likely due to increased, more frequent muscle 
contractions (Gao et al., 2024). Although the optimal frequency, type and intensity 
of activity breaks remain unclear, breaking up sitting every 30 min has been 
suggested as an optimal and feasible target (Diaz, Howard et al., 2017; Dong et al., 
2024; Duran et al., 2023). 

Meta-analyses of longer-term interventions targeting sedentary behavior, alone 
or in combination with increases in PA, show small improvements in weight, waist 
circumference, body fat-%, glucose and lipid metabolism, and blood pressure 
(Hadgraft et al., 2021; Nieste et al., 2021). Interventions reducing sedentary behavior 
may also have an influence on cardiorespiratory fitness, which is a strong predictor 
of health outcomes (Prince et al., 2024). Most sedentary behavior interventions have 
lasted for less than 3 months, however, or reported attenuations in sedentary time 
reduction with longer follow-ups (Blackburn et al., 2020; Peachey et al., 2020). 
Three months might not be long enough to see health effects, as more promising 
cardiometabolic benefits have been observed at 6 months (Bodker et al., 2021) and 
12 months, despite a greater reduction in sedentary time at 3 months (Healy et al., 
2017; Winkler et al., 2018). Moreover, the effects of sedentary behavior 
interventions on health are also dependent on what activity sedentary time is replaced 
by, as a reduction in one type of behavior inherently leads to an increase in some 
other behavior (standing, LPA, MVPA, sleep) within a finite 24-h day (Segura-
Jiménez et al., 2022).  

Isotemporal substitution modeling and compositional data analysis take into 
account this co-dependency of activity behaviors. Studies using these methods show 
that the greatest health benefits are achieved by reallocating sedentary time to 
MVPA, but replacing some of the daily sitting with LPA and standing can also have 
beneficial health effects (Blodgett et al., 2024; Brakenridge et al., 2024; Chastin et 
al., 2015; del Pozo-Cruz et al., 2018; Miatke et al., 2023). Reallocating sedentary 
time to either LPA or MVPA is beneficially associated with cardiometabolic 
outcomes and adiposity, and reduced mortality risk, and the least active are likely to 
benefit the most from reduced sedentary time (del Pozo-Cruz et al., 2018; Miatke et 
al., 2023). The most effective and time-efficient way to achieve cardiometabolic 
benefits is the reallocation of time from other behaviors to MVPA, theoretically with 
even as little as 4–12 min/day (Blodgett et al., 2024; Miatke et al., 2023). A 24-h 
behavioral time-use composition with less time spent sitting and more standing, PA, 
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and sleep has the most beneficial associations with cardiometabolic health, and the 
average optimal composition for health was recently suggested to be 6 h sitting, 5 h 
10 min standing, 2 h 10 min LPA, 2 h 10 min MVPA, and 8 h 20 min sleeping 
(Brakenridge et al., 2024). The beneficial associations of compositions with greater 
PA and less sitting with cardiometabolic health also seem to be stronger in those 
with impaired glucose metabolism or type 2 diabetes compared to normoglycemia, 
suggesting that especially individuals with poorer metabolic health would benefit 
from reallocating sitting time to PA (Brakenridge et al., 2024). In addition to those 
with existing metabolic impairments, the least active, previously sedentary 
individuals are likely to gain the greatest benefits from reduced sitting and increased 
activity of any intensity, even if the amount is still below PA recommendations 
(Greenwalt et al., 2023). 

In summary, it is possible to intervene on activity behaviors and to reduce daily 
sedentary time, although long-term sustainability remains unclear. The majority of 
sedentary behavior interventions have targeted occupational sitting time and healthy 
populations, used self-reports or short accelerometer measurements to assess 
sedentary time, and reported limited health benefits. Free-living, longer-term 
interventions investigating the health effects of reduced habitual sedentary behavior 
in populations with existing metabolic impairments are lacking. As inactive and 
sedentary individuals with an increased risk of metabolic diseases are likely to 
benefit the most from reduced sedentary time, studying the causality and the 
potential of reduced sedentary time as a health-enhancing strategy is particularly 
important in this population.  

2.2 Energy metabolism 
Energy to fuel all processes in the body is generated through the breakdown of 
energy substrates, primarily glucose and fatty acids. The contribution of each to the 
production of adenosine triphosphate (ATP) depends on several factors influencing 
the availability, uptake, transport, and utilization of substrates. A few central features 
in the regulation of these aspects of energy metabolism are described in the following 
section. 

2.2.1 Blood glucose regulation 
Glucose is the major energy source in human metabolism. The maintenance of 
normal blood glucose level within a physiological range (~ 4–9 mmol/L) is essential 
to ensure a constant energy supply to tissues, particularly to the glucose-dependent 
brain (Dimitriadis et al., 2021). The regulation of glucose homeostasis is primarily 
dependent on the dynamic interactions between the liver, muscle, and adipose tissue 
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and the effects of pancreatic hormones, particularly glucagon and insulin (Röder et 
al., 2016). When blood glucose levels are low, the pancreas secretes glucagon to 
stimulate hepatic glucose production. In contrast, elevated blood glucose levels 
stimulate increased insulin secretion. Insulin then lowers blood glucose levels by 
increasing insulin-dependent glucose uptake (GU) by muscle and adipose tissue and 
the promotion of glycogen synthesis for storage (Röder et al., 2016). 

The liver is in a critical role in glucose metabolism and the regulation of blood 
glucose levels as it is a major site for postprandial glucose storage and primarily 
responsible for glucose production via gluconeogenesis and glycogenolysis in the 
fasting state (Petersen et al., 2017). Skeletal muscle also has a central role in 
glycemic control since lactate released from muscle is the major gluconeogenic 
substrate (Brooks 2018), and ~ 80–85 % of total insulin-stimulated glucose uptake 
is by muscle tissue (DeFronzo et al., 1985). Muscle contractions also function as an 
insulin-independent mechanism to increase glucose uptake. Although the order in 
which tissues develop insulin resistance is uncertain, insulin resistance originating 
from skeletal muscle has been proposed as the primary defect in the development of 
type 2 diabetes (DeFronzo & Tripathy, 2009). Adipose tissue, in turn, contributes to 
the blood glucose homeostasis by increased glucose uptake and suppression of 
lipolysis in response to insulin, and by providing free fatty acids (FFA) as an 
alternative fuel source when glycogen stores and blood glucose levels are low 
(Dimitriadis et al., 2021).  

2.2.2 Insulin sensitivity 
As mentioned above, insulin is a key hormone in blood glucose regulation, exerting 
direct and indirect effects on the primary target tissues of muscle, liver, and adipose 
tissue (Figure 1). In insulin-sensitive state, insulin promotes glucose uptake and 
storage in skeletal muscle by stimulating glucose transport and glycogen synthesis. 
In the liver, insulin increases glucose uptake and inhibits gluconeogenesis and 
glycogenolysis to maintain and regulate blood glucose levels. A major function of 
insulin in adipose tissue is to suppress lipolysis and prevent the hydrolysis and 
release of triglycerides into the circulation as FFA (Petersen & Shulman, 2018). 

The gold standard of insulin sensitivity measurement is the hyperinsulinemic 
euglycemic clamp (HEC) (DeFronzo et al., 1979). HEC is based on raising plasma 
insulin to a supraphysiological level by infusion, together with a constant glucose 
infusion to maintain euglycemia. The aim is to suppress endogenous glucose 
production by the liver, so that the amount of infused glucose needed to maintain 
steady plasma glucose level would reflect the amount taken up by tissues in response 
to insulin stimulation. HEC can also be combined with 18F-fluorodeoxyglucose 
positron emission tomography ([18F]FDG-PET imaging) to quantify tissue-specific 
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insulin sensitivity by assessing the uptake of glucose analogue [18F]FDG tracer. 
However, HEC is a labor-intensive, costly, and impractical method to use in clinical 
settings and epidemiological studies. Therefore, simple surrogate measures from 
fasting blood samples are often used to estimate insulin sensitivity, such as 
homeostatic model assessment of insulin resistance (HOMA-IR) index, and 
quantitative insulin sensitivity check index (QUICKI), which primarily reflect 
hepatic insulin sensitivity (Muniyappa et al., 2008). Oral glucose tolerance test 
(OGTT) is another commonly used method. Although OGTT is not a measure of 
insulin sensitivity per se, it allows a more physiological assessment of the efficiency 
of the body to dispose of glucose after an oral glucose load in comparison to HEC 
(Muniyappa et al., 2008). 

 
Figure 1. Systemic response to insulin. Upon glucose sensing, the pancreas increases the 

insulin/glucagon ratio. The rise in insulin stimulates many metabolic processes in the 
key metabolic organs: the liver, heart, brain, white adipose tissue, and skeletal muscle. 
Collectively, these metabolic processes switch metabolism from a preference of fatty 
acid oxidation to glucose uptake and oxidation. Reprinted from Smith et al., Metabolic 
Flexibility as an Adaptation to Energy Resources and Requirements in Health and 
Disease, Endocrine Reviews, Volume 39, Issue 4, August 2018, pages 489–517, 
https://doi.org/10.1210/er.2017-00211. Copyright © 2018 Endocrine Society. Published 
under the Creative Commons Attribution License (CC BY; 
https://creativecommons.org/licenses/by/4.0/).  
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Proper insulin action is essential for the maintenance of glucose homeostasis. 
Disruptions in the secretion and/or action of insulin resulting primarily from an 
imbalance between energy intake and expenditure eventually give rise to insulin 
resistance (Roden & Shulman, 2019). As a result of blunted response to insulin by 
target tissues, blood glucose levels rise and insulin secretion is further increased as 
a compensatory effort to lower glucose, leading to hyperinsulinemia and 
hyperglycemia if not managed. Central features of insulin resistance are impaired 
glucose uptake by tissues, decreased glycogen synthesis, and an impaired inhibition 
of hepatic glucose production and adipose tissue lipolysis (Petersen & Shulman, 
2018).  

Decreased insulin sensitivity precedes type 2 diabetes and is one of the earliest 
defects in the pathogenic events leading to the onset of type 2 diabetes (Roden & 
Shulman, 2019). Although the mechanisms underlying the development of insulin 
resistance are not entirely understood yet, lipotoxicity and impaired insulin 
signalling resulting from the accumulation of lipids and lipid metabolites in muscle 
and liver are proposed as some primary characteristics and relatively early events in 
the causal pathway (Corpeleijn et al., 2009; Roden & Shulman, 2019; Silva Rosa et 
al., 2020). Lipid oversupply and increased relative fat oxidation also lead to an 
increased production of reactive oxygen species, which can damage mitochondria 
and further promote the accumulation of lipids and contribute to insulin resistance 
(Petersen & Shulman, 2018). Ectopic lipid accumulation is thus a result of an 
imbalance between lipid availability and oxidation, and therefore dysregulated fuel 
switching and the concept of metabolic inflexibility are implicated as important 
contributors to the onset of insulin resistance (Corpeleijn et al., 2009; Silva Rosa et 
al., 2020; Smith et al., 2018). 

2.2.3 Metabolic flexibility 
The capacity to match fuel oxidation to fuel availability and changing energy 
demands is defined as metabolic flexibility (MetFlex) (Galgani & Fernández‐
Verdejo, 2021). MetFlex plays an essential role in maintaining energy homeostasis 
and overall metabolic health by ensuring a constant and sufficient energy supply to 
tissues and cells when transitioning from fasting to feeding, or rest to exercise, for 
example. On the other hand, dysregulated lipid and CHO metabolism and a blunted 
ability to switch between substrates characterizes metabolic inflexibility, which is a 
common feature in obesity, insulin resistance, metabolic syndrome and type 2 
diabetes (Kelley et al., 1999; Kelley & Simoneau, 1994; San-Millán & Brooks, 2018; 
Smith et al., 2018). 

MetFlex is an adaptive, systemic response coordinated by multiple organs and 
tissues. The determinants and regulatory mechanisms are thus complex and 
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multifactorial, and not entirely clear yet. A few proposed determinants include 
energy balance and dietary macronutrient composition, plasma substrate 
concentration, glucose disposal rate, and mitochondrial oxidative capacity (Galgani 
et al., 2008). The identification of primary factors influencing MetFlex also depends 
on the level at which fuel availability, a central feature in the concept of MetFlex, is 
assessed (Galgani & Fernández‐Verdejo, 2021). For example, fuel availability on the 
intake level is determined primarily by dietary composition and energy balance, 
which in turn affect the circulating level of substrates. The capacity for glucose and 
fatty acid uptake from circulation determine the fuel availability on the tissue/cellular 
level, and lastly, fuel availability and MetFlex can also be considered at the 
mitochondrial level (Galgani & Fernández‐Verdejo, 2021). Mitochondrial function 
is suggested to be at the core of MetFlex, since mitochondria are major regulators of 
glucose and fat metabolism as oxidation sites (San-Millán, 2023; Smith et al., 2018). 
Reduced skeletal muscle glucose disposal and impaired suppression of adipose tissue 
lipolysis, together with mitochondrial dysfunction, favor the accumulation of lipids 
and lipid intermediates ectopically, which is proposed as a key contributor to the 
development of metabolic inflexibility (Galgani et al., 2008; Sparks et al., 2009). 
Endocrine regulation together with metabolic signalling and pathways involving key 
regulatory enzymes, such as pyruvate dehydrogenase, malonyl-CoA, and carnitine 
palmitoyltransferase, also play an essential role in fuel sensing, uptake, transport, 
storage, and expenditure (Smith et al., 2018).  

MetFlex can be assessed in response to various metabolic or physiological 
challenges, with insulin stimulation by HEC, high-fat diet, and exercise being some 
of the most commonly used methods. Originally MetFlex was assessed with the 
arteriovenous leg balance technique during insulin stimulation by HEC and 
expressed as the change in respiratory quotient (ΔRQ = insulin-stimulated RQ − 
fasting RQ) (Kelley et al., 1999). RQ is the ratio of produced carbon dioxide (VCO2) 
to consumed oxygen (VO2) (VCO2/VO2) and it reflects the fuel mix being oxidized 
for energy production. RQ measured with the leg balance technique represents 
substrate metabolism at the tissue level, while an indirect measurement of gas 
exchange from breath allows a less invasive measurement and an estimation of 
whole-body substrate oxidation with respiratory exchange ratio (RER). RER is an 
approximate measure of RQ and equals RQ over time, thus it is often used 
interchangeably with RQ to represent whole-body fuel metabolism. Fasting RQ or 
RER is also often used as a marker of MetFlex, and more recently alternative 
indicators have been proposed as well, for example, an index of postprandial RQ and 
insulin variability (Bergouignan, Antoun et al., 2013), 24-h RQ kinetics (Carnero et 
al., 2021), and the rates of glucose clearance and fractional gluconeogenesis during 
OGTT (Curl et al., 2024). 
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2.2.4 Substrate oxidation 
The relative contribution of each of the primary oxidative substrates, carbohydrates 
and fatty acids, to energy production depends primarily on fuel availability and 
metabolic demand. Despite the large fat stores in the body and the virtually unlimited 
potential of fat as an energy source, fatty acids are less readily available for oxidation 
than CHO, because triglycerides, the major storage form of fat, must first be broken 
down to FFA by hydrolysis. Carbohydrates are available as glucose in the blood and 
as glycogen in skeletal muscle and the liver, but the stores are limited. The 
availability is also affected by constant transitions between fasting and fed states and 
consequent fluctuations in fuel supply. For example, healthy individuals are 
normally able to increase fat oxidation (FATox) in a fasting state in response to 
abundant availability of fatty acids released from adipose tissue by lipolysis 
following glycogen depletion, whereas CHO oxidation increases after a 
carbohydrate-containing meal and the subsequent increase in blood glucose 
availability (Figure 2). In obesity, insulin resistance, and type 2 diabetes, however, 
fat oxidation during fasting is impaired, together with a blunted ability to switch from 
the oxidation of fat to CHO after a meal or insulin stimulation (Corpeleijn et al., 
2008; Kelley et al., 1999). In comparison to healthy counterparts, the ability to 
increase fat oxidation in response to a high-fat diet is also impaired in obesity 
(Battaglia et al., 2012).  

Besides in the transition from fasting to a fed state or insulin stimulation, the 
ability to alternate oxidized fuels is required during exercise in order to increase 
energy supply to match the increased energy demands of working muscles. Fat and 
CHO are oxidized simultaneously during exercise, but their source and relative 
contribution to energy production is largely determined by the intensity and duration 
of exercise (Egan & Zierath, 2013). During low-intensity and prolonged exercise, 
plasma fatty acids are the preferred fuel, while the contribution of intramuscular 
triglycerides increases towards moderate-intensity exercise. With further increases 
in exercise intensity, fat oxidation is suppressed and the use of CHO, particularly 
from muscle glycogen, increases (Brooks & Mercier, 1994; Romijn et al., 1993). In 
impaired glucose tolerance, type 2 diabetes and metabolic syndrome, impaired fat 
oxidation rates are often reported already at (both absolute and relative) low-to-
moderate exercise intensities (Blaak et al., 2000; Mensink et al., 2001; San-Millán 
& Brooks, 2018). 

The relative contribution of CHO and fat to total fuel oxidation can be estimated 
from respiratory gas exchange based on the different chemical compositions of the 
substrates and the amount of oxygen needed for oxidation (Livesey & Elia, 1988). 
The oxidation of glucose requires less oxygen than the oxidation of fat, thus low RQ 
or RER values (i.e., close to 0.7) indicate higher oxidation of fats, and high values 
(i.e., close to 1.0) indicate higher CHO oxidation (CHOox).  
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Figure 2. Summary of fuel metabolism changes within skeletal muscle and adipose tissue during 

periods of sleeping, fasting, feeding, rest, and exercise. Skeletal muscle switches from 
higher rates of fatty acid oxidation during sleeping/post-absorptive conditions to greater 
oxidation and storage of glucose after feeding, and reduced fatty acid oxidation. Adipose 
tissue shifts from higher rates of lipolysis to suppression of lipolysis and fat storage 
during the fasting to feeding transition. From rest to exercise, skeletal muscle increases 
rates of both fatty acid and glucose oxidation to support higher energy demands, while 
lipolysis in adipose tissue is drastically enhanced. Reprinted from Cell Metabolism, Vol 
25, Goodpaster, B. & Sparks, L., Metabolic Flexibility in Health and Disease, Pages 
1027–1036, Copyright (2017), with permission from Elsevier. 

2.3 Physical activity and metabolic flexibility 
Lifestyle changes, including dietary modifications and exercise training, are well-
established strategies in the maintenance of healthy weight and the prevention and 
management of metabolic syndrome, insulin resistance, and type 2 diabetes. The 
onset of these metabolic disorders might be preceded by metabolic inflexibility, but 
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less is known about the effects of habitual activity behaviors and lifestyle 
interventions on the regulation of MetFlex per se.  

2.3.1 Effects of exercise training 
Regular exercise is well-known to improve classical cardiometabolic risk factors, 
including markers of glycemic control, triglycerides, blood pressure, and waist 
circumference (Chudyk & Petrella, 2011). Improvements in several key components 
of MetFlex have been reported following weight loss, including insulin sensitivity, 
insulin-mediated suppression of fat oxidation, and the ability to switch from fat to 
CHO oxidation after a meal (Corpeleijn et al., 2008; Kelley et al., 1999). However, 
weight loss achieved by dietary changes alone appears to be insufficient to induce 
changes in mitochondrial capacity, fasting fat oxidation, and insulin-stimulated 
MetFlex, despite improved insulin sensitivity (Goodpaster et al., 2003; Kelley et al., 
1999; Menshikova et al., 2018; Toledo et al., 2008). When dietary modifications are 
combined with exercise, however, these aspects of MetFlex can also be improved 
(Goodpaster et al., 2003; Ryan & Ortmeyer, 2019; Toledo et al., 2007). Exercise and 
caloric restriction have differential effects on mitochondria (Menshikova et al., 
2018), and MetFlex and insulin sensitivity have also been shown to improve 
following weight loss by exercise training alone, without dietary intervention (Malin 
et al., 2013).  

Weight loss itself might not even be necessary for enhanced MetFlex and fatty 
acid oxidation capacity (Fritzen et al., 2020). For example, a 3-month exercise 
program combining aerobic and resistance exercise [30 min cycling at 55 % of 
maximal power output (PO) twice a week, and 3 sets of 8 repetitions of large muscle 
group exercises at 55–75 % of maximal voluntary contraction once a week] 
improved insulin sensitivity, mitochondrial function, and MetFlex in adults with type 
2 diabetes, without changes in weight (Meex et al., 2010). Notably, mitochondrial 
function and MetFlex were completely restored to the level of age- and BMI-
matched control subjects without diabetes. Furthermore, MetFlex improved only in 
those with type 2 diabetes and not in control subjects (Meex et al., 2010). Other 
studies similarly suggest that existing metabolic impairments influence the capacity 
of exercise to improve MetFlex and insulin sensitivity, so that those with more severe 
disturbances are likely to benefit the most (Goodpaster et al., 2003; Malin et al., 
2013).  

Exercise-induced improvements in MetFlex have often been linked to concurrent 
improvements in insulin sensitivity (Meex et al., 2010; Ryan & Ortmeyer, 2019; 
Malin et al., 2013). Improvements in fatty acid mobilization, uptake and oxidation, 
in turn, have been proposed as key contributors to improvements in insulin 
sensitivity following exercise (Goodpaster et al., 2003; Schenk et al., 2009), and 
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exercise interventions have often reported beneficial effects specifically on fat 
metabolism and oxidation, either at rest or during exercise (Atakan et al., 2022; 
Gaitán et al., 2019; Goodpaster et al., 2003; Mensink et al., 2005; Nancekievill et al., 
2023; Schrauwen et al., 2002). Moreover, it seems that it is possible to improve fat 
oxidation already with exercise interventions of very short duration, volume, and 
intensity. For example, just 10 consecutive days of aerobic exercise (1 h/day at 70 % 
of VO2peak) was enough to increase fat oxidation in response to a dietary high fat 
challenge in obese adults (Battaglia et al., 2012), and 3 months of low-volume and 
low-intensity exercise (~ 45–50 min cycling at 40 % of VO2max three times per week) 
increased the utilization of fat for fuel during exercise in both healthy and obese men 
(Schrauwen et al., 2002; Van Aggel-Leijssen et al., 2002). A 2-month intervention 
that aimed to increase daily walking by 45 min led to improvements in fat oxidation 
in a fasting state as well (Trenell et al., 2008). Fasting fat oxidation was also 
enhanced with a combined 4-month exercise and diet intervention, and particularly 
the intensity and duration of PA predicted improvements in fat oxidation, not 
changes in body composition (Goodpaster et al., 2003). Overall, increased PA and 
associated increases in energy expenditure and muscle contractions appear to be 
essential in improving or maintaining MetFlex and oxidative capacity since dietary 
changes are not able to induce similar changes, despite improvements in weight and 
insulin sensitivity. 

2.3.2 Effects of physical inactivity and sedentary behavior 
Physical inactivity and sedentary behavior are now recognized to play a fundamental 
part in the development of metabolic diseases. They have also been proposed as the 
main determinants of metabolic inflexibility, while a higher level of PA predicts 
better MetFlex (Bergouignan et al., 2011; Rynders et al., 2018). Changes in habitual 
PA level by training, detraining or bed rest have been shown to modify MetFlex 
(Bergouignan, Antoun, et al., 2013), and, importantly, the adverse effects of 
detraining seem to be more pronounced than the beneficial effects of exercise 
(Bergouignan, Momken, et al., 2013). Furthermore, the negative metabolic 
consequences of inactivity and sedentary behavior may not be fully counteracted by 
PA either, since the shift in substrate use towards CHO during 2 months of bed rest 
was only partially prevented by a combined aerobic and resistance exercise program 
(Bergouignan et al., 2009). A 3-week bed rest study also showed that inactivity and 
sedentariness trigger metabolic inflexibility and muscle lipid accumulation despite 
maintained energy balance and fat mass (Rudwill et al., 2018).  

Although not representative of daily living conditions, bed rest studies have 
provided valuable mechanistic insights into how physical inactivity and sedentary 
behavior may be primary causes in the development of metabolic inflexibility. The 
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evidence gained from these studies suggests that, independent of energy balance, 
inactivity induces insulin resistance; impaired fatty acid trafficking; reduced fat 
oxidation in favor of increased CHO oxidation, and ectopic fat accumulation 
(Bergouignan et al., 2011). The bed rest-induced reduction in muscle contractions 
per se has also been shown to be an important contributor to the blunted shift in 
substrate use associated with inactivity (Shur et al., 2022). The key role of muscle 
activation in glucose and lipid metabolism is also highlighted by recent studies 
showing that sustained, low-intensity local muscle activity can improve systemic 
metabolic regulation quickly (Hamilton et al., 2022), and that increased muscle 
contractions are likely the primary mechanism underlying the more pronounced 
glycemic benefits gained with more frequent activity breaks in comparison to a 
single bout (Gao et al., 2024). 

Meta-analyses of experimental studies suggest that breaking up prolonged 
periods of muscle inactivity (sitting) can have beneficial effects and attenuate some 
of the metabolic disturbances associated with sedentary behavior. Short breaks with 
either light- or moderate-intensity PA have consistently led to improvements in 
postprandial glucose and insulin levels, with some evidence indicating 
improvements in blood lipids as well (Buffey et al., 2022; Loh et al., 2020; Saunders 
et al., 2018). Breaking up sitting with standing may also induce similar benefits, but 
the evidence is more inconsistent, and higher intensity activity likely yields greater 
benefits (Buffey et al., 2022; Saunders et al., 2018). Substantial evidence thus 
indicates benefits to postprandial circulating levels of substrates with interrupted 
sitting, but studies considering the effects on substrate utilization and switching are 
more limited. Some experimental trials suggest increases in postprandial fat 
oxidation in comparison to uninterrupted sitting with a single acute 2-h standing bout 
(Gao et al., 2017) and with more frequent light-intensity walking breaks over 8 hours 
(Thorsen et al., 2019). More frequent short standing breaks have also been shown to 
increase total fat oxidation over an 8-h period in comparison to prolonged sitting and 
longer standing bouts less frequently (Hawari et al., 2016). Frequent breaks over a 
day with moderate-intensity activity, however, increased 24-h CHO oxidation, while 
an energy-matched single exercise bout increased reliance on fat (De Jong et al., 
2019). Interestingly, these activity-induced metabolic effects relating to substrate use 
seem to be independent of EE, again supporting the crucial contribution of muscle 
contractions to metabolic health (De Jong et al., 2019; Thorsen et al., 2019).  

Although the relationship between lifestyle factors and MetFlex has only 
recently started to gain research interest, it seems increasingly clear that physical 
inactivity, sedentary behavior and prolonged bouts of sitting as distinct health 
behaviors have detrimental consequences on metabolic regulation and fuel 
utilization. However, as most of the current evidence of the effects of inactivity and 
sedentary behavior on MetFlex is from experimental settings and bed rest studies, 
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there is a lack of knowledge regarding the effects of free-living habitual activity 
behaviors. Moreover, the potential of reduced daily sedentary time as a health-
enhancing strategy in the context of substrate metabolism and MetFlex in longer 
term remains to be thoroughly investigated. Interventions focusing on this are needed 
to better understand how the increasingly prevalent sedentary lifestyles may 
contribute to the progression of metabolic diseases. Particularly studies in inactive 
individuals with existing metabolic impairments could provide important insights 
due to an increased risk of developing metabolic diseases and potential to gain the 
greatest benefits. The findings may aid in the development of intervention targets for 
the prevention of chronic diseases and thus have important public health 
implications. 

2.4 Metabolic syndrome 
Metabolic syndrome refers to a cluster of several known cardiometabolic risk 
factors, including central obesity, dyslipidemia, elevated blood pressure, and 
elevated blood glucose. Several clinical definitions with variation in required 
components and cut points exist, but according to a consensus statement developed 
by several major organizations (International Diabetes Federation; National Heart, 
Lung, and Blood Institute; American Heart Association; World Heart Federation; 
International Atherosclerosis Society and International Association for the Study of 
Obesity) metabolic syndrome is defined by meeting three of the following five 
criteria (Alberti et al., 2009): 

• Elevated waist circumference (according to population- and country-
specific definitions; for people of European origin the cut points are ≥ 94 cm 
for men and ≥ 80 cm for women) 

• Elevated triglycerides (≥ 1.7 mmol/L, or drug treatment for elevated 
triglycerides) 

• Reduced high-density lipoprotein (HDL) cholesterol (< 1.0 mmol/L for men 
and < 1.3 mmol/L for women, or drug treatment for reduced HDL) 

• Elevated blood pressure (systolic ≥ 130 mmHg and/or diastolic ≥ 85 mmHg, 
or antihypertensive drug treatment) 

• Elevated fasting glucose (≥ 5.6 mmol/L, or drug treatment for elevated 
glucose) 

An imbalance between energy intake and expenditure as a result of overnutrition 
and physical inactivity is considered to be one of the primary underlying reasons 
behind metabolic syndrome. The prevalence of metabolic syndrome is rising 
simultaneously with increases in sedentary lifestyles and obesity, and although 
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varying definitions make accurate assessments challenging, ~ 30 % of global adult 
population is estimated to have metabolic syndrome (Noubiap et al., 2022). 
Considering the high prevalence and a significantly increased risk of cardiovascular 
disease and type 2 diabetes associated with metabolic syndrome (Ford et al., 2008; 
Mottillo et al., 2010), it is a serious public health concern worldwide. 
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3 Aims 

The overall aim of this PhD study was to investigate the associations of sedentary 
time and PA with energy metabolism and insulin sensitivity, and to investigate 
whether reducing daily sedentary time could improve metabolic health in a sedentary 
population at an increased risk of metabolic diseases. It was hypothesized that 
sedentary time is adversely and PA beneficially associated with metabolic outcomes, 
and that reducing sedentary time, without adding exercise per se, has a favorable 
impact on metabolic health. 
 
The specific aims were: 

1) To investigate the associations of accelerometer-assessed activity behaviors 
with whole-body and skeletal muscle insulin sensitivity (Studies I and II). 

2) To investigate the associations of accelerometer-assessed activity behaviors 
with MetFlex and substrate oxidation (Study III).  

3) To investigate the effects of a randomized controlled trial aiming to reduce 
daily sedentary time on cardiometabolic risk factors in 3 months (Study IV).  

4) To investigate the effects of a randomized controlled trial aiming to reduce 
daily sedentary time on MetFlex and substrate oxidation in 6 months (Study 
V). 
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4 Materials and Methods 

4.1 Study design 
The study design is a parallel-group randomized controlled trial, consisting of a 1-
month screening phase and a 6-month intervention phase. Participants wore 
accelerometers continuously through both phases, and cardiometabolic outcomes 
were assessed at baseline after screening, at 3 months, and at 6 months. 
Anthropometrics and blood sample-derived outcomes were assessed at all 
timepoints, while HEC, PET imaging, and calorimetry were performed at baseline 
and at 6 months. Cross-sectional studies I-III used accelerometer data from the 
screening phase and baseline outcome measurements. The data was collected at the 
Turku PET Centre (Turku, Finland) between April 2017 and March 2020 according 
to good clinical practice and the Declaration of Helsinki. The study was approved by 
the Ethics Committee of the Hospital District of Southwest Finland (16/1801/2017) 
and is registered at Clinicialtrials.gov (NCT03101228). All participants gave written 
informed consent before entering the study.  

4.2 Participants 
The target population was sedentary and physically inactive adults with metabolic 
syndrome. Participants were recruited from the local community with newspaper 
advertisements and bulletin leaflets. The inclusion criteria were age 40–65 years, 
physical inactivity (< 120 min/week of self-reported MVPA), sedentary time ≥ 10 
h/day or ≥ 60 % of accelerometer wear time/day during screening, body mass index 
(BMI) 25–40 kg/m2, blood pressure < 160/100 mmHg, fasting glucose < 7.0 mmol/L, 
and fulfilment of metabolic syndrome criteria (Alberti et al., 2009). The exclusion 
criteria were a history of any cardiac disease; diagnosed diabetes, abundant alcohol 
consumption [according to Finnish guidelines: > 23 and > 12 units (1 unit = 12 g of 
pure alcohol) per week for men and women, respectively]; cigarette smoking; use of 
snuff tobacco or narcotics; a depressive or bipolar disorder; inability to understand 
written Finnish; previous PET imaging or other considerable exposure to radiation; 
and any chronic disease or condition that could endanger participant safety or study 
procedures, or interfere with the interpretation of results.  
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4.3 Intervention 
After the screening phase, the participants fulfilling the inclusion and exclusion 
criteria were randomized into the intervention and control groups using random 
permuted blocks with a 1:1 ratio, a block size of 44, and stratification for sex. A 
14:30 allocation ratio was used to further randomize the participants into a 
subsample undergoing HEC with PET imaging (n=44), or HEC only (n=20). The 
randomization code was generated by a statistician with SAS 9.4 (SAS Institute Inc., 
Cary, NC, USA) in advance, and the sealed envelopes containing the group 
allocation information for each participant were opened after the baseline 
measurements.  

The aim of the behavioral intervention was to reduce sedentary time by 1 h/day 
compared to the individually determined baseline during screening. The participants 
in the intervention group were guided by a researcher in 1-hour personal counselling 
sessions to sit less by increasing standing and non-exercise PA in their daily lives, 
without intentionally adding exercise training per se. The ways to reduce sedentary 
time and increase activity were individually discussed according to each 
participant’s preferences, and could include, for example, using standing desks, 
taking stairs instead of an elevator, and taking walks. The control group was guided 
to maintain their usual activity habits. 

Both groups used accelerometers continuously throughout the intervention 
phase. The accelerometers were connected to a mobile application (ExSed, UKK 
Terveyspalvelut Oy, Tampere, Finland) to enable self-monitoring of the individually 
set goals for daily sedentary time and PA (Vasankari et al., 2019). For the 
intervention group, 1 h was subtracted from the baseline sedentary time and added 
to standing and PA according to the individual preferences (with a maximum of 20 
min added to MVPA), and for the control group the goals were equal to the baseline 
values. The application provided a visual summary of the daily accumulation of time 
spent sedentary and in PA of different intensities (Figure 3).  

The participants were contacted by phone two to three times during the 
intervention, and they visited the research center at the midpoint of the intervention 
for the 3-month outcome assessments and to assure that the accelerometers and the 
mobile application were working properly. After the outcome assessments at 6 
months, the control group participants had an opportunity to receive guidance for 
behavior change in similar personal counselling sessions as the intervention group 
participants had at baseline.  
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Figure 3.  Examples of the visual feedback provided by the ExSed-application (UKK 

Terveyspalvelut Oy, Tampere, Finland). 

4.4 Physical activity and cardiorespiratory fitness 

4.4.1 Accelerometry 
Triaxial hip-worn accelerometers were used during waking hours to assess sedentary 
time, PA, standing, and breaks in sedentary time throughout the screening (UKK 
AM30, UKK Institute, Tampere Finland) and intervention phases (Movesense 
Suunto, Vantaa, Finland). 

The raw accelerometer data (recorded at a sampling frequency of 100 Hz 
during screening and 52 Hz during the intervention) was analyzed by a 
collaborating researcher at the UKK Institute in 6-s epochs with the validated mean 
amplitude deviation (MAD) method (Vähä-Ypyä, Vasankari, Husu, Mänttäri, et 
al., 2015).  
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Epoch-wise MAD values were calculated as: 

MAD =
1
N
� |ri − Rave|

j+N−1

i=j
 

where N is the number of samples in the epoch, j is the starting point of the epoch, ri 
is the acceleration signal of the three axes at each time point (i), and Rave is the mean 
resultant acceleration value for each 6-s epoch. The unit of the MAD is milligravity 
(mg); i.e., the Earth’s gravity 1 g is equal to 1000 mg (Vähä-Ypyä, Vasankari, Husu, 
Mänttäri, et al., 2015). The epoch-wise MAD values were converted to METs: 
sedentary time and standing were defined as < 1.5 METs (MAD < 22.5 mg), LPA as 
1.5 – < 3.0 METs (MAD 22.5 – < 91.5 mg), and MVPA as ≥ 3.0 METs (MAD ≥ 
91.5 mg). Moderate- and vigorous-intensity activities are combined as MVPA due 
to a negligible amount of vigorous PA accrued by the participants. 

In order to differentiate between the time spent sedentary and standing during 
epochs with < 1.5 METs, body posture was assessed with the validated angle for 
posture estimation (APE) method, which identifies postures with 90 % accuracy in 
free-living conditions (Vähä‐Ypyä et al., 2018). APE represents the angle between 
the incident epoch-wise accelerometer orientation and a reference vector determined 
during walking (Earth’s gravity vector, i.e., zero degrees). A sedentary posture is 
classified by APE ≥ 11.6° and a standing posture by APE < 11.6°. 

The number of steps/day was determined by an algorithm splitting acceleration 
into vertical and horizontal components. The vertical component is band-pass 
filtered (1-4 Hz) and positive values are integrated. When the integral value exceeds 
the specified limit, a step is detected. The algorithm requires a walking speed of ~ 3 
km/h to detect every step (Vähä‐Ypyä et al., 2018). Breaks in sedentary time (=sit-
to-stand transitions) were determined as sedentary periods with a 1-min exponential 
moving average < 1.5 METs ending in vertical acceleration and a subsequent 
standing posture or movement (≥ 1.5 METs) (Vähä‐Ypyä et al., 2018). 

A wear time of 10-19 h/day and a minimum of 4 days were considered valid. 
Daily measurement time ≥ 19 h likely indicates that the accelerometer was also worn 
while sleeping and therefore the exceeding hours were subtracted from sedentary 
time on the days with wear time ≥ 19 h. Periods with acceleration of each axis 
remaining within 187.5 mg range for ≥ 30 min were considered non-wear time. In 
addition to the absolute time (h/day), the proportions of time spent in different 
activities (% of accelerometer wear time/day) were calculated.  

4.4.2 Maximal cycle ergometry test 
In Studies I, II, III, and V, cardiorespiratory fitness was assessed with a graded 
maximal cycle ergometer test (eBike EL Ergometer with CASE v6.7, GE Medical 
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Systems Information Technologies Inc., Milwaukee, WI, USA). After an unloaded 
warm-up, the test started at 25 W and the load was increased by 25 W every 3 min 
until volitional exhaustion.  Maximal PO was calculated as Wlast + (t / 180 × 25), 
where Wlast is the last completed load (W) and t is the number of seconds on the last 
uncompleted load. The rate of perceived exertion (Borg scale 6-20), any physical 
symptoms, and blood pressure were assessed after 1 min on each load. The test was 
stopped by a physician before reaching volitional exhaustion if there was a medical 
reason for termination (e.g., chest pain, abnormal blood pressure response). A 
metabolic cart with a facemask (Vyntus CPX, CareFusion, Yorba Linda, CA, USA) 
was used for a direct breath-by-breath measurement of respiratory gases, and the 
values were averaged over 20-s periods. Maximal oxygen uptake (VO2max) was 
defined as the highest 1-min VO2 average per body weight (mL/kg/min) and per fat-
free mass (FFM) (mL/kgFFM/min). The test was considered maximal if at least one 
criterion was met: RER > 1.0, a plateau in VO2, or heart rate within ± 10 bpm of age-
predicted maximum.  

4.5 Insulin sensitivity 

4.5.1 Hyperinsulinemic euglycemic clamp 
In Studies I, II, III, and V, whole-body glucose uptake was measured with HEC after 
an overnight fast. The participants were instructed to avoid strenuous PA, caffeine, 
and alcohol on the previous day before the research visit and to minimize PA on the 
morning of measurement by arriving at the research center by car or by bus. The 
participants rested in a lying position for ~ 1 h before the measurement and during 
HEC. Antecubital veins of both arms were cannulated for blood sampling and insulin 
and glucose infusions. Venous blood of the arm used for blood sampling was 
arterialized with a hot water bottle. Insulin (Actrapid, 100 U/mL, Novo Nordisk, 
Bagsvaerd, Denmark) was infused at a steady 40 mU/m2 body surface area/min rate 
after 7 min of priming with higher doses (first 4 min at 160 mU/m2/min, and then 
3 min at 80 mU/m2/min). A 20 % glucose infusion was started ~ 4 min after starting 
the insulin infusion, and the rate was adjusted according to blood sampling every 5-
10 min to maintain an ~ 5 mmol/L plasma glucose concentration. Whole-body GU 
(per kg body weight) was calculated as a measure of whole-body insulin sensitivity 
from the measured glucose values and changes in the glucose infusion rate in 20-min 
intervals, starting at 20 min after the start of HEC. 
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4.5.2 Positron emission tomography 
In Study II, HEC was combined with [18F]FDG-PET imaging to quantify skeletal 
muscle GU. Imaging was performed with a combined PET/computed tomography 
(CT) scanner (Discovery 690 PET/CT, GE Healthcare, Milwaukee, WI, USA) as 
previously described (Eskelinen et al., 2015; Sjöros et al., 2018). A positron-emitting 
glucose analog [18F]FDG-tracer was injected into the antecubital vein 75 [standard 
deviation (SD) 12] min after starting HEC, and cardiac region imaging was started 
simultaneously. The femoral region (quadriceps femoris and hamstring muscle 
groups) was imaged in 3 × 300 s time frames after cardiac and abdominal regions, 
starting at 57 (SD 13) min after the tracer injection. The cumulative tracer 
availability in plasma (time-activity curve) was determined from radioactivity in the 
left ventricle of the heart during the first 40 min of imaging, and from blood samples 
collected at ~ 50 and ~ 70 min after the injection (1480 Wizard 3; Wallac, Turku, 
Finland). The calculated radiation dose was 10.4 mSv, which is approximately twice 
the average annual amount of natural background radiation in Finland [Siiskonen 
(ed.), 2020]. 

The images were analyzed with Carimas software v. 2.9 (Turku PET Centre, 
Turku, Finland). Regions of interest were manually drawn to quadriceps femoris 
(rectus femoris, vastus lateralis, vastus medialis, vastus intermedius) and hamstring 
muscle groups (biceps femoris, semitendinosus, semimembranosus) on fused 
PET/CT images in five cross-sectional mid-thigh planes (5 × 3.3 mm), using the CT 
images for anatomical reference. The regions of interest were used to extract tissue 
time-activity curves from the PET data. Figure 4 shows an example of a PET image. 

The plasma and tissue time-activity curves and graphical analyses were used to 
calculate the fractional uptake rate (FUR) of the tracer (Patlak et al., 1983; Rutland 
et al., 2000; Thie, 1995). Skeletal muscle GU (per kg tissue weight) was then 
calculated by multiplying FUR by the mean plasma glucose concentration during the 
PET scan and dividing by the skeletal muscle tissue density 1.0414 g/mL (ICRP, 
1975) and a lumped constant value 1.2, which corrects for differences between the 
transport and phosphorylation of [18F]FDG and glucose in skeletal muscle 
(Peltoniemi et al., 2000).  

4.5.3 Surrogate markers 
Fasting insulin, HOMA-IR index [calculated as: glucose (mmol/L) × insulin (mU/L) 
/ 22.5], and triglyceride/HDL ratio were used as surrogate measures of insulin 
sensitivity. 
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Figure 4.  An example of a [18F]FDG-PET image in one transaxial slice. Regions of interest were 

manually drawn to quadriceps femoris (rectus femoris, vastus lateralis, vastus medialis, 
vastus intermedius) and hamstring muscle groups using a computed tomography image 
as anatomical reference. Color bar on the right shows the glucose uptake rate (Bq/mL), 
with red and yellow colors indicating the highest uptake. [18F]FDG-PET, 18F-
fluorodeoxyglucose positron emission tomography. From Original publication II. 

4.6 Metabolic flexibility 

4.6.1 Indirect calorimetry 
In Studies III and V, indirect calorimetry measurements were performed during HEC 
and the exercise test to measure respiratory gas exchange for the assessment of 
resting, and insulin- and exercise-stimulated EE, substrate metabolism, and MetFlex.  

4.6.1.1 Insulin stimulation  

A metabolic cart with a ventilated canopy hood (Quark RMR with OMNIA, 
COSMED, Rome, Italy) was used at rest after an overnight fast and during HEC. 
The metabolic cart was calibrated according to the manufacturer’s instructions. The 
participants rested in a lying position for a minimum of 20 min before the 
measurement. VO2 and VCO2 were measured for 20 (SD 1) min in the fasting state, 
and for 15 (SD 2) min during HEC, starting at 29 (SD 8) min after the initiation of 
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HEC. The calorimeter software recorded the gas exchange, RER, and EE values in 
10-s intervals. The first 4 min were discarded, and steady state was determined by 
< 10 % coefficient of variation in VO2 and VCO2 and/or < 5 % coefficient of 
variation in RER for ≥ 4 min (Fullmer et al., 2015). ΔRER from fasting to insulin 
stimulation (=RER during HEC − fasting RER) was calculated from averaged 
steady-state RER values and defined as the measure of insulin-stimulated MetFlex. 

4.6.1.2 Exercise 

Respiratory gas exchange was measured breath-by-breath with a facemask (Vyntus 
CPX, CareFusion, Yorba Linda, CA, USA) during the maximal exercise test. The 
autocalibrated metabolic cart averaged VO2, VCO2, and RER values over 20-s 
periods, and the minimum and maximum RER during the test were used to calculate 
ΔRER from the starting load (25 W) to maximal exercise as the measure of exercise-
stimulated MetFlex. The starting load 25 W corresponded to < 42 % of maximal PO 
of all participants and was therefore considered low-intensity exercise. EE at low- 
and maximal-intensity exercise was calculated from VO2 and VCO2, taking into 
account the increased use of muscle glycogen as an energy source at higher 
intensities (Jeukendrup & Wallis, 2005).  

4.6.2 Fat and carbohydrate oxidation 
Fasting and insulin-stimulated fat and CHO oxidation were calculated from VO2 and 
VCO2 measured at rest and during HEC, with the assumption of negligible protein 
oxidation (Frayn, 1983): 
 

FATox (g/min) = 1.67 × VO2 (L/min) – 1.67 × VCO2 (L/min) 
CHOox (g/min) = 4.55 × VCO2 (L/min) – 3.21 × VO2 (L/min) 

 
The CHOox rate was subtracted from the glucose infusion rate to estimate non-
oxidative glucose disposal, and negative values were interpreted as zero. CHOox 
exceeding the amount of exogenous glucose was assumed to represent the oxidation 
of other CHO sources, i.e., endogenous glucose, glycogen, and lactate.  

To calculate substrate oxidation rates during exercise, the following formulas 
were used, accounting for the increased contribution of muscle glycogen to CHOox 
with increasing exercise intensity (Jeukendrup & Wallis, 2005): 

 
Low-intensity: CHOox (g/min) = 4.344 × VCO2 (L/min) – 3.061 × VO2 (L/min) 

Maximal intensity: CHOox (g/min) = 4.210 × VCO2 (L/min) – 2.962 × VO2 (L/min) 
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FATox (g/min) was calculated as 1.695 × VO2 (L/min) – 1.701 × VCO2 (L/min) at 
both intensities, and all calculations assumed negligible protein oxidation. Negative 
FATox values at maximal exercise intensity were interpreted as zero and assumed 
to represent a complete suppression of FATox. Substrate oxidation rates at intensities 
> 75 % VO2max should be interpreted with caution, however, as the shift in acid-base 
balance and subsequent increases in bicarbonate buffering of hydrogen ions at high-
intensity exercise will result in the production of (non-oxidative) CO2 and elevated 
VCO2 (Jeukendrup & Wallis, 2005). Delta exercise efficiency was also calculated 
from exercise PO and EE (kcal/min) as ΔPO/ΔEE × 100 to represent the ability to 
transfer consumed energy to mechanical work (Gaesser & Brooks, 1975). PO was 
converted from watts to kcal/min using a conversion factor of 0.014. For women, the 
efficiency was calculated between 25 and 75 W and for men between 25 and 100 W 
to represent efficiency at moderate-intensity exercise, as the chosen upper limits 
correspond to 65 % and 66 % of mean maximal PO, respectively.  

4.7 Other measurements 

4.7.1 Anthropometrics and body composition 
Body weight was measured, and body fat-% and FFM estimated by air displacement 
plethysmography (Bod Pod, COSMED USA, Inc., Concord, CA, USA) after at least 
a 4-h fast. Height was measured with a wall-mounted stadiometer. BMI was 
calculated from weight and height (kg/m2). Waist circumference was measured with 
a flexible measuring tape midway between the iliac crest and the lowest rib.  

4.7.2 Blood samples 
Venous blood samples were drawn after fasting at least 10 h and analyzed at the 
Turku University Hospital Laboratory. Plasma insulin was measured by 
electrochemiluminescence immunoassay (Cobas 8000 e801), plasma glucose by 
enzymatic reference method with hexokinase GLUC3, and cholesterol [total, HDL, 
and low-density lipoprotein (LDL)], triglycerides, FFA and lactate by enzymatic 
colorimetric tests (Cobas 8000 c702). Glycated hemoglobin (HbA1c) was determined 
by turbidimetric inhibition immunoassay (Cobas 6000 c501) and liver enzymes by 
the photometric IFCC method (Cobas 8000 c702); all analyzers by Roche 
Diagnostics, Mannheim, Germany. Blood samples were also collected from all 
participants during HEC (~ 80 min from the start) to determine the insulin-stimulated 
FFA suppression and lactate increase. Additional blood samples were drawn at 
timepoints ~ 115 min, ~ 135 min and ~ 155 min from the 44 participants in the PET 
subsample, which were used to calculate the area under curve (AUC) for FFA and 
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lactate during HEC with the trapezoidal rule. Blood pressure was measured in a 
seated position with a digital blood pressure monitor (Apteq AE701f, Rossmax 
International Ltd, Taipei, Taiwan) after at least a 5-min seated rest. 

4.7.3 Dietary intake 
Structured 4-day food diaries (including one weekend day) were used to assess 
dietary intake in Studies III and V. The participants were instructed to not alter their 
diet during the intervention and to log all consumed food and drink (excluding water) 
in the diary. A researcher checked the diaries for reliable reporting with a portion 
picture booklet. The mean daily intakes of total energy and macronutrients were 
calculated with a software (AivoDiet 2.2.0.1, Aivo, Turku, Finland).  

Food quotient (FQ; theoretical expected RER if dietary macronutrients were 
completely oxidized) was calculated with the following formula, with 
macronutrients expressed as percentages of total energy intake (%) (Toubro et al., 
1998): 

 
FQ = (0.207 × CHO + 0.159 × fat + 0.193 × protein + 0.137 × alcohol) /  

(0.207 × CHO + 0.226 × fat + 0.243 × protein + 0.206 × alcohol) 
 

RER/FQ ratio was calculated to represent substrate oxidation relative to 
macronutrient intake, e.g., a value > 1 suggests lower FATox relative to fat intake 
(Carstens et al., 2013). 

4.8 Statistical analyses 
In all studies, the normal distribution of variables was evaluated visually and by 
Shapiro-Wilk test. Logarithmic (log10) transformations were performed when 
necessary to fulfil the assumption of normality, but the results are presented with 
values backtransformed to the original scale for easier interpretation, when 
applicable. The level of statistical significance was set at p < 0.05 (two-tailed) for all 
analyses. IBM SPSS Statistics 27.0 (IBM Corp., Armonk, NY, USA) was used for 
correlation analyses, and SAS 9.4 and JMP Pro 16.0.0 (SAS Institute Inc., Cary, NC, 
USA) for all other analyses.  

Sample size 

The sample size was determined by power calculations for the primary outcome of 
the whole research project that this study is a part of (whole-body insulin sensitivity; 
M value) (Sjöros, Laine, Garthwaite, Vähä-Ypyä, Löyttyniemi, et al., 2023). Based 
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on an earlier finding of a 2.4 µmol/kg/min increase after 2 weeks of moderate-
intensity exercise (Eskelinen et al., 2015), the sedentary time reduction intervention 
was estimated to increase insulin sensitivity by 1.9 (SD 1.8) µmol/kg/min in the 
intervention group and by 0.2 µmol/kg/min in the control group in 6 months. To 
detect a statistically significant intervention effect in comparison to the control 
group, it was calculated that 24 participants are needed in each group (α = 0.05, 1 − 
β = 0.9). To allow possible dropouts and technical problems in the measurements, 
64 participants were recruited in total, of which 44 were allocated to the PET 
subsample for the measurement of tissue-specific insulin sensitivity. 

4.8.1 Cross-sectional analyses 
The associations of sedentary time, PA, and fitness with whole-body insulin 
sensitivity (Study I), skeletal muscle insulin sensitivity (Study II), MetFlex and 
substrate oxidation (Study III) were examined with multivariable linear models. The 
linear model always included one metabolic outcome as the dependent variable and 
one accelerometer or fitness outcome as the independent variable. All models were 
adjusted for sex and age, and the models with accelerometry outcomes were also 
adjusted for accelerometer wear time. Pearson partial correlation analysis was used 
to examine the correlations with secondary metabolic, anthropometric, and dietary 
outcomes. PA outcomes expressed as % of accelerometer wear time were used in 
correlation analyses to account for differences in wear time. 

Due to correlations between body fat-% and insulin sensitivity in Studies I and 
II, additional analyses were performed with body fat-% included as a covariate in 
the model to adjust for confounding adiposity. In Study III, the models were further 
adjusted for the use of lipid-lowering medication (statins) and blood pressure 
medication due to associations between medication use and energy metabolism 
outcomes. Total PA, sedentary time, and fitness were also used as covariates to 
further analyze the independence of observed significant associations between 
metabolic and PA outcomes. Additional analyses including the interaction between 
sex and each accelerometer variable were also performed to see if the associations 
between metabolic and PA outcomes were different between sexes. Differences in 
metabolic outcomes between groups with varying levels of sedentary time and 
standing were examined with unpaired t-test or one-way ANOVA. To account for 
differences in accelerometer wear time, the group stratification was done using 
proportions (%) of accelerometer wear time/day but is presented in h/day for easier 
interpretation. The results for continuous independent variables are reported as β-
coefficients with 95 % confidence intervals (CI). 
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4.8.2 Longitudinal analyses 
In Studies IV and V, the intervention effects and within- and between-group changes 
over time were assessed with a linear mixed model for repeated measurements 
(including group, time, and group × time interaction). All models were adjusted for 
sex, and those with accelerometer outcomes additionally for accelerometer wear 
time. The Tukey-Kramer method was used for multiple comparisons, and the results 
are reported as model-based means with 95 % CI. Correlations between changes in 
metabolic and PA outcomes during the intervention were analyzed with Spearman’s 
rank correlation. PA outcomes expressed as % of accelerometer wear time were used 
in correlation analyses to account for differences in wear time. 

Additional analyses 

Additional analyses were performed by dividing the participants into two groups 
according to the measured change in sedentary time during the intervention. The 
‘reducers’ included participants who reduced their mean daily sedentary time (% of 
accelerometer wear time/day) by ≥ 3 percentage points compared to the baseline 
(n=30), and the participants with a smaller reduction or an increase in sedentary time 
were defined as ‘continuously sedentary’ (n=26). The cut-point 3 percentage points 
corresponds to ~ 27 min/day with 15 h wear time and was chosen due to relatively 
equally sized groups. Participants with missing accelerometer data (n=8) were 
allocated according to the original randomization, resulting in 34 participants (26 
from the intervention group and 8 from the control group) in the ‘reducers’ and 30 
(7 from the intervention group and 23 from the control group) in the ‘continuously 
sedentary’ group.  

Sample size for the intervention was calculated for whole-body insulin 
sensitivity but based on a previous finding of a ~ 0.03 increase in insulin-stimulated 
ΔRER in adults with type 2 diabetes after a 3-month moderate-intensity exercise 
program (Meex et al., 2010), it can be speculated that the above-mentioned group 
sizes are adequate for the additional analyses as well. To detect a similar statistically 
significant 0.03 (SD 0.03) group difference in ΔRER (α = 0.05, 1 − β = 0.9) following 
6 months of sedentary time reduction, 23 participants would be needed in each group. 
The linear mixed model analyses were repeated with these groups.  
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5 Results 

5.1 Participant characteristics 
A total of 263 people volunteered, of which 144 completed the screening phase to fulfil 
the target of 64 eligible intervention participants. Most of the participants (58 %) were 
women. Forty-one % of the participants were overweight and 59 % obese. 

Table 1.  Participant characteristics. 

 All Men Women 
N (%) 64 27 (42) 37 (58) 

Age, years 58.3 (6.8) 58.6 (6.0) 58.0 (7.4) 

Weight, kg 93.2 (16.1) 101.2 (16.5) 87.4 (13.1)*** 

BMI, kg/m2 31.6 (4.3) 31.6 (4.5) 31.6 (4.2) 

Waist circumference, cm 110.9 (11.3) 115.5 (12.5) 107.5 (9.0)** 

Body fat-% 43.1 (7.9) 37.2 (7.6) 47.4 (4.7)*** 

Systolic blood pressure, mmHg 143 (16) 141 (16) 144 (16) 

Diastolic blood pressure, mmHg 88 (8) 88 (10) 88 (7) 

Blood pressure medication, n (%) 34 (53) 20 (74) 14 (38)** 

Lipid profile    

Free fatty acids, mmol/L 0.60 (0.20) 0.53 (0.18) 0.66 (0.20)* 

Triglycerides, mmol/L 1.2 (0.9, 1.7) 1.3 (1.1, 1.7) 1.2 (0.8, 1.5) 

Total cholesterol, mmol/L 4.7 (4.1, 5.2) 4.3 (4.1, 4.7) 4.8 (4.5, 5.4)** 

LDL cholesterol, mmol/L 3.0 (2.6, 3.5) 2.9 (2.6, 3.2) 3.1 (2.7, 3.8) 

HDL cholesterol, mmol/L 1.4 (0.3) 1.2 (0.3) 1.5 (0.3)** 

Lipid-lowering medication, n (%) 14 (22) 7 (26) 7 (19) 

Glucose regulation    

Fasting glucose, mmol/L 5.9 (0.4) 6.0 (0.5) 5.7 (0.3)* 
Fasting insulin, pmol/L 69.5 (48.6, 104.2) 90.3 (55.6, 173.6) 55.6 (48.6, 83.3)* 
HOMA-IR 2.4 (1.7, 3.8) 3.6 (2.3, 6.8) 2.1 (1.7, 3.1)** 
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Table 1 continued. 

 All Men Women 
Whole-body glucose uptake, 
mg/kg/min 2.5 (1.9, 3.8) 1.9 (1.3, 3.6) 2.8 (2.1, 4.3)** 

HbA1c, mmol/mol 37 (3) 37 (3) 36 (3) 

Fasting lactate, mmol/L 1.0 (0.8, 1.3) 1.0 (0.9, 1.2) 1.0 (0.8, 1.3) 

Energy metabolism    

REE, kcal/day 1697 (297) 1912 (298) 1552 (191)*** 
Fasting CHO oxidation, mg/kg/min 2.5 (0.9) 2.4 (0.9) 2.6 (0.9) 

Fasting fat oxidation, mg/kg/min 0.4 (0.4) 0.4 (0.4) 0.3 (0.4) 

Fasting RER 0.91 (0.85, 0.98) 0.87 (0.83, 0.97) 0.93 (0.86, 0.99) 

ΔRER HEC 0.00 (−0.04, 0.03) −0.01 (−0.03, 0.01) 0.00 (−0.05, 0.05) 

ΔRER exercise 0.39 (0.07) 0.36 (0.06) 0.40 (0.07)* 

Physical activity and fitness    

Sedentary time, h/day 10.04 (1.01) 10.20 (1.08) 9.93 (0.95) 

Standing, h/day 1.79 (0.59) 1.47 (0.44) 2.02 (0.58)*** 

LPA, h/day 1.74 (0.44) 1.63 (0.50) 1.82 (0.38) 

MVPA, h/day 0.97 (0.32) 1.03 (0.39) 0.92 (0.26) 

Total PA, h/day 2.70 (0.62) 2.66 (0.74) 2.74 (0.53) 

Steps/day 5149 (1825) 5329 (2084) 5018 (1629) 

Breaks in sedentary time/day 29 (8) 26 (7) 30 (9)* 

VO2max, ml/kg/min 22.7 (4.7) 25.0 (4.9) 21.1 (3.7)** 

Dietary intake    

Energy intake, kcal/day 1797 (399) 1910 (444) 1715 (346) 

CHO, % of energy intake/day 39.2 (7.6) 38.7 (7.4) 39.5 (7.8) 

Fat, % of energy intake/day 38.8 (6.5) 38.4 (6.1) 39.1 (6.8) 

Protein, % of energy intake/day 17.8 (2.8) 18.1 (3.1) 17.6 (2.7) 

FQ 0.83 (0.02) 0.83 (0.02) 0.83 (0.02) 

RER/FQ 1.11 (0.11) 1.09 (0.10) 1.12 (0.11) 
BMI, body mass index; LDL, low-density lipoprotein; HDL, high-density lipoprotein; HOMA-IR, 
homeostatic model assessment of insulin resistance; HbA1c, glycated hemoglobin; REE, resting 
energy expenditure; CHO, carbohydrate; RER, respiratory exchange ratio; HEC, hyperinsulinemic 
euglycemic clamp; LPA, light-intensity physical activity; MVPA, moderate-to-vigorous physical 
activity, PA, physical activity; VO2max, maximal oxygen uptake; FQ, food quotient. Values are means 
with standard deviation (SD) or medians with first and third quartiles (Q1, Q3). * p < 0.05, ** p < 0.01, 
*** p < 0.001 between sexes (unpaired t-test, Mann-Whitney U-test, or Fisher’s exact test). Modified 
from Original publications I-III. 
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5.2 Cross-sectional analyses (Studies I-III) 
During the 1-month screening phase, the accelerometers were worn on average for 
26 (SD 4) days and for 14.54 (SD 0.97) h/day for the determination of baseline 
sedentary time and PA. The participants spent on average 10.04 (SD 1.01) h 
sedentary, 1.79 (SD 0.59) h standing, and 2.70 (SD 0.62) h physically active, taking 
5149 (SD 1825) steps daily. Besides being sedentary, the participants had low 
cardiorespiratory fitness as the mean VO2max was 22.7 (SD 4.7) ml/kg/min. 

5.2.1 Associations with whole-body insulin sensitivity 
In Study I, sedentary time was inversely, and standing, steps, and VO2max 
(ml/kg/min) positively associated with insulin sensitivity markers (whole-body GU, 
HOMA-IR, fasting insulin) (Table 2). Breaks in sedentary time associated only with 
whole-body GU, while LPA, MVPA and total PA did not associate with any of the 
insulin sensitivity markers. Fitness did not associate with any markers either when 
scaled to FFM instead of body weight. When whole-body GU was scaled to FFM 
instead of body weight, however, the results were unchanged (data not shown). None 
of the activity and fitness outcomes associated with fasting glucose or HbA1c (data 
not shown). 

Adding body fat-% to the model turned all associations with whole-body GU 
non-significant (Table 2). Except for standing, all other associations of activity and 
fitness outcomes with HOMA-IR and fasting insulin also turned non-significant. The 
body fat-%-adjusted association between standing and whole-body GU was nearly 
statistically significant as well (p = 0.08) and remained significant when adjusted for 
weight or BMI instead of body fat-% (data not shown). Additionally, both whole-
body GU and HOMA-IR were better with more standing time, as illustrated by the 
differences in both insulin sensitivity markers between the tertiles of standing time 
(Figure 5).  

 
 
 
 

 
►Table 2. Associations of sedentary time, physical activity, and cardiorespiratory fitness with 

insulin sensitivity markers. GU, glucose uptake; HOMA-IR, homeostatic model 
assessment of insulin resistance; LPA, light-intensity physical activity; MVPA, moderate-
to-vigorous physical activity; PA, physical activity; VO2max, maximal oxygen uptake; 
FFM, fat-free mass. a = log10 transformed. Values are β-coefficients with 95 % 
confidence intervals. Model 1 adjusted for sex, age, and accelerometer wear time. 
Model 2 adjusted for sex, age, body fat-%, and accelerometer wear time. * p < 0.05, 
statistical significance. Modified from Original publication I. 
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Figure 5. Differences in A) whole-body glucose uptake and B) HOMA-IR between tertiles of 

standing time (h/day). Symbols represent individual participants and black lines with 
error bars indicate geometric means backtransformed from log10-scale with 95 % 
confidence intervals. GU, glucose uptake; HOMA-IR, homeostatic model assessment of 
insulin resistance. * = p < 0.05, ** p < 0.01, *** p < 0.001 between groups. Modified from 
Original publication I. 

The associations of standing with HOMA-IR and fasting insulin remained 
significant after further adjustment for sedentary time, total PA, and fitness level 
(Table 3).  

Table 3.  Associations of standing with insulin sensitivity markers when adjusted for sedentary 
time, physical activity, and fitness. 

 Whole-body GU 
(mg/kg/min) a HOMA-IR a Fasting insulin 

(pmol/L) a 

 β p β p β p 

Standing (h/day) adjusted for:      

Sex, age, body fat-%, wear 
time, sedentary time (h/day) 

0.20 
(-0.14, 0.53) 0.24 

− 0.47 
(-0.78, -0.17) 

0.003* − 0.44 
(-0.75, -0.13) 

0.01* 

Sex, age, body fat-%, wear 
time, total PA (h/day) 

0.21 
(-0.03, 0.45) 0.08 

− 0.39 
(-0.61, -0.17) 

<0.001* − 0.37 
(-0.60, -0.15) 

0.001* 

Sex, age, body fat-%, wear 
time, VO2max (ml/kg/min) 

0.22 
(-0.03, 0.46) 0.09 

− 0.35 
(-0.59, -0.12) 

0.005* − 0.33 
(-0.56, -0.09) 

0.01* 

Sex, age, body fat-%, 
sedentary time (h/day), total 
PA (h/day), VO2max 
(ml/kg/min) 

0.27 
(-0.02, 0.55) 

0.07 − 0.35 
(-0.62, -0.07) 

0.01* − 0.29 
(-0.57, -0.02) 

0.04* 

GU, glucose uptake; HOMA-IR, homeostatic model assessment of insulin resistance; PA, physical 
activity; VO2max, maximal oxygen uptake. a = log10 transformed. Values are β-coefficients with 95 
% confidence intervals. * p < 0.05, statistical significance. Modified from Original publication I. 



Results 

 49 

When the interaction between sex and each activity outcome was included in the 
models in additional analyses, the associations of standing with HOMA-IR and 
fasting insulin appeared to be stronger in men compared to women (men: β = − 0.753 
and − 0.763, respectively; women: β = − 0.401 and − 0.377; p < 0.05), but no other 
sex differences were found. 

5.2.2 Associations with muscle insulin sensitivity 
Skeletal muscle insulin sensitivity was assessed with PET imaging in a subsample 
of 44 participants (Study II). In this subsample, the median GU with first (Q1) and 
third quartiles (Q3) in quadriceps femoris was 1.9 (Q1 1.3, Q3 2.9) mg/kg tissue/min, 
in hamstrings 3.0 (Q1 1.5, Q3 4.6) mg/kg tissue/min, and in the whole body 2.6 (Q1 
1.9, Q3 3.9) mg/kg body weight/min. 

Muscle insulin sensitivity correlated strongly with whole-body insulin 
sensitivity (quadriceps femoris r = 0.85 and hamstrings r = 0.91, p < 0.001 for both). 
Sedentary time associated detrimentally and standing and steps beneficially with 
hamstring and whole-body insulin sensitivity in the sex-, age- and accelerometer 
wear time-adjusted model (Table 4). Breaks in sedentary time associated positively 
with whole-body insulin sensitivity. Higher fitness level associated with better 
insulin sensitivity in quadriceps, hamstrings, and the whole body when adjusted for 
sex and age. The associations were not different between men and women (data not 
shown). Additional adjustment for body fat-% turned all above-mentioned 
associations non-significant (Table 4). 

Both hamstring and whole-body insulin sensitivity were better with sedentary 
time < 10.5 h/day in comparison to more sedentary time (Figure 6). Similar to the 
total sample in Study I, whole-body insulin sensitivity was also better with standing 
time over 2.0 h/day compared to less than 1.5 h/day, but there was no difference in 
muscle insulin sensitivity between the tertiles of standing time. The difference in 
hamstring insulin sensitivity between standing time < 1.5 h/day and ≥ 2.0 h/day was 
only marginally non-significant, however (p=0.053) (Figure 7).  

 
 
 

 
►Table 4. Associations of sedentary time, physical activity, and cardiorespiratory fitness with 

skeletal muscle and whole-body insulin sensitivity. GU, glucose uptake; LPA, light-
intensity physical activity; MVPA, moderate-to-vigorous physical activity; PA, physical 
activity; VO2max, maximal oxygen uptake; FFM, fat-free mass. a = log10 transformed. 
Values are β-coefficients with 95 % confidence intervals. Model 1 adjusted for sex, age, 
and accelerometer wear time. Model 2 adjusted for sex, age, body fat-%, and 
accelerometer wear time. * p < 0.05, statistical significance. Modified from Original 
publication II. 
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Figure 6.  Differences in A) quadriceps femoris glucose uptake, B) hamstrings glucose uptake, and C) whole-body glucose uptake between quartiles 

of sedentary time (h/day). Symbols represent individual participants and black lines with error bars indicate geometric means backtransformed 
from log10-scale with 95 % confidence intervals. GU, glucose uptake. * p < 0.05, ** p < 0.01 between groups. Modified from Original 
publication II.  

 
Figure 7.  Differences in A) quadriceps femoris glucose uptake, B) hamstrings glucose uptake, and C) whole-body glucose uptake between tertiles of 

standing time (h/day). Symbols represent individual participants and black lines with error bars indicate geometric means backtransformed 
from log10-scale with 95 % confidence intervals. GU, glucose uptake. * p < 0.05 between groups. Modified from Original publication II. 
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5.2.3 Associations with metabolic flexibility 
Study III indicated impaired MetFlex by a low capacity for fasting fat oxidation (low 
FATox rate and high fasting RER) and a blunted shift in substrate use in response to 
insulin stimulation by HEC. The median fasting RER was 0.91 (Q1 0.85, Q3 0.98), 
and the mean FATox rate was 0.4 (SD 0.4) mg/kg/min. CHO was the predominant 
substrate already in the fasting state, thus the changes in RER and substrate oxidation 
from fasting to insulin stimulation were not statistically significant (p > 0.05) despite 
a slight further increase in CHOox [2.5 (SD 0.9) to 2.6 (SD 1.1) mg/kg/min] (Table 
5). The total insulin-stimulated CHOox was calculated to consist of 76 % of 
exogenous glucose disposal and 24 % from other CHO sources, and CHOox 
represented the majority of insulin-stimulated glucose disposal, as the calculated 
estimate of non-oxidative glucose disposal was 0.6 (SD 1.3) mg/kg/min. FFA 
decreased by 0.48 (SD 0.20) mmol/L and plasma lactate increased by 0.18 (SD 0.30) 
mmol/L on average during HEC (p < 0.001 for both) (Table 5). 

Table 5. Metabolic outcomes during fasting and insulin stimulation.  

 Fasting HEC 

Insulin, pmol/L 69.5 (48.6, 104.2) 503.7 (100.9)*** 

Glucose, mmol/L 5.9 (0.4) 5.3 (0.3)*** 

Free fatty acids, mmol/L 0.60 (0.20) 0.12 (0.06, 0.18)*** 

Lactate, mmol/L 1.0 (0.8, 1.3) 1.2 (1.1, 1.4)*** 

VO2, mL/min 240 (44) 253 (44)*** 

VCO2, mL/min 215 (198, 240) 224 (204, 253)*** 

EE, kcal/day 1697 (297) 1788 (300)*** 

CHO oxidation, mg/kg/min 2.5 (0.9) 2.6 (1.1) 

Fat oxidation, mg/kg/min 0.4 (0.4) 0.4 (0.4) 

RER 0.91 (0.85, 0.98) 0.92 (0.10) 

ΔRER (HEC – fasting) 0.00 (− 0.04, 0.03) 
HEC, hyperinsulinemic euglycemic clamp; VO2, oxygen uptake; VCO2, carbon dioxide production; 
EE, energy expenditure; CHO, carbohydrate; RER, respiratory exchange ratio. Values are means 
with standard deviation (SD) or medians with first and third quartiles (Q1, Q3). * p < 0.05, ** p < 0.01, 
*** p < 0.001 between fasting and insulin stimulation (paired t-test or Wilcoxon signed rank test). 
Modified from Original publication III. 

During exercise, the mean RER increased from 0.74 (SD 0.05) at low intensity 
(25 W) to 1.12 (SD 0.06) at maximal intensity (mean 135 W) (p < 0.001) (Table 6). 
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The incremental increase in RER with increasing exercise loads is illustrated in 
Figure 8. At low-intensity exercise fat was the primary substrate [2.4 (SD 1.0) 
mg/kg/min vs. CHO 2.2 (SD 1.5) mg/kg/min]. At maximal intensity FATox was 
entirely suppressed (negative values were interpreted as zero) and CHOox increased 
to 39.2 (SD 8.9) mg/kg/min (p < 0.05 for both) (Table 6). 

Table 6. Metabolic outcomes during exercise.  

 Low-intensity  Maximal intensity 

Power output, W 25 135 (103, 151)*** 
VO2, mL/min 601 (140) 2127 (482)*** 
VCO2, mL/min 471 (110) 2345 (524)*** 
EE, kcal/min 2.9 (0.7) 10.8 (2.4)*** 
CHO oxidation, mg/kg/min 2.2 (1.5) 39.2 (8.9)*** 
Fat oxidation, mg/kg/min 2.4 (1.0) − 4.2 (2.2)*** 
RER 0.74 (0.05) 1.12 (0.06)*** 
ΔRER (Maximal – low-intensity exercise) 0.39 (0.07) 
Delta exercise efficiency, % 16.7 (2.5) 

VO2, oxygen uptake; VCO2, carbon dioxide production; EE, energy expenditure; CHO, 
carbohydrate; RER, respiratory exchange ratio. Values are means with standard deviation (SD). * 
p < 0.05, ** p < 0.01, *** p < 0.001 between low-intensity and maximal exercise (paired t-test). 
Modified from Original publication III. 

 
Figure 8.  Respiratory exchange ratio at incrementally increasing exercise loads during a graded 

maximal cycle ergometer test. Gray lines represent individual participants and black line 
with error bars indicates the mean with standard deviation. RER, respiratory exchange 
ratio. From Original publication III. 
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Sedentary time associated positively with fasting RER and inversely with 
MetFlex (ΔRER) from fasting to insulin stimulation (Table 7). Additionally, 
MetFlex was better with sedentary time ≤ 10.0 h/day compared to > 10.0 h/day 
[ΔRER + 0.01 (95 % CI: − 0.02, 0.04) vs. – 0.03 (95 % CI: – 0.05, 0.00)], 
respectively, p = 0.04] (Figure 9). Standing time associated negatively with fasting 
RER, and both LPA and total PA associated positively with insulin-stimulated 
MetFlex (Table 7). 

Table 7.  Associations of sedentary time, physical activity, and cardiorespiratory fitness with 
metabolic flexibility from fasting to insulin stimulation. 

 Fasting RER Insulin-stimulated 
RER ΔRER HEC 

 β p β p β p 

Sedentary time, 
h/day 

0.35  
(0.04, 0.67) 

0.03* 
−0.09  

(−0.40, 0.23) 
0.59 

−0.41  
(−0.72, −0.09) 

0.01* 

Standing, h/day 
−0.32  

(−0.62, −0.02) 
0.04* 

−0.04  
(−0.34, 0.25) 

0.77 
0.21  

(−0.10, 0.52) 
0.18 

LPA, h/day 
−0.09  

(−0.38, 0.20) 
0.53 

0.15  
(−0.14, 0.43) 

0.31 
0. 33  

(0.05, 0.61) 
0.02* 

MVPA, h/day 
−0.21  

(−0.48, 0.06) 0.13 
0.09  

(−0.19, 0.36) 0.53 
0.18 

(−0.09, 0.46) 0.19 

Total PA, h/day 
−0.17  

(−0.45, 0.11) 
0.23 

0.15  
(−0.13, 0.42) 

0.30 
0.33  

(0.05, 0.60) 
0.02* 

Steps/day 
−0.24  

(−0.50, 0.02) 
0.07 

0.09  
(−0.18, 0.36) 

0.51 
0.20  

(−0.06, 0.47) 
0.13 

Breaks in sedentary 
time/day 

−0.14  
(−0.42, 0.15) 

0.34 
−0.08  

(−0.36, 0.21) 
0.59 

0.06  
(−0.24, 0.35) 

0.71 

VO2max, ml/kg/min 
0.07  

(−0.23, 0.38) 0.63 
0.28  

(−0.03, 0.59) 0.07 
0.05  

(−0.27, 0.37) 0.74 

VO2max, 
ml/kgFFM/min 

0.08  
(-0.22, 0.38) 

0.61 
0.13  

(-0.17, 0.44) 
0.38 

0.00  
(-0.32, 0.31) 

0.98 

RER, respiratory exchange ratio, HEC, hyperinsulinemic euglycemic clamp; LPA, light-intensity 
physical activity; MVPA, moderate-to-vigorous physical activity; PA, physical activity; VO2max, 
maximal oxygen uptake; FFM, fat-free mass. Values are β-coefficients with 95 % confidence 
intervals. Model adjusted for sex, age, and accelerometer wear time. * p < 0.05, statistical 
significance. From Original publication III. 
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Figure 9.  Difference in insulin-stimulated metabolic flexibility between participants with sedentary 

time ≤ 10.0 h/day and > 10.0 h/day. Symbols represent individual participants and black 
lines with error bars indicate means with 95 % confidence intervals. RER, respiratory 
exchange ratio; HEC, hyperinsulinemic euglycemic clamp. Modified from Original 
publication III. 

Sedentary time also associated with lower fasting FATox, while higher standing 
time and number of daily steps associated with higher fasting FATox (Table 8). 
Figure 10 illustrates the scatterplots. When adjusted for total PA, the associations of 
sedentary time and standing with fasting RER remained statistically significant (p < 
0.05). The association of sedentary time with ΔRER, as well as the associations of 
sedentary time, standing, and steps with fasting FATox, turned non-significant (p > 
0.05).  

 
Figure 10. Correlations between fasting fat oxidation and A) sedentary time, B) standing time, and 

C) daily steps. Correlation coefficients are adjusted for sex; solid black circles represent 
men, and gray triangles women. Modified from Original Publication III. 
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Table 8.  Associations of sedentary time, physical activity, and cardiorespiratory fitness with 
fasting and insulin-stimulated substrate oxidation. 

 Fasting CHOox 
(mg/kg/min) 

Fasting FATox 
(mg/kg/min) 

HEC CHOox 
(mg/kg/min) 

HEC FATox 
(mg/kg/min) 

 β p β p β p β p 

Sedentary 
time, h/day 

0.24 
(−0.08, 
0.57) 

0.14 
−0.36 

(−0.67, 
−0.04) 

0.03* 
-0.21 

(−0.52, 
0.10) 

0.19 
0.04 

(−0.28, 
0.35) 

0.81 

Standing, 
h/day 

−0.29 
(−0.59, 
0.02) 

0.06 
0.31 

(0.01, 
0.61) 

0.04* 
0.04 

(−0.26, 
0.33) 

0.82 
0.06 

(−0.24, 
0.35) 

0.71 

LPA, h/day 
−0.02 

(−0.31, 
0.28) 

0.90 
0.10 

(−0.19, 
0.39) 

0.49 
0.18 

(−0.10, 
0.46) 

0.20 
−0.11 

(−0.39, 
0.17) 

0.45 

MVPA, 
h/day 

−0.10 
(−0.38, 
0.18) 

0.50 
0.22 

(−0.05, 
0.49) 

0.11 
0.21 

(−0.06, 
0.48) 

0.13 
−0.04 

(−0.31, 
0.24) 

0.80 

Total PA, 
h/day 

−0.06 
(−0.35, 
0.23) 

0.67 
0.18 

(−0.10, 
0.47) 

0.20 
0.24 

(−0.04, 
0.51) 

0.09 
−0.09 

(−0.37, 
0.19) 

0.51 

Steps/day 
−0.12 

(−0.39, 
0.16) 

0.39 
0.26 

(0.00, 
0.53) 

0.047* 
0.22 

(−0.04, 
0.49) 

0.10 
−0.03 

(−0.29, 
0.24) 

0.85 

Breaks in 
sedentary 
time/day 

−0.09 
(−0.38, 
0.20) 

0.55 
0.17 

(−0.12, 
0.45) 

0.24 
0.02 

(−0.26, 
0.30) 

0.88 
0.11 

(−0.17, 
0.39) 

0.42 

VO2max, 
ml/kg/min 

0.19 
(−0.12, 
0.50) 

0.22 
−0.02 

(−0.33, 
0.28) 

0.88 
0.43 

(0.13, 
0.73) 

0.01* 
−0.24 

(−0.55, 
0.07) 

0.12 

VO2max, 
ml/kgFFM/min 

0.08  
(-0.23, 
0.38) 

0.62 
-0.04  

(-0.34, 
0.26) 

0.79 
0.16  

(-0.14, 
0.47) 

0.29 
-0.13  

(-0.43, 
0.18) 

0.41 

CHOox, carbohydrate oxidation; FATox, fat oxidation; HEC, hyperinsulinemic euglycemic clamp; 
LPA, light-intensity physical activity; MVPA, moderate-to-vigorous physical activity; PA, physical 
activity; VO2max, maximal oxygen uptake; FFM, fat-free mass. Values are β-coefficients with 95 % 
confidence intervals. Model adjusted for sex, age, and accelerometer wear time. * p < 0.05, 
statistical significance. From Original publication III. 

Sedentary time nor PA associated with MetFlex during exercise, but higher 
cardiorespiratory fitness (VO2max, ml/kg/min) associated with higher CHOox during 
HEC (Table 8), lower RER at low-intensity exercise (Table 9), and higher CHOox 
during maximal exercise (Table 10). When VO2max was expressed per FFM, 
however, the associations with insulin-stimulated CHOox and low-intensity RER 
turned non-significant.  
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Table 9.  Associations of sedentary time, physical activity, and cardiorespiratory fitness with 
metabolic flexibility from low-intensity to maximal exercise. 

 Low-intensity 
exercise RER 

Maximal exercise 
RER ΔRER Exercise 

 β p β p β p 

Sedentary time, 
h/day 

0.11  
(−0.20, 0.42) 

0.47 
−0.01  

(−0.34, 0.32) 
0.94 

−0.07  
(−0.39, 0.24) 

0.64 

Standing, h/day 
0.02  

(−0.28, 0.31) 
0.92 

−0.08  
(−0.40, 0.24) 

0.61 
−0.06  

(−0.37, 0.25) 
0.71 

LPA, h/day 
−0.06  

(−0.35, 0.23) 0.67 
0.20  

(−0.11, 0.51) 0.20 
0. 17  

(−0.13, 0.47) 0.27 

MVPA, h/day 
−0.22  

(−0.50, 0.05) 
0.11 

−0.09  
(−0.38, 0.21) 

0.57 
0.07  

(−0.22, 0.36) 
0.64 

Total PA, h/day 
−0.16  

(−0.44, 0.12) 
0.26 

0.09  
(−0.22, 0.39) 

0.57 
0.15  

(−0.14, 0.44) 
0.31 

Steps/day 
−0.20  

(−0.47, 0.07) 
0.14 

−0.11  
(−0.40, 0.18) 

0.44 
0.03  

(−0.25, 0.32) 
0.75 

Breaks in sedentary 
time/day 

0.06  
(−0.23, 0.34) 0.70 

0.04  
(−0.26, 0.35) 0.79 

−0.03  
(−0.33, 0.27) 0.85 

VO2max, ml/kg/min 
−0.34  

(−0.65, −0.04) 
0.03* 

−0.05  
(−0.37, 0.27) 

0.75 
0.19 

(−0.12, 0.49) 
0.23 

VO2max, 
ml/kgFFM/min 

-0.24  
(-0.54, 0.06) 

0.11 
0.10  

(-0.20, 0.41) 
0.50 

0.25  
(-0.04, 0.54) 

0.09 

RER, respiratory exchange ratio, LPA, light-intensity physical activity; MVPA, moderate-to-vigorous 
physical activity; PA, physical activity; VO2max, maximal oxygen uptake; FFM, fat-free mass. Values 
are β-coefficients with 95 % confidence intervals. Model adjusted for sex, age, and accelerometer 
wear time. * p < 0.05, statistical significance. From Original publication III. 

Sedentary time, LPA, MVPA, total PA, and steps all associated with CHOox at 
maximal exercise intensity, and sedentary time, MVPA, total PA additionally with 
FATox at low-intensity exercise (Table 10). Cardiorespiratory fitness was a more 
important determinant of CHOox at maximal exercise, however, as the associations 
between activity outcomes and CHOox turned non-significant when VO2max was 
included as a covariate (due to a strong relationship with CHOox during maximal 
exercise) (data not shown). The mean exercise efficiency at moderate-intensity 
exercise was 16.7 (SD 2.5 %), and sedentary time associated inversely with exercise 
efficiency [β = − 0.31 (95 % CI: −0.60, − 0.02), p = 0.03]. Higher efficiency 
correlated with better insulin-stimulated MetFlex, although marginally non-
significantly (r = 0.26, p = 0.051). 
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Table 10.  Associations of sedentary time, physical activity, and cardiorespiratory fitness with 
substrate oxidation during exercise. 

 
Low-intensity 

exercise CHOox 
(mg/kg/min 

Low-intensity 
exercise FATox 

(mg/kg/min) 

Maximal exercise 
CHOox 

(mg/kg/min) 

Maximal exercise 
FATox 

(mg/kg/min) 

 β p β p β p β p 

Sedentary 
time, h/day 

0.09 
(−0.19, 
0.38) 

0.52 
−0.32 

(−0.61, 
−0.03) 

0.03* 
−0.31 

(−0.60, 
−0.03) 

0.03* 
0.12 

(−0.21, 
0.44) 

0.48 

Standing, 
h/day 

0.02 
(−0.26, 
0.30) 

0.88 
0.11 

(−0.18, 
0.40) 

0.44 
0.07 

(−0.22, 
0.36) 

0.64 
0.09 

(−0.23, 
0.41) 

0.59 

LPA, h/day 
−0.13 

(−0.40, 
0.14) 

0.33 
0.26 

(−0.01, 
0.53) 

0.06 
0.31 

(0.03, 
0.58) 

0.03* 
−0.29 

(−0.59, 
0.02) 

0.06 

MVPA, 
h/day 

−0.10 
(−0.36, 
0.16) 

0.46 
0.27 

(0.01, 
0.53) 

0.04* 
0.29 

(0.03, 
0.55) 

0.03* 
−0.07 

(−0.37, 
0.23) 

0.64 

Total PA, 
h/day 

−0.14 
(−0.40, 
0.12) 

0.28 
0.32 

(0.07, 
0.58) 

0.02* 
0.36 

(0.10, 
0.62) 

0.01* 
−0.23 

(−0.53, 
0.07) 

0.13 

Steps/day 
−0.04 

(−0.29, 
0.21) 

0.75 
0.22 

(−0.03, 
0.48) 

0.09 
0.29 

(0.04, 
0.55) 

0.03* 
−0.03 

(−0.32, 
0.26) 

0.83 

Breaks in 
sedentary 
time/day 

0.00 
(−0.26, 
0.26) 

0.99 
0.13 

(−0.14, 
0.40) 

0.34 
0.23 

(−0.04, 
0.51) 

0.09 
−0.13 

(−0.44, 
0.17) 

0.39 

VO2max, 
ml/kg/min 

−0.09 
(−0.38, 
0.19) 

0.51 
0.22 

(−0.07, 
0.52) 

0.13 
0.81 

(0.62, 
1.00) 

<0.001* 
−0.27 

(−0.59, 
0.04) 

0.08 

VO2max, 
ml/kgFFM/min 

-0.08  
(-0.35, 
0.20) 

0.58 
0.05  

(-0.24, 
0.33) 

0.73 
0.69 

(0.48, 
0.90) 

<0.001* 
-0.35  

(-0.64,  
-0.05) 

0.02* 

CHOox, carbohydrate oxidation; FATox, fat oxidation; LPA, light-intensity physical activity; MVPA, 
moderate-to-vigorous physical activity; PA, physical activity; VO2max, maximal oxygen uptake; FFM, 
fat-free mass. Values are β-coefficients with 95 % confidence intervals. Model adjusted for sex, 
age, and accelerometer wear time. * p < 0.05, statistical significance. From Original publication III. 

In additional analyses, no sex differences in the associations between metabolic 
and PA outcomes were seen when the analyses were repeated with the interaction 
term between sex and each activity outcome included in the model (data not shown). 
Additional adjustments for the use of statins (n = 14) and blood pressure medication 
(n = 34) did not change the main results and conclusions either (data not shown). 
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Correlations between MetFlex and metabolic variables 

Insulin- and exercise-stimulated MetFlex did not correlate with each other (p > 0.05). 
Better insulin-stimulated MetFlex did, however, correlate with higher FATox and 
lower CHOox both in a fasting state (r = 0.40 and r = − 0.33, respectively) and during 
low-intensity exercise (r = 0.29 and r = − 0.34). Insulin-stimulated MetFlex also 
correlated with FATox and CHOox during HEC (r = − 0.40 and r = 0.46), and 
exercise-stimulated MetFlex correlated with FATox and CHOox at maximal 
exercise intensity (r = − 0.68 and r = 0.51) (p < 0.05 for all). 

MetFlex and substrate oxidation variables did not correlate with fasting glucose 
or FFA levels, but they did correlate with insulin sensitivity markers. Whole-body 
GU correlated with CHOox at maximal exercise intensity (r = 0.33), and HOMA-IR 
and fasting insulin both correlated with insulin-stimulated CHOox (r = − 0.26 for 
both). Fasting insulin also correlated with FATox at low-intensity exercise (r = − 
0.28). Triglyceride/HDL ratio correlated with fasting RER (r = 0.29), as well as 
fasting CHO and fat oxidation (r = 0.34 and r = − 0.32, respectively) (p < 0.05 for 
all).  

Substrate oxidation and insulin sensitivity were related to non-oxidative glucose 
disposal as well. Higher non-oxidative glucose disposal correlated with better whole-
body GU (r = 0.61), lower fasting and insulin-stimulated CHOox (r = − 0.29 and r = 
− 0.26, respectively), and higher fasting and insulin-stimulated FATox (r = 0.31 and 
r = 0.41). Non-oxidative glucose disposal also correlated with standing time (r = 
0.30) (p < 0.05 for all). 

MetFlex and substrate oxidation also correlated with plasma lactate levels. 
Fasting lactate correlated inversely with insulin-stimulated MetFlex and fasting 
FATox (r = − 0.35 and r = − 0.36), and positively with fasting RER and CHOox (r 
= 0.36 and r = 0.43). Additionally, lower fasting lactate correlated with lower 
sedentary time (r = 0.35) and higher standing time (r = − 0.40). Greater insulin-
stimulated increases in lactate correlated with greater FFA suppression (r = 0.35), 
and both correlated with higher standing time (r = 0.47 and r = 0.28) (p < 0.05 for 
all). Lower fasting lactate, and greater insulin-stimulated changes in lactate and FFA 
also correlated with better whole-body insulin sensitivity and lower adiposity (data 
not shown). 

Habitual food intake did not appear to be a key determinant of MetFlex in this 
study, as neither FQ, nor the intake of total energy and primary energy substrates 
CHO and fats correlated with MetFlex outcomes.  

5.2.4 Secondary outcomes 
The associations of activity and fitness outcomes, whole-body insulin sensitivity 
(Study I), muscle insulin sensitivity (Study II), and energy metabolism outcomes 
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(Study III) with adiposity, lipid profile, and dietary intake were also examined to 
investigate the possible determinants of metabolic outcomes. 

Sedentary time correlated positively and MVPA, steps, breaks in sedentary time, 
and VO2max (ml/kg/min) inversely with weight, BMI, body fat-%, and waist 
circumference. Total PA correlated inversely with weight and waist circumference 
and standing correlated inversely with body fat-% (Table 11). Better whole-body and 
muscle insulin sensitivity also correlated with lower weight and adiposity. Neither 
MetFlex nor fasting substrate oxidation correlated with any adiposity measures 
(Table 11), but CHOox during insulin stimulation and maximal exercise correlated 
inversely with weight and adiposity (data not shown).  

Table 11.  Correlations of activity and fitness outcomes, insulin sensitivity, and energy metabolism 
outcomes with adiposity measures. 

 
Weight 

(kg) 
BMI 

(kg/m2) 
Body fat-% 

Waist 
circumference (cm) 

Physical activity and fitness     

Sedentary time    0.39**   0.32*    0.34**    0.35** 

Standing -0.23 -0.24  -0.31* -0.24 

LPA -0.21 -0.09 -0.05 -0.11 

MVPA    -0.42**   -0.35**    -0.35**  -0.42** 

Total PA   -0.37** -0.25 -0.22 -0.30* 

Steps/day   -0.51***   -0.46***    -0.44***   -0.48*** 

Breaks in sedentary time/day -0.29*  -0.36** -0.27* -0.32* 

VO2max, ml/kg/min   -0.61***   -0.64***    -0.64***   -0.61*** 

Insulin sensitivity     

Whole-body GU, mg/kg/min a   -0.54***   -0.59***   -0.61***   -0.67*** 

Quadriceps femoris GU, mg/kg/min a -0.40*  -0.51** -0.51**   -0.58*** 

Hamstrings GU, mg/kg/min a   -0.54***   -0.58***  -0.53***   -0.66*** 

Energy metabolism     

ΔRER HEC -0.14 -0.01 -0.06 -0.10 

ΔRER exercise -0.15 -0.12 0.15 -0.14 

Fasting RER a 0.02 -0.05 0.02 0.02 

Fasting CHO oxidation, mg/kg/min -0.13 -0.20 -0.12 -0.10 

Fasting fat oxidation, mg/kg/min -0.08 -0.02 -0.07 -0.07 
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◄ BMI, body mass index, LPA, light-intensity physical activity; MVPA, moderate-to-vigorous 
physical activity; PA, physical activity; VO2max, maximal oxygen uptake; GU, glucose uptake; RER, 
respiratory exchange ratio; HEC, hyperinsulinemic euglycemic clamp; CHO, carbohydrate. 
Accelerometer outcomes as % of accelerometer wear time. a = log10 transformed. Sex- and age-
adjusted Pearson partial correlation analysis, * p < 0.05, ** p < 0.01, *** p < 0.001. Modified from 
Original publications I–III.   

LPA correlated with HDL, but none of the other correlations between activity 
and lipid outcomes were statistically significant (Table 12). Better insulin sensitivity 
correlated with a better lipid profile, and fasting substrate metabolism correlated with 
fasting triglycerides (Table 12). Insulin-stimulated CHOox also correlated with 
fasting triglycerides, but none of the other insulin- and exercise-stimulated substrate 
oxidation variables correlated with lipid profile, or dietary intake (data not shown). 
Protein intake correlated with steps (r = − 0.27, p = 0.04) and insulin-stimulated 
MetFlex (r = 0.30, p = 0.02), but no other statistically significant correlations were 
seen between the primary outcomes and dietary outcomes. 

Table 12.  Correlations of activity and fitness outcomes, insulin sensitivity, and energy metabolism 
outcomes with lipid profile. 

 
Free fatty 

acids 
(mmol/L) 

Triglycerides 
(mmol/L)a 

Total 
cholesterol 
(mmol/L)a 

LDL 
(mmol/L)a 

HDL 
(mmol/L) 

Physical activity and fitness      

Sedentary time 0.10 0.21 -0.11 -0.08 -0.10 

Standing -0.13 -0.18 -0.02 -0.01 -0.11 

LPA -0.06 -0.20 0.19 0.10 0.32* 

MVPA 0.03 0.00 0.10 0.09 0.05 

Total PA -0.02 -0.14 0.18 0.12 0.25 

Steps/day -0.05 -0.06 0.08 0.06 0.04 

Breaks in sedentary time/day -0.05 -0.10 0.24 0.24 0.18 

VO2max, ml/kg/min -0.19 0.01 0.07 -0.02 0.07 

Insulin sensitivity      

Whole-body GU, mg/kg/min a   -0.38**  -0.31* 0.12 0.01 0.26* 

Quadriceps femoris GU, 
mg/kg/min a 

-0.31 -0.38* -0.11 -0.22 0.34* 

Hamstrings GU, mg/kg/min a -0.30   -0.41** -0.05 -0.14 0.36* 
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Table 12 continued. 

 
Free fatty 

acids 
(mmol/L) 

Triglycerides 
(mmol/L)a 

Total 
cholesterol 
(mmol/L)a 

LDL 
(mmol/L)a 

HDL 
(mmol/L) 

Energy metabolism      

ΔRER HEC -0.05 -0.18 -0.01 0.01 0.03 

ΔRER exercise 0.07 0.09 0.04 -0.04 0.10 

Fasting RER a -0.07   0.38** 0.20 0.16 0.03 

Fasting CHO oxidation, 
mg/kg/min 

-0.14   0.44** 0.19 0.12 0.01 

Fasting fat oxidation, 
mg/kg/min 

0.09  -0.39** -0.19 -0.16 0.02 

LDL, low-density lipoprotein cholesterol; HDL, high-density lipoprotein cholesterol, LPA, light-
intensity physical activity; MVPA, moderate-to-vigorous physical activity; PA, physical activity; 
VO2max, maximal oxygen uptake; GU, glucose uptake; RER, respiratory exchange ratio; HEC, 
hyperinsulinemic euglycemic clamp; CHO, carbohydrate. Accelerometer outcomes as % of 
accelerometer wear time. a  = log10 transformed. Sex- age, and lipid-lowering medication-adjusted 
Pearson partial correlation analysis, * p < 0.05, ** p < 0.01. Modified from Original publications I-III.  

5.3 Intervention effects (Studies IV-V) 
Sixty-three participants participated in the midpoint outcome assessments at 3 
months (Study IV) and 60 completed the intervention and participated in the 6-month 
follow-up measurements (Study V). One participant dropped out during the 
intervention due to low back pain and three due to personal reasons. The mean 
intervention duration was 171 (SD 36) days. Valid accelerometer data was 
successfully collected from the intervention period from 56 participants with a 
median duration of 117 (Q1 74, Q3 142) days and mean wear time of 14.98 (SD 
0.82) h/day. The missing data is due to discontinued participation and technical 
issues. 

5.3.1 Effects on cardiometabolic outcomes 
The changes in activity behaviors and effects on cardiometabolic outcomes during 
the first half of the intervention period were investigated in Study IV. The 
intervention group reduced sedentary time from baseline to 3 months by ~ 50 (95 % 
CI: 24, 73) min/day primarily by increasing MVPA [24 (95 % CI: 14, 34) min/day] 
and LPA [19 (95 % CI: 8, 30) min/day], with no changes in the control group (group 
× time p < 0.05) (Figure 11). The change in standing was also different between 
groups as standing time increased in the intervention group [6 (95 % CI: − 11, 23) 
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min/day] and decreased in the control group [− 13 (95 % CI: − 30, 5) min/day] (group 
× time p = 0.04). Both groups increased steps, but the increase was greater in the 
intervention group compared to the control group: 3800 (95 % CI: 2685, 4195) vs. 
1900 (95 % CI: 801, 3036) steps/day. Breaks in sedentary time did not change.  

 
Figure 11. Intervention effects on activity outcomes in 3 months. A) Sedentary time, B) standing, 

C) LPA, light-intensity physical activity, D) MVPA, moderate-to-vigorous physical 
activity, E) steps/day, and F) breaks in sedentary time/day. Baseline indicates model-
based daily means of a continuous 1-month screening accelerometer measurement 
with 95 % confidence intervals, and the value at 3 months indicates model-based daily 
means of a continuous accelerometer measurement throughout the 3-month 
intervention with 95 % confidence intervals. ** p < 0.01; ***  p < 0.001 within or between 
groups (Tukey’s post hoc test). Modified from Original publication IV. 
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Statistically significant intervention effects favoring the intervention group were 
seen in fasting insulin, HOMA-IR, HbA1c (Figure 12), triglycerides, resting heart 
rate, and liver enzyme alanine aminotransferase (Table 13). The effects occurred 
mainly due to increases from baseline to 3 months in the control group that exceeded 
any changes in the intervention group.  

Waist circumference, body fat-%, fat mass, and blood pressure decreased 
slightly during the intervention with no difference between groups (Table 13). 
Fasting glucose (Figure 12), FFM, total, LDL and HDL cholesterol, and liver 
enzymes aspartate aminotransferase and gamma-glutamyl transferase increased 
similarly in both groups (Table 13). Weight or BMI did not change in either group.  

 
Figure 12. Intervention effects on glycemic outcomes in 3 months. A) Fasting insulin, B) fasting 

glucose, C) HOMA-IR, homeostatic model assessment of insulin resistance, and 
D) HbA1c, glycated hemoglobin. Values are model-based means with 95 % confidence 
intervals. a = log10 transformed; means are backtransformed geometric means. ** 
p < 0.01; ***  p < 0.001 within or between groups (Tukey’s post hoc test). Modified from 
Original publication IV. 



 

Table 13.  The intervention effects on cardiometabolic outcomes within and between groups from baseline to 3 months. 

 Intervention Control 
Difference between 

groups from baseline 
to 3 months 

p values a 

 Baseline 3 months Baseline 3 months  Group Time Group 
× Time 

Weight, kg 92.8 
(87.6, 98.0) 

92.3 
(87.1, 97.5) 

93.7 
(88.4, 99.1) 

93.7 
(88.3, 99.1) − 0.5 (− 1.6, 0.6) 0.76 0.29 0.34 

BMI, kg/m2 31.5 
(30.0, 33.0) 

31.3 
(29.8, 32.8) 

31.7 
(30.2, 33.3) 

31.7 
(30.1, 33.3) − 0.2 (− 0.5, 0.2) 0.78 0.22 0.35 

Waist circumference, cm 111.3 
(107.5,115) 

109.7 
(105.9,113.5) 

110.3 
(106.5,114.2) 

109.5 
(105.6,113.4) − 0.7 (−2.6, 1.1) 0.83 0.01* 0.42 

Body fat-% 42.8 
(40.6,44.9) 

41.8 
(39.6,43.9) 

43.4 
(41.1,45.6) 

42.4 
(40.1,44.6) 0.0 (− 1.3, 1.3) 0.70 0.004* 0.99 

Fat mass, kg 39.7 
(36.0, 43.5) 

38.6 
(34.8, 42.4) 

40.9 
(37.1, 44.8) 

40.0 
(36.2, 43.9) − 0.2 (− 1.7, 1.3) 0.62 0.01* 0.78 

FFM, kg 53.1 
(50.8, 55.5) 

53.7 
(51.4, 56.0) 

52.8 
(50.4, 55.2) 

53.7 
(51.2, 56.1) − 0.3 (− 1.5, 0.9) 0.91 0.02* 0.61 

Systolic blood pressure, 
mmHg 

146 
(140, 152) 

141 
(136, 147) 

139 
(133, 145) 

136 
(130, 142) − 2 (− 9, 6) 0.11 0.03* 0.64 

Diastolic blood pressure, 
mmHg 

89 
(86, 92) 

87 
(84, 90) 

88 
(85, 91) 

84 
(81, 87) 1 (− 3, 5) 0.22 0.01* 0.51 

Resting heart rate, bpm b 68 
(65, 71) 

67 
(64, 70) 

66 
(63, 69) 

68 
(65, 72) 0.95 (0.90, 1.00) 0.82 0.49 0.03* 
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Table 13  continued. 

 Intervention Control 
Difference between 

groups from baseline 
to 3 months 

p values a 

 Baseline 3 months Baseline 3 months  Group Time Group 
× Time 

Total cholesterol, mmol/L b 4.7 
(4.4, 5.0) 

5.0 
(4.7, 5.3) 

4.6 
(4.3, 4.9) 

5.0 
(4.7, 5.3) 0.98 (0.93, 1.03) 0.71 <0.001* 0.51 

LDL cholesterol, mmol/L b 3.0 
(2.7, 3.3) 

3.2 
(2.9, 3.5) 

2.9 
(2.7, 3.2) 

3.3 
(3.0, 3.6) 0.97 (0.92, 1.03) 0.91 <0.001* 0.37 

HDL cholesterol, mmol/L 1.3 
(1.2, 1.4) 

1.4 
(1.3, 1.6) 

1.4 
(1.3, 1.5) 

1.5 
(1.4, 1.6) 0.0 (− 0.1, 0.1) 0.45 <0.001* 0.47 

Triglycerides, mmol/L b 1.4 
(1.2, 1.6) 

1.4 
(1.2, 1.6) 

1.0 
(0.9, 1.2) 

1.2 
(1.1, 1.5) 0.82 (0.68, 0.99) 0.06 0.10 0.04* 

Alanine  
aminotransferase, U/L b 

28 
(24, 33) 

28 
(24, 33) 

27 
(23, 31) 

33 † 

(28, 38) 0.81 (0.69, 0.95) 0.67 0.02* 0.01* 

Aspartate 
aminotransferase, U/Lb 

25 
(23, 28) 

28 
(25, 31) 

25 
(22, 27) 

30 
(27, 34) 0.90 (0.81, 1.00) 0.66 <0.001* 0.06 

Gamma-glutamyl 
transferase, U/Lb 

29 
(23, 35) 

29 
(24, 36) 

26 
(21, 32) 

31 
(25, 38) 0.87 (0.74, 1.01) 0.89 0.03* 0.07 

BMI, body mass index; FFM, fat-free mass; LDL, low-density lipoprotein; HDL, high-density lipoprotein. a = Group, the main effect of group differences; 
Time, the main effect of time; Group × time, the interaction between the two main effects. Values are model-based means with 95 % confidence intervals.  
b = log10 transformed, means are backtransformed geometric model-based means, and the difference is the ratio of geometric population means 
(intervention/control) with 95 % confidence intervals. * p < 0.05, statistical significance. † p < 0.05 within-group difference between baseline and 3 months 
(Tukey’s post hoc test). From Original publication IV. 
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5.3.2 Effects on metabolic flexibility 
Study V investigated the effects of the 6-month intervention period on energy 
metabolism outcomes. From baseline to 6 months, the average reduction in daily 
sedentary time in the intervention group was ~ 40 min/day, and the increase in 
MVPA 20 min/day, with no change in the control group (group × time p < 0.05) 
(Sjöros, Laine, Garthwaite, Vähä-Ypyä, Löyttyniemi, et al., 2023). The intervention 
group also increased LPA (14 min/day) and standing (7 min/day), but these changes 
were not statistically significantly different from the control group (group × time p 
> 0.05). Both groups increased steps, but similar to the midpoint of the study, the 
increase was greater in the intervention group (3300 vs. 1600 steps/day) (Sjöros, 
Laine, Garthwaite, Vähä-Ypyä, Löyttyniemi, et al., 2023). 

Neither insulin- nor exercise-stimulated MetFlex changed statistically 
significantly during the intervention in the intervention or control group, nor were 
any significant between-group differences observed (Figure 13). Changes in insulin- 
and exercise-stimulated MetFlex did not correlate with each other either (Table 14). 

 
Figure 13. Intervention effects on metabolic flexibility in 6 months. A) Insulin-stimulated metabolic 

flexibility, B) metabolic flexibility during exercise. Values are model-based means with 
95 % confidence intervals. RER, respiratory exchange ratio; HEC, hyperinsulinemic 
euglycemic clamp. Modified from Original publication V. 

A trend towards increased fasting FATox and decreased fasting CHOox was 
observed in the intervention group, but the changes or between-group differences in 
fasting and insulin-stimulated substrate oxidation and RER were not statistically 
significant (Figure 14). Changes in fasting FATox and CHOox correlated with 
changes in insulin-stimulated MetFlex (r = 0.36 and r = − 0.35, respectively; p = 0.01 
for both). 
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Figure 14. Intervention effects on fasting and insulin-stimulated substrate metabolism in 6 months. 

A) Fasting RER, B) insulin-stimulated RER, C) fasting carbohydrate oxidation, D) 
insulin-stimulated carbohydrate oxidation, E) fasting fat oxidation, F) insulin-stimulated 
fat oxidation. Values are model-based means with 95 % confidence intervals. RER, 
respiratory exchange ratio; HEC, hyperinsulinemic euglycemic clamp, CHO, 
carbohydrate. From Original publication V. 

The change in CHOox at maximal exercise intensity was statistically 
significantly different between groups (group × time p = 0.03). During the 
intervention, the intervention group increased, and the control group decreased 
CHOox at maximal exercise intensity by 2.6 (95 % CI: − 0.8, 6.1) mg/kg/min and 
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1.4 (95 % CI: − 4.9, 2.1) mg/kg/min, respectively. No other changes in RER and 
substrate oxidation during exercise were observed. 

The intervention had no effect on fasting plasma glucose or FFA concentration. 
Fasting lactate decreased on average by 0.11 (95 % CI: − 0.19, − 0.03) mmol/L 
during the intervention in both groups (time p = 0.01). The decrease appeared greater 
in the intervention group (− 0.19 mmol/L) than the control group (− 0.03 mmol/L), 
but the difference was marginally non-significant (group × time p = 0.054). The 
changes in fasting lactate correlated with changes in insulin-stimulated MetFlex and 
fasting RER (Table 14), as well as with changes in fasting FATox and CHOox 
(r  = − 0.38, p = 0.001, and r = 0.45, p = 0.004, respectively). No changes or 
differences between groups were observed in FFA and lactate concentrations or 
AUC during HEC.  

Additional analyses 

Due to large interindividual variation in sedentary time changes and no intervention 
effects between the intervention and control groups, additional analyses were 
performed between two groups based on the measured change in sedentary time as 
described in chapter 4.8.2.  

The groups had similar descriptive characteristics but differed in baseline 
activity levels. Those who successfully reduced daily sedentary time by 30 min or 
more during the intervention (‘reducers’) spent at baseline 38 (95 % CI: 9, 67) min 
more sedentary, 18 (95 % CI: 0, 35) min less standing, and 11 (95 % CI: 2, 20) min 
less in MVPA daily than the ‘continuously sedentary’ group (p < 0.05).  

During the intervention, the mean sedentary time reduction among the ‘reducers’ 
was 60 (95 % CI: 42, 76) min/day, achieved through a statistically significant ~ 20 
min/day increase of each MVPA, LPA, and standing time, while there were no 
changes in sedentary time, LPA or MVPA in the ‘continuously sedentary’ group 
(group × time p < 0.001). Standing time was reduced by 18 (95 % CI: 5, 31) min/day 
in the ‘continuously sedentary’ group, and both groups increased steps but ‘reducers’ 
more so: 3450 (95 % CI: 2531, 4350) vs. 1500 (95 % CI: 555, 2450) (group × time 
p < 0.001). The results remained virtually unchanged after adjusting for the baseline 
differences, and the ~ 60-min difference in daily sedentary time at the 6-month 
timepoint between groups was statistically significant (p < 0.001).  

During the intervention, the change in insulin-stimulated MetFlex was different 
between groups in favor of the ‘reducers’ compared to the ‘continuously sedentary’ 
(Figure 15). Those who reduced sedentary time also improved FATox at low-
intensity exercise compared to the continuously sedentary (Figure 15). A statistically 
significant group × time-effect (p = 0.04) was also observed in fasting RER, which 
was driven primarily by a higher baseline value in the ‘reducers’ group. Adjustment 
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for baseline fasting RER slightly mitigated the intervention effect in MetFlex (group 
× time p = 0.05). Low-intensity exercise RER decreased by – 0.01 (95 % CI: − 0.03, 
0.00) on average during the intervention, with no difference between the groups. 

 
Figure 15. Intervention effects in 6 months on A) metabolic flexibility and B) low-intensity exercise 

fat oxidation in those who successfully reduced daily sedentary time by ≥ 30 min and 
the continuously sedentary participants. Values are model-based means with 95 % 
confidence intervals. RER, respiratory exchange ratio; HEC, hyperinsulinemic 
euglycemic clamp; FATox, fat oxidation. Modified from Original publication V. 

Correlations between changes 

Sedentary time and physical activity 

Improvements in insulin-stimulated MetFlex correlated with increased standing, and 
a reverse trend was observed with sedentary time (Figure 16). Neither changes in 
MetFlex during exercise (Table 14), nor changes in any substrate oxidation variables 
(data not shown) correlated with changes in activity outcomes. The correlation 
between changes in standing and in low-intensity exercise FATox was nearly 
significant, however (r = 0.27, p = 0.06). 

Insulin sensitivity 

Changes in whole-body insulin sensitivity correlated positively with changes in 
insulin-stimulated MetFlex (Figure 16) and RER (Table 14). Changes in insulin 
sensitivity also correlated with changes in insulin-stimulated CHOox (r = 0.42, 
p = 0.001), FATox (r = − 0.38, p = 0.004), FFA suppression (r = 0.30, p = 0.02), 
lactate increase (r = 0.34, p = 0.01), and estimated non-oxidative glucose disposal 
(r = 0.39, p = 0.01). Changes in insulin sensitivity also correlated with changes in 
sedentary time, standing, LPA, steps, weight, and body composition (Table 14). 
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Figure 16. Correlations between changes during the intervention in insulin-stimulated metabolic 

flexibility and A) standing time, B) sedentary time, and C) whole-body glucose uptake. 
RER = respiratory exchange ratio; HEC = hyperinsulinemic euglycemic clamp; GU = 
glucose uptake. From Original publication V. 

Weight and body composition 

Changes in weight and body composition did not correlate with changes in insulin-
stimulated MetFlex or substrate oxidation, but they did correlate with changes in 
MetFlex and RER during exercise (Table 14) and with changes in substrate oxidation 
at maximal exercise intensity (data not shown). Changes in weight and adiposity also 
correlated with changes in sedentary time, LPA, and steps (Table 14). 

Diet 

Changes in the intake (g/day) of total fat, saturated and polyunsaturated fatty acids, 
and protein correlated positively, and changes in the RER/FQ ratio inversely, with 
changes in insulin-stimulated MetFlex (r = 0.31, r = 0.29, r = 0.28, r = 0.31, and 
r = − 0.32, respectively; p < 0.05 for all). FQ did not change during the intervention, 
nor did changes in FQ correlate with changes in MetFlex or substrate oxidation. 

 

 

► Table 14. Correlations between changes (Δ) in metabolic flexibility, anthropometrics, fasting 
metabolic outcomes, and physical activity during the intervention. RER, respiratory 
exchange ratio; HEC, hyperinsulinemic euglycemic clamp; MetF, metabolic flexibility; 
Fat%, body fat-%; Insu, insulin; Gluc, glucose; GU, whole-body glucose uptake; FFA, 
free fatty acids; Lact; lactate; Trigly, triglycerides; Sed%, sedentary time as % of 
accelerometer wear time; Stand%, standing time as % of accelerometer wear time; 
LPA%, light-intensity physical activity as % of accelerometer wear time; MVPA%, 
moderate-to-vigorous intensity physical activity as % of accelerometer wear time. Bold 
p-values indicate statistical significance; * = p < 0.05, ** = p < 0.01. Modified from 
Original publication V.



 

 
ΔFast
ing 
RER 

ΔHEC 
RER 

ΔHEC 
MetF 

ΔLow 
exercise 
RER 

ΔMax 
exercise 
RER 

ΔExerc
ise 
MetF 

Δ 
Weight 

Δ 
Fat% 

Δ 
Insu 

Δ 
Gluc 

Δ  
GU 

Δ 
FFA 

Δ 
Lact 

Δ 
Trigl
y 

Δ 
Sed% 

Δ 
Stan
d% 

Δ 
LPA
% 

Δ MV 
PA% 

ΔHEC RER 0.77 
** --                 

ΔHEC MetF -0.33* 0.26 --                

ΔLow exercise 
RER 

0.12 0.09 -0.10 --               

ΔMax exercise 
RER 

0.29 
* 

0.41 
** 0.14 0.33 

* --              

ΔExercise MetF 0.08 0.27 0.21 -0.47** 0.60** --             

ΔWeight -0.10 -0.23 -0.08 -0.06 -0.37** -0.34* --            

ΔFat% -0.07 -0.17 -0.09 0.15 -0.20 -0.34* 0.28* --           

ΔInsu -0.13 -0.05 0.05 -0.23 -0.06 0.10 0.31* -0.04 --          

ΔGluc -0.01 0.02 0.11 -0.16 -0.09 0.00 0.14 -0.03 0.28 
* --         

ΔGU 0.11 0.32 
* 

0.27 
* -0.03 0.16 0.16 -0.53 

** -0.09 -0.29 
* 

-0.26 
* --        

ΔFFA -0.19 -0.28 
* -0.14 -0.12 -0.26 -0.11 0.28 

* 0.02 -0.08 -0.20 -0.27 
* --       

ΔLact 0.37 
** 0.13 -0.28 

* -0.19 0.09 0.21 0.27 
* -0.00 0.17 0.18 -0.16 - 

0.13 --      

ΔTrigly 0.16 -0.05 -0.22 -0.15 0.05 0.13 0.26* -0.09 0.15 0.01 -0.24 0.15 0.21 --     

ΔSed% 0.15 -0.02 -0.24 -0.15 -0.21 -0.04 0.36 
** 0.13 0.22 -0.09 -0.38 

** 
- 

0.03 0.14 0.07 --    

ΔStand% -0.18 0.07 0.30 
* 0.20 0.23 0.03 -0.24 -0.18 -0.20 0.20 0.32 

* 
- 

0.04 
-

0.17 
-

0.04 
-0.76 

** --   

ΔLPA% 0.00 0.03 0.19 -0.08 0.06 0.06 -0.32 
* 0.08 -0.20 -0.09 0.31 

* 0.08 -
0.17 

-
0.09 

-0.65 
** 0.20 --  

ΔMVPA% -0.10 -0.13 0.04 0.22 0.12 -0.12 -0.25 -0.09 -0.07 -0.05 0.20 0.20 -
0.18 

-
0.16 

-0.66 
** 0.25 0.52

** -- 

ΔSteps/day 0.02 0.00 0.00 0.15 0.14 -0.05 -0.36 
** 

-0.29 
* -0.22 -0.15 0.30 

* 0.11 -
0.15 

-
0.26 

-0.60 
** 

0.29
* 

0.43
** 

0.73 
** 
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6 Discussion 

This study aimed to elucidate the relationships between physical activity behaviors 
and energy metabolism in a population with an increased risk of lifestyle-related 
metabolic diseases. Activity behaviors and cardiorespiratory fitness were found to 
associate with whole-body and muscle insulin sensitivity, but some of these 
associations appeared to be mediated by adiposity. Only standing was associated 
with insulin sensitivity markers independent of adiposity. Standing and PA of even 
light-intensity also associated beneficially with fasting FATox and MetFlex, while 
high sedentary time associated with impaired lipid metabolism and metabolic 
inflexibility.  

The sedentary time reduction intervention was able to reduce daily sedentary 
time, which led to beneficial effects in several cardiometabolic risk markers in 3 
months. The intervention itself did not improve MetFlex according to the original 
group allocation, but additional analyses showed that successfully reducing daily 
sedentary time by 30 min or more may improve MetFlex in 6 months, compared to 
a continuously sedentary lifestyle. Improvements in MetFlex also correlated with 
increased standing time and improved insulin sensitivity. 

6.1 Sedentary time, standing, and physical activity 
associate with insulin sensitivity and metabolic 
flexibility 

As per study design, the participants were highly sedentary; in comparison to a 
population-based sample of Finnish adults of similar age, they spent ~ 1.5 h more 
sedentary and had ~ 1 h less LPA and ~ 30 min less MVPA daily (Husu et al., 2016). 
Sedentary time was adversely associated with whole-body and muscle insulin 
sensitivity, and both systemic and tissue-specific insulin resistance was more 
pronounced in those with sedentary time over 10.5 h/day compared to less sedentary 
time. The findings are in line with the consistent evidence of an adverse association 
between objectively measured sedentary time and insulin sensitivity, as well as other 
markers of glycemic control, including fasting insulin and glucose (Brocklebank et 
al., 2015; Powell et al., 2018).  
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Few studies have assessed insulin sensitivity with the gold standard 
hyperinsulinemic euglycemic clamp, however. One that has, similarly indicated that 
accelerometer-assessed activity outcomes are related to whole-body insulin 
sensitivity, showing an inverse association with sedentary time and a positive 
association with MVPA (Lahjibi et al., 2013). In the current study, more time spent 
standing, a higher number of steps, and better cardiorespiratory fitness were also 
associated with better insulin sensitivity both in the whole body and in skeletal 
muscle, while breaks in sedentary time associated only with whole-body insulin 
sensitivity.  

Interestingly, the associations between activity outcomes and skeletal muscle 
insulin sensitivity varied between muscle groups. Sedentary time, standing, and steps 
were all statistically significantly associated with glucose uptake only in the 
hamstrings, and not in the quadriceps femoris. This could be partly explained by the 
localized effects of muscular activity, as exercise studies have shown improved 
glucose uptake only in contracting muscles, both acutely and after 2 weeks of 
training (Eskelinen et al., 2015; Gondoh et al., 2009). Quadriceps are primarily 
activated by more intense PA, while postural muscles such as hamstrings are 
predominantly active during standing and walking. Moreover, high body mass 
requires increased activation of postural muscles to support upright positions (Pesola 
et al., 2016). It is thus logical that glucose uptake was 55 % greater in the hamstrings 
than in quadriceps femoris and more hamstring-related associations were observed 
in this sedentary and overweight/obese population, who did virtually no vigorous 
activity. 

Body composition appears to at least partially mediate the relationship between 
activity outcomes and insulin sensitivity, however, since adjustment for adiposity 
turned the associations of sedentary time, steps, breaks, and fitness with insulin 
sensitivity non-significant, both on the whole body and skeletal muscle level. 
Similarly, adjustment for waist circumference attenuated the association of sedentary 
time with insulin sensitivity in adults with newly diagnosed type 2 diabetes (Cooper 
et al., 2011), and in healthy adults adjustment for BMI turned the association 
between MVPA and insulin sensitivity non-significant (Lahjibi et al., 2013). 
Adiposity has been suggested to be a mediating factor in the associations of PA and 
fitness with insulin sensitivity previously as well (Chartrand et al., 2020; García-
Hermoso et al., 2016).  

Moreover, adiposity and fitness level may both influence the ability to engage in 
PA. It is easier for normal-weight, high-fit individuals to engage in, and maintain for 
longer, more vigorous activity, while daily living activities of low absolute intensity 
may require most of the aerobic capacity of low-fit individuals and thus be perceived 
as strenuous (Vähä-Ypyä et al., 2021). Weight reduction even without changes in 
absolute VO2max (mL/min) could in turn improve fitness level and ease the physical 
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demands of daily routines (Vähä-Ypyä et al., 2021). Although the causal direction 
of the relationship between sedentary behavior and adiposity is not clear, i.e., obesity 
might lead to higher sedentary time and not the other way around (Pedisic et al., 
2014), the findings from the current study further highlight the importance of a 
healthy body composition for metabolic health. 

Body composition may not be a key modulator in the relationship between 
standing and metabolic health, however, since standing remained significantly 
associated with markers of insulin sensitivity even after adjustment for adiposity. 
The associations appeared to be independent of PA, sedentary time, and fitness as 
well. Previous evidence regarding the health effects of standing is limited, likely due 
to challenges in the assessment of postures and the identification of static, non-
ambulatory standing as a separate behavior from sitting. Recent technical 
developments have enabled the investigation of specific postures and their impact 
on health, but few have assessed insulin sensitivity per se.  

In line with the current results, a cross-sectional study in adults with a high risk 
of type 2 diabetes showed an association between better insulin sensitivity and a 30-
min reallocation of sitting to standing (Edwardson et al., 2017). In healthy adults, 
however, total standing time was only related to better lipid profile, not blood 
glucose (Debache et al., 2019). Recent studies assessing optimal amounts and 
compositions of specific activity types and postures have also shown more favorable 
cardiometabolic outcomes with greater total standing time and with compositions 
including more time spent standing (Ahmadi et al., 2024; Blodgett et al., 2024; 
Brakenridge et al., 2024). The glycemic benefits of compositions with lower sitting 
time and more standing, PA, and sleep are particularly pronounced in those with type 
2 diabetes (Brakenridge et al., 2024).  

Experimental studies show conflicting results regarding the health effects of 
standing, however. Short, 5-min standing breaks every 30 min in prolonged sitting 
were shown to be beneficial to glucose and insulin metabolism in a similar high-risk 
population (Henson et al., 2016) and frequent breaks by standing improved 
postprandial glycemic response in healthy adults as well (Benatti et al., 2017). Some 
studies, in turn, show improved glucose and insulin responses only with light-
intensity walking breaks, not standing (Bailey & Locke, 2015; Pulsford et al., 2017). 
The discrepancies are likely related to the frequency and duration of breaks, as some 
studies utilized 2-min breaks as frequently as every 20 min (Bailey & Locke, 2015), 
and others explored the effects of 5-min (Henson et al., 2016) or 15-min (Benatti et 
al., 2017) breaks every 30 min. In the current study, a higher number of breaks (sit-
to-stand transitions) was associated with better whole-body insulin sensitivity, but 
the patterns were not assessed and adjustment for adiposity attenuated the 
association. The study population seems to influence the findings as well, as 
increased standing time and frequent standing breaks appear to provide potential 



Taru Garthwaite 

 76 

benefits to those with metabolic dysfunctions, whereas for healthy individuals they 
might not be enough to elicit changes in insulin and glucose metabolism. 

Before this study, evidence on the relationship between accelerometer-assessed 
habitual free-living activity behaviors and HEC-assessed MetFlex was lacking. Bed 
rest studies, however, provide compelling evidence of the detrimental consequences 
of physical inactivity and sedentary behavior on MetFlex (Bergouignan et al., 2011), 
and modifying the level of PA by training and detraining has been shown to influence 
MetFlex (Bergouignan, Antoun et al., 2013). The findings from the current study 
extend the evidence to habitual behaviors in the daily living environment and to a 
population with existing metabolic dysfunctions, supporting the previous 
conclusions. Both lower sedentary time and a higher amount of light-intensity and 
total PA associated with better MetFlex, and MetFlex was better with daily sedentary 
time below 10 h compared to over 10 h. Lower fat oxidation capacity, both in a 
fasting state and during low-intensity exercise, was also associated with higher 
sedentary time. Standing and steps, on the other hand, associated with higher fasting 
FATox; all of these together indicating that activity behaviors are likely related to 
MetFlex particularly through effects on lipid metabolism. None of the activity 
outcomes associated with MetFlex during exercise, but interestingly higher 
sedentary time associated with lower exercise efficiency. The association was not 
significant after adjustment for body composition, however.  

Two previous accelerometer studies have also examined the associations of 
sedentary time and PA with MetFlex by using maximal fat oxidation (MFO) or 
FATmax (intensity that elicits MFO) during exercise as indicators of MetFlex 
(Amaro‐Gahete et al., 2020; Corral‐Pérez et al., 2022). They showed that sedentary 
behavior and PA may be related to MetFlex, depending on the study cohort. 
Sedentary behavior was associated with MFO in young active adults (Corral‐Pérez 
et al., 2022), but not in young or middle-aged sedentary adults (Amaro‐Gahete et al., 
2020). Light and vigorous PA, on the other hand, associated with MFO in young 
active adults independent of confounders (Corral‐Pérez et al., 2022). Among young 
and middle-aged sedentary women, however, cardiorespiratory fitness was a more 
important determinant of MFO since the association with PA disappeared after 
controlling for VO2max (Amaro‐Gahete et al., 2020). Training status and exercise 
capacity have indeed been shown to be important regulators of substrate metabolism 
and MetFlex during exercise (San-Millán & Brooks, 2018). This is supported by the 
current study as well, as higher fitness associated with lower RER at low exercise 
intensity, indicating a preference for fatty acids over CHO, as well as a better ability 
to utilize CHO at maximal exercise intensity. Furthermore, the adjustment for 
VO2max similarly turned the associations between PA outcomes and substrate 
oxidation during exercise non-significant.  
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The role of fitness in modulating MetFlex responses to physiological or 
metabolic challenges other than exercise is unclear, however. Fitness did not 
associate with insulin-stimulated MetFlex in this study, and the previous evidence is 
inconsistent (Apostolopoulou et al., 2016; Ryan & Ortmeyer, 2019; Ukropcova et 
al., 2005). MetFlex responses to varying challenges might also be regulated by 
different underlying mechanisms since insulin- and exercise-stimulated MetFlex did 
not correlate, and the associations with activity outcomes were different. Adiposity 
might play a role and be a more important determinant of MetFlex during exercise 
as a limiting factor to exercise capacity.  

Besides the total time spent in activity behaviors and fitness status, experimental 
evidence suggests that the patterns of behaviors and time accumulation may impact 
fuel oxidation as well. Although there was no association between breaks and 
MetFlex or substrate oxidation in this study, more frequent breaks by standing 
(Hawari et al., 2016) or LPA (Thorsen et al., 2019) have been shown to increase fat 
oxidation over a day. The associations with LPA and total PA, but not MVPA in this 
study suggest that, in the context of MetFlex, the total volume might be a more 
important characteristic of PA than intensity. The adjustment for total PA also turned 
several associations between other activity outcomes and MetFlex or fasting FATox 
non-significant. Sedentary time and standing remained associated with fasting RER 
also independent of total PA, however.  

Overall, the accumulating evidence indicates that physical (in)activity indeed 
plays a role in the regulation of fuel metabolism, but the effects and mechanisms 
through which the effects are elicited might vary depending on several factors. The 
frequency, intensity, and volume of muscle contractions are likely to contribute, and 
the existing activity and fitness level might modulate the relationship.  

6.2 Reducing sedentary time has beneficial effects 
on metabolic health  

The intervention was successful in reducing daily sedentary time by 50 min in the 
first 3 months. By 6 months, the reduction was attenuated by 10 min, but was still 
significant. At both timepoints, half of the reduction in sedentary time was through 
increased MVPA, and the other half through a combination of LPA and standing. 
Only the increase in MVPA was statistically significantly different from the control 
group throughout the study, however. Both groups increased daily steps, but the 
increase was greater in the intervention group (+ 3300 steps in the intervention group 
and + 1600 steps in the control group from baseline to 6 months).  
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6.2.1 Cardiometabolic benefits in three months 
At the midpoint of the study, benefits were mainly seen in cardiometabolic markers 
related to insulin sensitivity and glycemic control (fasting insulin, HOMA-IR, 
HbA1c). The intervention was able to attenuate the increases in these outcomes that 
were seen in the control group, which is an important finding in terms of preventing 
the progression towards incident type 2 diabetes in a high-risk group. Slight 
improvements were seen in body composition and HDL as well, although similar 
changes were also seen in the control group.  

The beneficial effect on liver enzyme alanine aminotransferase was a novel 
finding, together with the borderline significant intervention effects in aspartate 
aminotransferase and gamma-glutamyl transferase. These enzymes are markers of 
liver dysfunction or injury, and most often elevated levels are a result of non-
alcoholic fatty liver disease (Oh et al., 2017). Sedentary behavior has been associated 
with fatty liver (Helajärvi et al., 2015), but sedentary time reduction interventions 
have not traditionally studied the effects on liver health markers. The beneficial 
intervention effects indicating attenuated increases in liver enzymes also suggest that 
reduced sedentary time might have potential as a preventive measure, as elevated 
aminotransferase levels are associated with obesity and dyslipidemia (Chalasani et 
al., 2012) and they independently predict type 2 diabetes (Hanley et al., 2004).  

The reduction in sedentary time was not able to prevent the worsening of all 
cardiometabolic outcomes, however, including fasting glucose and total cholesterol, 
which increased in both groups. The overall trend indicating increases in the control 
group across most outcomes is noteworthy, considering that the control group also 
increased their daily steps. This suggests that the levels of cardiometabolic health 
markers may keep rising steadily over time in metabolic syndrome as it often 
precedes the onset of cardiometabolic diseases, and a considerable amount of PA 
might be required to see actual improvements in the outcomes, instead of 
maintenance of the current levels. 

6.2.2 Changes in metabolic flexibility in six months 
Several experimental studies, acute laboratory-based trials, and exercise training 
interventions have studied the effects of modified activity behaviors on components 
of MetFlex. Before this study, no long-term free-living accelerometer studies 
targeting reductions in daily sedentary time without intentional exercise training had 
investigated the effects of habitual PA on MetFlex, however. Despite the achieved 
behavior change and the reduction in mean daily sedentary time, the intervention 
itself was not able to improve MetFlex in 6 months. Additional analyses, however, 
suggested that a successful sedentary time reduction daily by 30 min or more might 
improve MetFlex in comparison to continued high volumes of sitting. 
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Although not statistically significant, there was a trend towards increased fat 
oxidation and decreased CHO oxidation in a fasting state in the intervention group. 
Sedentary time might influence substrate oxidation during exercise as well, as the 
intervention showed a beneficial effect on CHO utilization at maximal exercise 
intensity in the intervention group compared to the control group. However, the 
changes in CHOox also correlated with increased fitness, as well as reduced weight 
and adiposity, which in turn correlated with reduced sedentary time. It is thus likely 
that sedentary time itself does not elicit changes in substrate oxidation during 
maximal exercise, but it might indirectly affect the use of substrates through effects 
on body composition.  

In contrast, activity behaviors may influence low-intensity exercise substrate 
oxidation, and the effects do not seem to be similarly dependent on changes in weight 
and body composition. Both sedentary time and PA associated with FATox at low-
intensity exercise cross-sectionally, and in additional analyses the ≥ 30-min 
reduction in sedentary time was shown to improve low-intensity exercise FATox 
over 6 months in comparison to continued high sedentary time. Moreover, increased 
standing time during the intervention tended to correlate with improvements in 
FATox at low-intensity exercise. Increased standing time also correlated with 
improved insulin-stimulated MetFlex, unlike other activity outcomes. Notably, 
changes in neither standing or low-intensity exercise FATox, nor in insulin-
stimulated MetFlex, correlated with changes in weight and body composition. 

Previous interventions with low-intensity and low-volume exercise programs 
have also improved the utilization of fat for fuel during exercise (Schrauwen et al., 
2002; Van Aggel-Leijssen et al., 2002), while a low-intensity intervention aiming to 
only increase daily walking by 45 min improved fat oxidation in a fasting state as 
well (Trenell et al., 2008). CHOox, on the other hand, appears unaffected by low-
intensity exercise training (Schrauwen et al., 2002). Altogether, these findings 
suggest that reducing sedentary time and increasing even very light-intensity activity 
may favorably impact substrate oxidation and MetFlex, through effects on lipid 
metabolism in particular. Moreover, the beneficial effects do not seem to be 
primarily modulated by changes in weight and adiposity.  

The central role of lipid metabolism is also indicated by changes in MetFlex 
correlating with changes in fat intake. Cross-sectionally neither fat intake, nor FQ, 
correlated with MetFlex, however, indicating that habitual fat intake or 
macronutrient composition was not the primary determinant of MetFlex. 
Concurrently with the correlation between changes in fat intake and MetFlex, 
changes in RER/FQ ratio also correlated with changes in MetFlex. This reflects an 
improved ability to also utilize fats relative to intake, suggesting a more prominent 
role for the oxidative capacity, rather than fat intake itself, in determining MetFlex. 
Interestingly, higher protein intake also correlated with better MetFlex, both cross-
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sectionally and in the intervention setting. The reasons for this remain unclear, but 
the effects of protein intake on circulating insulin and glucagon levels have been 
proposed as a contributing factor to altered substrate metabolism (Forslund et al., 
1999). 

The intervention effects on whole-body and muscle insulin sensitivity have been 
published previously outside of this thesis (Sjöros, Laine, Garthwaite, Vähä-Ypyä, 
Koivumäki, et al., 2023; Sjöros, Laine, Garthwaite, Vähä-Ypyä, Löyttyniemi, et al., 
2023). Similar to MetFlex, no group differences were seen according to the original 
randomization, but similarly performed additional analyses also showed 
improvements in whole-body and muscle insulin sensitivity with a successful ≥ 30 
min/day sedentary time reduction. Moreover, the beneficial effects on fasting insulin 
and HOMA-IR observed at 3 months remained statistically significant at 6 months 
(Sjöros, Laine, Garthwaite, Vähä-Ypyä, Löyttyniemi, et al., 2023). Indicated by the 
correlation between the changes during the intervention as well, improvements in 
MetFlex indeed appear to be paralleled by improvements in insulin sensitivity, as 
also shown in previous exercise studies (Meex et al., 2010; Ryan & Ortmeyer, 2019; 
Malin et al., 2013). Not all studies have reported effects on MetFlex by exercise 
training, however, despite improved insulin sensitivity (Amador et al., 2020; Lefai 
et al., 2017). Unlike the first-mentioned studies in populations with type 2 diabetes 
or an increased risk of it, the latter two were conducted in healthy individuals, 
indicating that existing metabolic impairments may influence the capacity of 
exercise to improve MetFlex and oxidative capacity. The same is also suggested by 
more pronounced benefits to those with more severe metabolic impairments (Malin 
et al., 2013).  

The improvements in insulin sensitivity and MetFlex following 3 months of 
exercise were at least partially accounted for by improved mitochondrial function in 
adults with type 2 diabetes (Meex et al., 2010). Although not directly assessed, the 
same could be speculated to have contributed to the findings in this study as well, as 
the intervention also led to decreased levels of blood lactate, which has been 
proposed as an indirect measure of mitochondrial function (San-Millán & Brooks, 
2018). Fasting lactate decreased in both groups, but the decrease was more 
pronounced in the intervention group, and the improvements in fasting lactate 
correlated with improved MetFlex and substrate oxidation, favoring fat oxidation. 
Moreover, fasting and insulin-stimulated levels of lactate also correlated with 
sedentary time and standing, possibly indirectly indicating mitochondrial function as 
a contributor to the relationship between activity behaviors and MetFlex. Altogether, 
the interventional and cross-sectional findings in combination with previous exercise 
and bed rest studies support the role of activity behaviors as important regulators of 
MetFlex, particularly through effects on lipid metabolism.  
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Although the intervention was successful in reducing sedentary time, metabolic 
changes were modest. Besides reduced sedentary time, the increases in standing, 
LPA, and MVPA all were also significantly different from the control group at 3 
months, and a 20-min MVPA increase was maintained through 6 months. The results 
thus appear to be somewhat in contrast to the findings from epidemiological and 
observational studies that consistently indicate improvements in health outcomes 
with reallocations of sedentary time to other behaviors, particularly to MVPA and 
even with as little as 4–12 min/day (Miatke et al., 2023; Blodgett et al., 2024). 
However, the majority of benefits reported with the reallocation of sedentary time to 
PA in compositional data analyses are only theoretical and based on cross-sectional 
data (Miatke et al., 2023). Evidence is lacking from longitudinal studies and 
intervention settings reflecting changes in activity behaviors in real life, and the 
cross-sectional associations between different compositions and cardiometabolic 
benefits have not always transferred to longitudinal data (Miatke et al., 2023). In line 
with the current findings, a meta-analysis of ≥ 7-day free-living sedentary time 
reduction interventions also reported only small improvements in fasting insulin 
(− 1.4 pmol/L), HDL (+ 0.04 mmol/L), weight (− 0.6 kg), waist circumference 
(− 0.7 cm), body fat-% (− 0.3 %), and systolic blood pressure (− 1.1 mmHg) 
(Hadgraft et al., 2021). How the reported changes occurred in response to changes 
in sedentary time and PA remains unclear, however.  

It cannot be concluded in this study either how much the reduction in sedentary 
time and/or increases in different intensity activities contributed to changes in health 
outcomes. Although MVPA is a strong determinant of cardiorespiratory fitness and 
increased fitness level predicts improvements in health (Ross et al., 2016), fitness 
did not improve despite the significant 20-min MVPA increase in 6 months (Norha 
et al., 2023). Changes in fitness did not correlate with changes in metabolic outcomes 
either. On the other hand, changes in sedentary time, standing, and LPA, but not 
changes in MVPA, correlated with changes in whole-body insulin sensitivity, and 
changes in standing correlated with changes in MetFlex. This suggests an important 
role for reduced sedentary time and increased low-intensity activity in improving or 
maintaining metabolic health in highly sedentary and inactive individuals, even 
without changes in fitness through higher intensity activities. 

The limited changes in health outcomes may be partly explained by the 
unintended behavioral changes in the control group participants as well, since they 
also increased daily steps by 1600 and MVPA by 5 min/day in 6 months (although 
the latter was not statistically significant). This may also have contributed to the 
similar ~ 1 kg weight loss in both groups in 6 months (Sjöros, Laine, Garthwaite, 
Vähä-Ypyä, Löyttyniemi, et al., 2023), and the lack of differences in weight and 
body composition between groups might thus have blunted some of the intervention 
effects in metabolic outcomes. 
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Since already the baseline amount of MVPA in this study (~ 1 h/day) may seem 
relatively high in light of the weekly recommendation of 2.5 h moderate-intensity 
activity for health benefits, it is worth noting that the PA guidelines are mainly based 
on self-reported activity data. The accelerometer data in this study was analyzed in 
6-second epochs and thus even short bouts and incidental movements contribute to 
the daily accumulation of MVPA. Despite the changes in activity behaviors, even 
the intervention group was still more sedentary and had less PA than a comparable 
population-based sample of Finnish adults analyzed using the same method (Husu 
et al., 2016). Additionally, the MVPA increase consisted practically entirely of 
moderate-intensity activity, with the amount of vigorous activity being marginal 
(median < 1 min/day).  

All in all, it can be expected that a larger reduction in sedentary time together 
with a greater increase in the volume and/or intensity of PA would yield greater 
improvements in metabolic health, and potential increases in cardiorespiratory 
fitness as well. 

6.3 Physiological considerations 
The low FATox and a preference of CHO already at a fasting state, together with a 
blunted shift in substrate use from fasting to insulin stimulation characterizes the 
participants in this study as metabolically inflexible. Fat oxidation capacity during 
exercise appeared to be impaired as well, since CHO was utilized at a similar rate 
already at the lowest exercise intensity.  

The high CHOox rate and RER in a fasting state might represent a compensatory 
effort against rising blood glucose levels that are associated with metabolic syndrome 
in the progression towards type 2 diabetes, suggested by the midpoint results of the 
intervention as well. Since blood glucose and FFA did not correlate with MetFlex, 
substrate availability on the circulating level does not seem to be the primary 
determinant of metabolic inflexibility in this study. Defects in insulin sensitivity and 
transport of substrates are more likely explanations, as indicated by the associations 
between markers of MetFlex, substrate oxidation and insulin sensitivity, as well as by 
improvements in MetFlex coinciding with improvements in insulin sensitivity. 
Improved MetFlex correlated with a decreased level of fasting lactate as well, which 
could indirectly indicate mitochondrial function as a determinant. 

Several metabolic outcomes were beneficially associated with standing and PA, 
and more pronouncedly with LPA than MVPA. The results also suggest total PA as 
a more important predictor of MetFlex than intensity per se. This could be partly 
explained by a higher amount of LPA and a negligible amount of vigorous activity. 
The relatively small variation in PA in this specific, inactive, and sedentary 
population could have limited the detection of some significant associations as well. 
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However, the beneficial associations of standing and LPA specifically with 
outcomes related to lipid metabolism are physiologically plausible, and they align 
with previous findings. For example, similar to this study, LPA, but not higher-
intensity activities, had the most beneficial associations with HDL in individuals at 
a high risk of type 2 diabetes (Henson et al., 2020). Standing was also previously 
shown to associate with better lipid profile, but not with blood glucose levels or 
adiposity measures (Debache et al., 2019). More pronounced effects on circulating 
lipids, insulin sensitivity markers, and glycemic control were also observed when 
sitting was replaced by high-volumes of standing and LPA in free-living conditions, 
in comparison to one bout of EE-matched exercise (Duvivier et al., 2013, 2016, 
2017).  

Muscle contractions per se seem to be an important regulator of the PA-induced 
health benefits (Bergouignan et al., 2016; Gao et al., 2024; Hamilton et al., 2022). 
The beneficial associations observed between light-, but not high-, intensity 
activities and health outcomes in this study might be related to differences in muscle 
groups that are activated by specific behaviors. Hamstrings, which typically include 
more type I oxidative muscle fibers that favor fat metabolism, are primarily activated 
by standing and walking, whereas higher intensity activities recruit predominantly 
glycolytic type II fibers (Sale, 1987; Tirrell et al., 2012). In line with this, standing 
and steps associated with glucose uptake in the hamstrings, but not in the more 
glycolytic quadriceps femoris in this study. A successful sedentary time reduction 
through increased standing, light- and moderate-intensity activity also increased 
glucose uptake only in the hamstrings (Sjöros, Laine, Garthwaite, Vähä-Ypyä, 
Koivumäki, et al., 2023). Moreover, the positive association between standing and 
non-oxidative glucose disposal, not CHOox, suggests that the glucose that is taken 
up may be directed more towards storage instead of oxidation, which might 
contribute to the beneficial associations between standing and insulin sensitivity. 

Skeletal muscle lipoprotein lipase activity might also partly explain the more 
pronounced associations of lipid metabolism and MetFlex with (in)activity outcomes 
other than MVPA since it is more sensitive to inactivity and low-intensity muscle 
contractions than higher intensity activities (Hamilton, 2018). Particularly standing 
appeared to associate with outcomes related to lipid metabolism, both cross-
sectionally and during the intervention. The associations of lactate with standing, 
substrate oxidation, insulin sensitivity, and MetFlex are possibly indicative of 
mitochondrial function mediating the effects of standing on fat metabolism and 
insulin sensitivity to an extent. Lactate is known to contribute to MetFlex by 
influencing glucose availability as a major gluconeogenic precursor, and by 
downregulating FATox by effects on malonyl-CoA and carnitine 
palmitoyltransferase, key regulators of fatty acid transport to mitochondria (Brooks, 
2018). The underlying physiological mechanisms of health benefits of low-intensity 
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activity are not thoroughly understood yet, particularly in long-term, but short-term 
studies have indeed proposed alterations in the delivery and uptake of fatty acids 
(Newsom et al., 2013), and molecular metabolic changes similar to exercise (Remie 
et al., 2021) as likely contributing factors.  

Although the mechanisms are yet to be clarified, LPA seems to have potential to 
influence health outcomes. The benefits of regular exercise and MVPA are well-
established and higher-intensity activity is likely to provide greater health 
improvements in a more time-efficient way. For example, the volume of LPA needed 
to induce similar reductions in mortality risk may be 3–4 times the amount of MVPA 
(Ekelund et al., 2024), and 2.6 h/day of standing has similar beneficial associations 
with cardiometabolic outcomes than 1 h/day of walking (Ahmadi et al., 2024). It is 
also worth noting that in addition to the potential health benefits of standing, 
prolonged standing may have detrimental health consequences as well, such as 
musculoskeletal symptoms, adverse effects on vasculature, leg swelling, discomfort 
and fatigue (Chester et al., 2002; Coenen et al., 2018; Huo Yung Kai et al., 2021). It 
has been proposed, however, that musculoskeletal adaptation to changed standing 
behavior may alleviate short-term symptoms in longer term (Dzakpasu et al., 2023; 
Edwardson et al., 2022). 

Considering that increased MVPA despite its known benefits may not feasible 
or attractive to all, at least as a first step from previous inactivity, replacing sedentary 
time by standing and LPA may be a promising complementary health-enhancing 
strategy. The greatest benefits are also achieved initially when previously sedentary 
individuals increase the activity of any intensity, even if the amount is still below the 
recommendations (Greenwalt et al., 2023). 

6.4 Strengths and limitations 
The key strength of this study is the combination of rigorous methodology, including 
a 6-month free-living randomized controlled trial setting with continuous 
accelerometry, the gold standard method of whole-body insulin sensitivity 
measurement together with [18F]FDG-PET imaging to assess tissue-specific insulin 
sensitivity, and indirect calorimetry. It is worth noting, however, that the indirect 
calorimetry measurement during HEC, as classically done, does not represent 
physiological conditions. Therefore, another strength is the respiratory gas exchange 
measurement and MetFlex assessment during exercise as well. The 6-month 
continuous accelerometry measurement is a particularly novel feature of this study, 
since most studies collect accelerometer data only for short periods (typically ≤ 7 
days) at the beginning and end of the intervention. The 6-month accelerometer 
measurement throughout the intervention is likely to be more representative of 
habitual behaviors over longer term.   
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The considerable number of outcomes may have increased the chance of type I 
errors in the cross-sectional analyses. However, the main associations and key 
conclusions (e.g., associations of standing with insulin sensitivity, and of sedentary 
time, LPA, and total PA with MetFlex) remain even at a lower statistical significance 
level (p ≤ 0.02). The unintended behavioral changes in the control group, possibly 
due to a participation effect and an increased awareness of health behaviors, may 
have blunted the detection of some intervention effects. Beneficial effects on health 
outcomes favoring the intervention were still seen, however. Not controlling for diet 
on the days preceding research visits can be considered a limitation as well. The 
participants were instructed to fast overnight and avoid strenuous physical exertion, 
caffeine, and alcohol for 24 h before research visits. Moreover, the potential effect 
of nutritional differences on circulating substrate availability is minimized by 
controlling the glucose and insulin concentrations during HEC.  

It should be noted that the very specific population of inactive and sedentary, 
middle-aged adults with metabolic syndrome may limit the generalizability of the 
findings to other populations. Given the prevalence of sedentary lifestyles and 
overweight and obesity, however, the findings may be applicable on a wider scale as 
well. 

6.5 Future directions 
Strong epidemiological evidence shows that high volumes of sitting are indeed a health 
risk. Consequently, a growing number of intervention studies have aimed to 
investigate the effects of reduced sedentary time on health, showing modest 
improvements in anthropometric and cardiometabolic outcomes. The current evidence 
is mostly from studies including primarily healthy people, and future studies should 
focus more on inactive, at-risk individuals or populations with chronic diseases. More 
research is also needed to investigate the long-term sustainability of the achieved 
behavioral changes, as well as the clinical significance of the modest health 
improvements. The optimal amount and pattern of sedentary time reduction for health 
benefits, and activities replacing sedentary time, also remain to be clarified.  

Moreover, studies should continue to explore the potential of increased standing 
and LPA as feasible, low-barrier health-enhancing strategies in addition to the 
established role of MVPA. Overall, although the field of sedentary behavior research 
has evolved rapidly, evidence is still insufficient to inform the development of 
quantitative guidelines, which remains the goal for the future. 

Emerging evidence mainly from experimental studies and exercise interventions 
suggests a role for lifestyle factors in the regulation of MetFlex, but evidence is 
lacking regarding the effects of habitual free-living activity behaviors in longer-term. 
This study aimed to address this with a 6-month randomized controlled trial targeting 
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reductions in daily sedentary time, without adding intentional exercise training. The 
findings support the conclusions of previous studies, indicating that activity 
behaviors do play a part in MetFlex regulation, and modest benefits could be 
achieved with successful behavior changes. The causality of the relationship must 
be confirmed in future studies, since this conclusion was mainly drawn from the 
cross-sectional findings and additional analyses based on the measured behavior 
change, not the primary intervention analyses and randomization per se.  

More studies are also needed in varying populations, including those with a high 
risk of metabolic diseases since metabolic inflexibility is a common feature of 
lifestyle-related metabolic disorders and possibly in the causal pathway. 
Experimental and mechanistic studies are needed to better understand the regulatory 
mechanisms behind inactivity-induced metabolic inflexibility and MetFlex 
responses to varying metabolic and physiological challenges. The mechanisms likely 
differ between challenges, as also implied by the lack of correlation between insulin- 
and exercise-stimulated MetFlex and the different associations of the two with 
activity and metabolic outcomes in this study. A previous study in obese adults at 
high risk of type 2 diabetes similarly found no association between MetFlex 
responses to insulin and exercise (Prior et al., 2014), and a 10-week exercise 
intervention improved MetFlex only in response to a meal challenge, but not to 
insulin stimulation (Carnero et al., 2021). One proposed explanation is differences 
in insulin- and contraction-mediated glucose uptake pathways (Prior et al., 2014), 
but more research is needed to understand the underlying reasons for different 
MetFlex responses.  
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7 Conclusions 

This study shows that habitual sedentary time, standing, and PA play a part in energy 
metabolism regulation in sedentary adults with metabolic syndrome, and highlights 
the importance of a healthy body composition to metabolic health. Successfully 
reducing daily sedentary time by 30 min or more had a favorable impact on MetFlex, 
compared to a continuously sedentary lifestyle. The inverse associations of sedentary 
time, and beneficial associations of standing and LPA with insulin sensitivity and 
MetFlex support the idea of even light-intensity activity as a potential health-
enhancing behavior, particularly through effects on lipid metabolism. Standing alone 
is not likely to directly lead to major improvements in health, but reducing sedentary 
time through the combination of standing and even light-intensity activity might be 
beneficial to energy metabolism and help slow down the progression of metabolic 
diseases in inactive individuals with metabolic impairments. The current PA 
guidelines emphasize the benefits of MVPA, and more substantial improvements in 
overall metabolic health are indeed likely to be achieved through an increased 
volume and intensity of PA. Especially for inactive individuals with an increased 
risk of cardiometabolic diseases, however, promoting changes in habitual daily 
activity behaviors through lower intensity activities might be a useful and likely a 
more achievable, complementary approach to improve health and a first step towards 
increased PA levels.  
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