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Abstract 

Background There is a considerable burden of sedentary time in European adults. We aimed to quantify the differ-
ences in adiposity and cardiometabolic health associated with theoretically exchanging sedentary time for alternative 
24 h movement behaviours.

Methods This observational cross-sectional study included Luxembourg residents aged 18–79 years who each pro-
vided  ≥ 4 valid days of triaxial accelerometry (n = 1046). Covariable adjusted compositional isotemporal substitution 
models were used to examine if statistically replacing device-measured sedentary time with more time in the sleep 
period, light physical activity (PA), or moderate-to-vigorous PA (MVPA) was associated with adiposity and cardiometa-
bolic health markers. We further investigated the cardiometabolic properties of replacing sedentary time which was 
accumulated in prolonged (≥ 30 min) with non-prolonged (< 30 min) bouts.

Results Replacing sedentary time with MVPA was favourably associated with adiposity, high-density lipoprotein 
cholesterol, fasting glucose, insulin, and clustered cardiometabolic risk. Substituting sedentary time with light PA was 
associated with lower total body fat, fasting insulin, and was the only time-exchange to predict lower triglycerides 
and a lower apolipoprotein B/A1 ratio. Exchanging sedentary time with more time in the sleep period was associated 
with lower fasting insulin, and with lower adiposity in short sleepers. There was no significant evidence that replacing 
prolonged with non-prolonged sedentary time was related to outcomes.

Conclusions Artificial time-use substitutions indicate that replacing sedentary time with MVPA is beneficially associ-
ated with the widest range of cardiometabolic risk factors. Light PA confers some additional and unique metabolic 
benefit. Extending sleep, by substituting sedentary time with more time in the sleep period, may lower obesity risk in 
short sleepers.
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Introduction
High levels of daily sedentary time are prevalent in Euro-
pean adults [1, 2]. New guidelines provided by the World 
Health Organization (WHO) recommend that sedentary 
time should be limited, and highlight that replacing sed-
entary time with physical activity (PA) of any intensity 
is preferable [3]. This terminology is consistent with the 
evolution of an integrated movement behaviour para-
digm, which acknowledges that daily time is fixed to 24 h 
and is subject to competing demands. That is, a change 
of time in one movement behaviour necessitates an equal 
and opposite time displacement in at least one other 
behaviour [4]. Compositional and non-compositional 
isotemporal substitution methods have been developed 
to accommodate theoretical switching between move-
ment behaviours [5, 6]. They are capable of quantifying, 
for example, the effects upon health of substituting a 
fixed amount of sedentary time with alternative move-
ment behaviours. The existing literature indicates that 
reallocating sedentary time to light PA or moderate-to-
vigorous PA (MVPA) appears to be beneficially associated 
with adiposity and cardiometabolic biomarkers, with the 
most consistent and favourable associations attributed 
to MVPA [7–9]. However, a relatively limited number of 
studies have applied the recommended compositional 
method, which is specifically designed to overcome the 
challenge of multicollinearity between movement behav-
iours [10]. There is also a limited body of work in non-
clinical and representative population-based samples of 
adults [8, 9]. This is noteworthy because the importance 
of PA intensity appears to differ by health status [11]. 
Furthermore, a number of research priorities were iden-
tified by the expert panel which assisted development 
of the latest WHO guidelines on PA and sedentariness. 
Additional research was recommended to investigate the 
benefits of breaking up sedentary time with light PA, and 
to quantify the cardiometabolic properties of interrupt-
ing prolonged sedentary time [12]. Extended periods of 
uninterrupted sedentariness are prevalent [1, 2] and may 
be particularly deleterious to cardiometabolic health [13].

The majority of European adults fail to sleep suffi-
ciently [14] which predisposes to multimorbidity [15]. 
Incorporating device-measured sleep as part of 24  h 
time-use compositions could therefore yield findings that 
are highly relevant to public health. It is a weakness that 
most time-substitution studies have focussed on wak-
ing behaviours only, or have resorted to merging device-
measured movements with questionnaire-based sleep 
duration [7, 8]. Time-substitution models rely on precise 
measurement of each movement behaviour, and self-
reported sleep is systematically over-reported [16]. Fur-
thermore, short and long sleep durations are adversely 
associated with health outcomes in adults [17]. Thus it is 

conceivable that the impact of replacing sedentary time 
with sleep may be contingent upon an initial sleep length. 
Ascertaining this will help to clarify if interventions that 
target sleep might have differential effects in certain sub-
populations (e.g. short versus longer sleepers) and will 
aid the development of more specific public health rec-
ommendations and targeted interventions.

Our objective was to investigate the cross-sectional 
associations of device-measured 24  h time-use compo-
sitions with continuous indices of adiposity and cardio-
metabolic risk in a sample of Luxembourg adults from 
the general population. The compositional isotemporal 
substitution model was used to examine how statistically 
replacing sedentary time with the sleep period, light PA, 
and MVPA was associated with outcomes. We further 
investigated the cardiometabolic properties of artificially 
substituting longer with shorter bouts of sedentary time.

Methods
Study population
Data were from the ORISCAV-LUX 2 study, a national 
cross-sectional survey of cardiovascular risk factors in 
the Luxembourgish general adult population [18]. In 
total, 1558 participants were enrolled to the study in 
2016-18, and detailed information about demographic, 
economic, lifestyle, medical and health factors were col-
lected. Approximately one-fifth of participants did not 
consent to wearing an accelerometer (n = 345). Excluding 
participants with insufficient accelerometer data (n = 76), 
missing covariable information (n = 38; mainly dietary 
data and education level were missing), or missing out-
come data (n = 53; blood biomarkers were predominantly 
missing), meant that 1046 participants remained for this 
complete-case analysis (67.1% of the starting sample). 
Study approval was granted by the National Research 
Ethics Committee (N° 201.505/12) and all participants 
provided written informed consent.

Movement behaviours
An Actigraph GT3X + accelerometer (Florida, USA) was 
continuously worn on the wrist of the non-dominant 
hand (except when showering and during water activities) 
for one week. Data were sampled at a frequency of 30 Hz, 
and after download via the Actilife software (v6.13.3, 
Florida, USA) and calibration with the open-source R 
package GGIR (version 2.2-0), raw acceleration signals 
were averaged over 5 s epochs [19]. All days with  ≥ 10 h 
of data were considered useable and a valid wear period 
comprised  ≥ 4 valid days of accelerometry, includ-
ing  ≥ 1 weekend day. The total sleep period was calcu-
lated as the difference between sleep onset and waking 
times, detected using a certified method [20]. Validated 
thresholds were used to estimate the average daily time 
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that participants spent sedentary (≤ 44.8 mg), in light PA 
(> 44.8 to  ≤ 100.6 mg) and MVPA (> 100.6 mg) [21, 22]. 
We further calculated the duration of total sedentary 
time that was accumulated in prolonged (≥ 30 min) and 
non-prolonged (< 30 min) bout lengths. Full details of the 
objective monitoring procedure have been provided pre-
viously [23].

Adiposity markers
Waist circumference (cm) was measured during mid-
expiration with a non-distensible tape placed halfway 
between the lowest rib and the uppermost lateral border 
of the iliac crest. Total body fat (%) was assessed using 
the Tanita BC-418 body composition analyser (Tokyo, 
Japan). The instrument has been shown to perform well 
against dual-energy X-ray absorptiometry in healthy 
individuals [24].

Cardiometabolic health biomarkers
Systolic and diastolic blood pressures (mmHg) were 
obtained using the automated Omron MX3 Plus blood 
pressure monitor (Matsusaka, Japan) after participants 
had been seated quietly for at least 30 min [25]. Venous 
blood samples were collected after overnight fasting. Bio-
chemical analyses were performed to ascertain concen-
trations (mg/dL) of blood biomarkers, including fasting 
plasma glucose, triglycerides, high-density lipoprotein 
cholesterol (HDL-c), apolipoprotein A1 and B. We calcu-
lated the ratio of the two apolipoproteins. Fasting insulin 
(μIU/mL) was measured using an Abbott immunology 
analyser (chemiluminescence technique).

Metabolic syndrome and clustered metabolic risk
For description, participants were classified as having 
metabolic syndrome, defined using standard criteria 
and suitable waist circumference thresholds (≥ 94 cm in 
men; ≥ 80  cm in women) [26]. For the main analysis a 
continuously-distributed clustered metabolic risk score 
was derived. The score was calculated as the sum of all 
z-scores for each component of the metabolic syndrome 
(waist circumference + blood pressure + fasting glu-
cose + triglycerides + inverse HDL-c). Values for HDL-c 
were inverted because low values are unfavourable. The 
data for triglycerides were natural log transformed (to 
normality) prior to calculation and the z-score for blood 
pressure was taken as the arithmetic mean of systolic and 
diastolic values. Previous studies have constructed simi-
lar clustered risk scores [27–29]. Higher scores indicate 
higher cardiometabolic risk.

Covariables
In response to a questionnaire, participants self-reported 
their sex (male/female), date of birth (used to calculate 

age), highest academic qualification (higher education/
high school/no diploma), and smoking history (never/
former/current smoker). The general health subscale of 
the short-form 36 health survey was used to indicate self-
perceived general health (scores range from 0 to 100 with 
higher values signifying better health) [30]. Participants 
reported (yes/no) if they were taking any medications for 
hypertension, diabetes or dyslipidemia, and if they had 
a family history of cardiovascular disease or diabetes. A 
comprehensive food frequency questionnaire was used 
to assess dietary intake over the preceding three months 
[31]. We considered total caloric intake (kcal/day), salt 
(g/day), and caffeine consumption (g/day) as potentially 
important covariables. Symptoms of depression experi-
enced in the last week were ascertained using the Center 
for Epidemiologic Studies Depression questionnaire 
(scores range from 0 to 60 with higher values indicating 
worse symptomatology) [32]. Sleep quality in the past 
month was evaluated with the validated and widely-used 
Pittsburgh sleep quality index (scores range from 0 to 
21 with higher values representing poorer sleep quality) 
[33]. Time-stamped information from accelerometers 
was used to denote the meteorological season of meas-
urement (summer (starting June 1st)/autumn/winter/
spring).

Statistical analysis
Descriptive statistics
Participant characteristics were summarised for the total 
sample and stratified by metabolic syndrome status. 
To generate 24  h movement behaviour compositions, 
the geometric means of each contributing behaviour 
were rescaled, so that all parts collectively summed to 
1440 min. This was performed for two sets of composi-
tions: (1) a four-part composition comprising the sleep 
period, sedentary time, light PA and MVPA, and (2) a 
five-part composition in which sedentary time was segre-
gated into prolonged and non-prolonged bouts. Univari-
ate statistics are inadequate to describe the multivariate 
dispersion of compositional data. Instead, pairwise log-
ratios (e.g., ln [sedentary time/MVPA]) were used to 
convey variation between two respective compositional 
parts. Values closer to zero indicate higher codependency 
between two parts of a composition [34].

Time‑use associations with adiposity and cardiometabolic 
risk markers
The compositional isotemporal substitution model was 
performed in accordance with available guidance [6]. 
The four- and five-part movement compositions were 
mapped into real space using isometric log-ratio trans-
formations. Associations between compositions with 
each of the outcomes (modelled separately) were then 
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assessed using linear regression models adjusted for sex, 
age, education level, season of measurement, smoking 
status, general health, medication use, and family his-
tory of cardiovascular disease or diabetes. If either of the 
movement compositions as a whole were significantly 
associated with outcomes (as determined by Wald tests), 
compositional isotemporal substitutions were performed 
to quantify the anticipated differences in outcomes asso-
ciated with reallocating a fixed amount of sedentary 
time to one alternative behaviour (one-to-one realloca-
tions), whilst keeping all other movement behaviours 
constant. The main results are expressed per 30  min 
time exchanges. Compositional isotemporal substitution 
models were initially adjusted for each of the aforemen-
tioned covariables (model A). In a more elaborate model 
we further adjusted for what may be perceived as either 
potential confounding or mediating factors, including 
dietary components (total caloric intake, salt and caffeine 
consumption), depressive symptoms, and sleep quality 
(model B). To examine if associations with biomarkers 
were independent of adiposity, in a final model, all bio-
markers were further adjusted for waist circumference 
(model C). The data for triglycerides and fasting insulin 
were natural log transformed (to normality) prior to anal-
yses. To enhance interpretability, their data have been 
retransformed to represent the percentage difference in 
outcomes per 30 min of time exchanged.

Time‑use associations stratified by sleep period tertiles
For outcomes that exhibited significant associations with 
sleep period time exchanges, the data were separated by 
sleep period tertiles, and stratified analyses were per-
formed to investigate heterogeneity of time-use substitu-
tions by sleep length. For this analysis, participants were 
classified as either short sleepers (n = 349; mean ± sd 
sleep period: 6.6 ± 0.6 h/night), average sleepers (n = 349; 
7.7 ± 0.2 h/night), or longer sleepers (n = 348; 8.8 ± 0.6 h/
night). Almost all short sleepers (99.4%) failed to meet 
the minimum recommended sleep duration of  ≥ 7 h per 
night [35].

Sensitivity analyses
Three sensitivity analyses were performed to determine 
the robustness of results. First, because there is uncer-
tainty regarding the health benefits of occupational PA, 
we excluded participants with manual and physically 
demanding jobs (n = 75) [36]. We further excluded shift 
workers (an additional n = 76) as they may have worked 
overnight and slept in the day. Second, instead of the 
sleep period (the time elapsed between sleep onset and 
final waking, inclusive of momentary waking intervals 
overnight), we included device-measured sleep duration 
in the four-part time-use composition. This necessitated 

redistribution of all minutes of overnight wakefulness 
after sleep onset [median (interquartile range): 50.4 
(36.9  to  67.9) min/d) between sedentary time (47.2 
(33.9  to  64.1) min/d), light PA (2.3 (1.5  to  3.3) min/d)] 
and MVPA (0.8 (0.4  to  1.2) min/d). Third, we specified 
the four-part composition based upon self-reported sleep 
duration. To enable this, participants reported how many 
hours and minutes of sleep they had achieved nightly 
in the past month (mean ± sd: 412.2 ± 65.6  min/d). The 
questionnaire emphasised that this number may be dif-
ferent from the number of hours spent in bed. It was not 
possible to recreate the 5-part time-use composition 
based upon either device or self-reported sleep dura-
tion, because we did not possess information about the 
length of sedentary bouts accrued during waking periods 
overnight.

Statistical packages
All analyses were performed using R version 4.2.1 (R 
Development Core Team, Vienna, Austria) using the 
‘compositions’ and ‘deltacomp’ packages [37, 38]. The 
threshold for statistical significance was set at p < 0.05, 
but we focus our reporting and interpretation of results 
on 95% confidence intervals, because they indicate the 
range of plausible values of associations [39].

Results
Participant characteristics
Overall, 6263 valid days of accelerometry were recorded, 
with nearly all participants (98.1%) contributing four 
valid weekdays and an entire weekend of data. The 
median monitoring time was 1440 (interquartile range: 
1435  to  1440) min/d. Table  1 provides a description of 
study participants altogether and stratified by metabolic 
syndrome status. Table 2 summarises the arithmetic and 
geometric means of movement behaviour compositions. 
More than half of each day was engaged in sedentary 
time and nearly one-third of daily time comprised pro-
longed sedentariness. Table  3 shows that total and pro-
longed sedentary time were most codependent with the 
sleep period. Non-prolonged sedentary time was most 
codependent with light PA.

Time‑use associations with adiposity and cardiometabolic 
risk markers
The four-part composition was significantly associated 
with adiposity indicators (p < 0.001), blood biomarkers 
(p ≤ 0.006), and clustered cardiometabolic risk (p < 0.001), 
but was not associated with systolic (p = 0.16) or diastolic 
blood pressures (p = 0.44). Table 4 contains the time sub-
stitution results for the four-part time-use composition. 
Replacing sedentary time with MVPA was favourably 
associated with lower adiposity, fasting glucose, insulin, 
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clustered metabolic risk, and higher HDL-c (model A). 
Each of the associations were attenuated marginally when 
further adjusted for dietary components, depressive 

symptoms and sleep quality (model B), and associations 
with biomarkers were attenuated by up to half when 
adjusted for waist circumference (model C). Substituting 

Table 1 Participant characteristics overall and stratified by metabolic syndrome status

Data are n (%) for categorical variables, mean ± standard deviation for normally distributed variables, and median (IQR) for non-normally distributed variables. 
P-values represent a test of group differences by metabolic syndrome status performed using chi-square tests, ANOVA or Kruskal–Wallis tests as appropriate. Bold font 
signifies statistically significant group differences (p < 0.05). Data for total body fat was available for n = 1025 participants (no metabolic syndrome: n = 751; metabolic 
syndrome: n = 274).

ApoB/A1 Apolipoprotein B to A1, CCMR Clustered cardiometabolic risk, HDL-c High-density lipoprotein cholesterol

All (n = 1046) No metabolic syndrome 
(n = 768)

Metabolic syndrome (n = 278) p‑value

Sex

 Male 486 (46.5) 322 (41.9) 164 (59.0)
 Female 560 (53.5) 446 (58.1) 114 (41.0)  < 0.001

Age (y) 51.2 ± 12.2 48.7 ± 11.7 58.1 ± 10.8  < 0.001
Education level

 Higher education 456 (43.6) 371 (48.3) 85 (30.6)
 High school 443 (42.3) 315 (41.0) 128 (46.0)
 No diploma 147 (14.1) 82 (10.7) 65 (23.4)  < 0.001

Smoking status

 Never 626 (59.8) 481 (62.6) 145 (52.2)
 Former 300 (28.7) 208 (27.1) 92 (33.1)
 Current 120 (11.5) 79 (10.3) 41 (14.7) 0.007

Use of antihypertensive, diabetes and/or lipid-lowering medication

 No 747 (71.4) 655 (85.3) 92 (33.1)
 Yes 299 (28.6) 113 (14.7) 186 (66.9)  < 0.001

Family history of CVD or diabetes

 No 687 (65.7) 523 (68.1) 164 (59.0)
 Yes 314 (30.0) 218 (28.4) 96 (34.5)
 Unknown 45 (4.3) 27 (3.5) 18 (6.5) 0.010

Energy intake (kcal/day) 2362 (1848 to 2974) 2284 (1806 to 2901) 2557 (1996 to 3136)  < 0.001
Salt (g/day) 8.2 (6.2 to 11.0) 8.1 (6.0 to 10.7) 8.9 (6.9 to 11.8)  < 0.001
Caffeine (mg/day) 308.1 ± 313.6 298.6 ± 307.7 334.2 ± 328.5 0.06

Depressive symptoms 8 (4 to 14) 8 (4 to 14) 9 (4 to 15) 0.085

Sleep quality 5 (4 to 8) 5 (4 to 8) 5 (4 to 8) 0.45

General health 78 (70 to 86) 78 (70 to 86) 74 (62 to 82)  < 0.001
Season

 summer 237 (22.7) 176 (22.9) 61 (21.9)

 autumn 278 (26.6) 202 (26.3) 76 (27.3)

 winter 282 (26.9) 209 (27.2) 73 (26.3)

 spring 249 (23.8) 181 (23.6) 68 (24.5) 0.96

Waist circumference (cm) 89.8 ± 13.4 85.7 ± 11.3 101.2 ± 12.0  < 0.001
Systolic blood pressure (mmHg) 124.1 ± 16.8 120.5 ± 16.3 134.1 ± 13.9  < 0.001
Diastolic blood pressure (mmHg) 78.4 ± 10.8 76.3 ± 10.1 84.1 ± 10.4  < 0.001
Fasting glucose (mg/dL) 92.5 ± 13.2 88.6 ± 8.3 103.4 ± 17.6  < 0.001
Triglycerides (mg/dL) 88 (65 to 118) 80 (60 to 104) 123 (89 to 168)  < 0.001
HDL-c (mg/dL) 57.8 ± 14.2 60.9 ± 13.5 49.1 ± 12.5  < 0.001
CCMR (z-score) 0.00 ± 3.4 − 1.3 ± 2.7 3.6 ± 2.8  < 0.001
Total body fat (%) 28.3 ± 8.6 26.9 ± 8.5 32.1 ± 7.8  < 0.001
Fasting insulin (μIU/mL) 6.9 (5.1 to 9.6) 6.2 (4.7 to 8.0) 10.9 (7.6 to 14.9)  < 0.001
ApoB/A1 ratio 0.58 ± 0.17 0.56 ± 0.16 0.65 ± 0.19  < 0.001
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sedentary time with the sleep period was favourably 
associated with lower adiposity markers and fasting insu-
lin. Magnitudes of association were approximately half 
compared to time substitution with MVPA, and the asso-
ciation with fasting insulin weakened when adjusted for 
waist circumference (model C). Replacing sedentary time 
with light PA was favourably associated with lower body 
fat, fasting insulin, and was the only time substitution to 
exhibit a relationship with lower triglycerides and a lower 
ratio of ApoB/A1. Table  5 shows some indication that 
replacing prolonged with non-prolonged sedentary time 
was weakly associated with lower waist circumference 
and total body fat, but all confidence intervals narrowly 
spanned zero and the associations were not statistically 

significant. There was limited evidence of any associa-
tions with biomarkers.

Time‑use associations stratified by sleep period tertiles
Figure 1 illustrates the estimated differences in waist cir-
cumference and total body fat with incremental realloca-
tions of sedentary time to other movement behaviours, 
stratified by sleep period tertiles. In short sleepers, more 
time in the sleep period at the expense of sedentary time 
was associated with lower waist circumference (β (95% 
CI): −  1.39 (−  2.30 to −  0.48) cm per 30  min of time 
exchanged) and total body fat [− 0.55 (− 1.05 to − 0.04) 
%]. Shifting sedentary time to light PA was also associ-
ated with lower total body fat [− 0.57 (− 1.12 to − 0.03) 
%] in short sleepers, but not with waist circumference 
[−  0.41 (−  1.39  to  0.57) cm]. Replacing sedentary time 
with more MVPA was associated with lower waist cir-
cumference in average sleepers [− 1.05 (− 2.10 to − 0.00) 
cm], and with lower values of both adiposity markers in 
longer sleepers (waist circumference: −  1.34 (−  2.37 to 
− 0.31) cm; total body fat: [− 1.07 (− 1.71 to − 0.43) %)]. 
There were no associations with fasting insulin across any 
of the sleep period strata (Additional file 1: Table S1).

Sensitivity analyses
There was broad overlap of confidence intervals and all 
patterns of results were essentially unchanged (Addi-
tional file 1: Tables S2–S5). Of note, reallocating seden-
tary time to more self-reported sleep was not statistically 
significantly associated with waist circumference [β 
(95% CI) − 0.25 (− 0.61 to 0.11)] cm per 30 min of time 
exchanged or total body fat [− 0.17 (− 0.37 to 0.04) %], 
and point estimates were nearly half compared to time-
substitutions with device-measured sleep.

Table 2 Arithmetic and geometric compositional means for the 
four- and five-part time-use compositions

Geometric means are the most appropriate measure of central tendency for 
compositional data. The means of each contributing behaviour were rescaled so 
that all parts collectively summed to 1440 min.

PA physical activity, MVPA Moderate-to-vigorous physical activity

Arithmetic 
mean

Geometric 
mean

Min/d % Min/d %

Four-part composition

 Sleep period 463.4 32.2 467.6 32.5

 Sedentary time 727.9 50.5 735.6 51.1

 Light PA 162.7 11.3 159.3 11.0

 MVPA 86.0 6.0 77.5 5.4

Five-part composition

 Sleep period 463.4 32.2 483.6 33.6

 Prolonged sedentary time 442.2 30.7 432.7 30.0

 Non-prolonged sedentary time 285.7 19.8 278.9 19.4

 Light PA 162.7 11.3 164.7 11.4

 MVPA 86.0 6.0 80.1 5.6

Table 3 Compositional variation matrices for the four- and five-part time-use compositions

Pairwise log-ratios closer to zero indicate higher codependency between two compositional parts.

PA physical activity, MVPA Moderate-to-vigorous physical activity

Sleep period Sedentary time Prolonged 
sedentary time

Non‑prolonged 
sedentary time

Light PA

Four-part composition

 Sedentary time 0.05 –

 Light PA 0.11 0.14 – – –

 MVPA 0.30 0.37 – – 0.18

Five-part composition

 Prolonged sedentary time 0.20 – –

 Non-prolonged sedentary time 0.22 – 0.61 –

 Light PA 0.11 – 0.43 0.06 –

 MVPA 0.30 – 0.71 0.19 0.18
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Discussion
Summary of findings
We investigated the cross-sectional associations of 
replacing device-measured sedentary time with alterna-
tive 24 h movement behaviours on adiposity levels and 
cardiometabolic risk markers in a population-based 
sample of European adults. Compositional isotemporal 
substitution models revealed that replacing sedentary 
time with MVPA was beneficially associated with the 
widest range of outcomes. Substituting sedentary time 
with light PA conferred some additional and unique 

cardiometabolic benefit. It was the only time exchange 
to predict lower triglycerides and a lower ratio of 
ApoB/A1. Replacing sedentary time with more time in 
the sleep period was associated with lower fasting insu-
lin, and extending sleep from a short to healthier length 
(closer to the recommended  ≥ 7 h per night) predicted 
lower adiposity. There was limited cardiometabolic 
benefit of interrupting prolonged sedentary time with 
shorter bouts. Our findings can be used to refine and 
shape plans for integrated 24  h movement behaviour 

Table 4 Four-part compositional time-use: associations with adiposity and cardiometabolic risk markers per 30 min one-to-one 
sedentary time exchanges

Model A adjusted for sex, age, education level, season of measurement, smoking status, general health, medication use, and family history of cardiovascular disease 
or diabetes. Model B further adjusted for dietary factors (total caloric intake, salt and caffeine consumption), depressive symptoms, and sleep quality. Model C further 
adjusted for waist circumference. The results are β-coefficients (95% confidence intervals) and represent the expected difference in outcomes when reallocating 
30 min of sedentary time to another behavior, keeping all other movement behaviours constant at the compositional mean. Data for triglycerides and insulin were 
on the log scale, the results have been retransformed [(expβ-1)*100] to represent the percentage difference in outcomes per 30 min of time exchanged. Bold font 
indicates statistically significant associations (p < 0.05).

ApoB/A1 Apolipoprotein B to A1, CCMR Clustered cardiometabolic risk, HDL-c High-density lipoprotein cholesterol, PA Physical activity, MVPA Moderate-to-vigorous 
physical activity

Sedentary time → Sleep period Sedentary time → Light PA Sedentary time → MVPA

Waist circumference (cm)

 Model A − 0.63 (− 0.96 to − 0.29) − 0.28 (− 0.85 to 0.30) − 1.09 (− 1.68 to − 0.51)
 Model B − 0.60 (− 0.93 to − 0.27) − 0.34 (− 0.91 to 0.23) − 1.03 (− 1.60 to − 0.45)

Fasting glucose (mg/dL)

 Model A − 0.24 (− 0.60 to 0.12) 0.27 (− 0.35 to 0.88) − 1.02 (− 1.64 to − 0.39)
 Model B − 0.23 (− 0.59 to 0.13) 0.25 (− 0.37 to 0.87) − 0.99 (− 1.61 to − 0.36)
 Model C − 0.08 (− 0.43 to 0.27) 0.34 (− 0.27 to 0.94) − 0.73 (− 1.34 to − 0.12)

Triglycerides (%)

 Model A − 0.69 (− 1.91 to 0.55) − 2.07 (− 4.14 to 0.03) − 1.49 (− 3.59 to 0.65)

 Model B − 0.62 (− 1.84 to 0.61) − 2.32 (− 4.38 to − 0.21) − 1.19 (− 3.30 to 0.96)

 Model C − 0.02 (− 1.21 to 1.18) − 1.98 (− 3.97 to 0.06) − 0.17 (− 2.23 to 1.94)

HDL-c (mg/dL)

 Model A 0.14 (− 0.22 to 0.50) 0.20 (− 0.42 to 0.82) 1.30 (0.68 to 1.93)
 Model B 0.13 (− 0.23 to 0.49) 0.24 (− 0.38 to 0.86) 1.24 (0.61 to 1.87)
 Model C − 0.06 (− 0.41 to 0.28) 0.13 (− 0.47 to 0.73) 0.91 (0.30 to 1.52)

CCMR (z-score)

 Model A − 0.07 (− 0.15 to 0.00) − 0.09 (− 0.22 to 0.05) − 0.28 (− 0.41 to − 0.14)
 Model B − 0.07 (− 0.15 to 0.01) − 0.10 (− 0.24 to 0.03) − 0.25 (− 0.39 to − 0.12)

Total body fat (%)

 Model A − 0.29 (− 0.48 to − 0.10) − 0.42 (− 0.75 to − 0.09) − 0.65 (− 0.98 to − 0.32)
 Model B − 0.28 (− 0.47 to − 0.09) − 0.45 (− 0.77 to − 0.12) − 0.63 (− 0.96 to − 0.30)

Fasting insulin (%)

 Model A − 2.56 (− 3.99 to − 1.11) − 3.29 (− 5.71 to − 0.81) − 4.71 (− 7.12 to − 2.24)
 Model B − 2.47 (− 3.89 to − 1.02) − 3.56 (− 5.97 to − 1.08) − 4.39 (− 6.81 to − 1.90)
 Model C − 1.15 (− 2.40 to 0.12) − 2.90 (− 4.92 to − 0.67) − 2.16 (− 4.32 to 0.04)

ApoB/A1 ratio

 Model A − 0.00 (− 0.01 to 0.00) − 0.01 (− 0.02 to − 0.00) − 0.00 (− 0.01 to 0.00)

 Model B − 0.00 (− 0.01 to 0.00) − 0.01 (− 0.02 to − 0.00) − 0.00 (− 0.01 to 0.01)

 Model C 0.00 (− 0.00 to 0.01) − 0.01 (− 0.02 to − 0.00) − 0.00 (− 0.01 to 0.01)
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guidelines, and to inform individualised and tailored 
interventions as part of precision medicine.

Substitution of sedentary time with MVPA
The four-part compositional model indicated that artifi-
cially replacing sedentary time with MVPA was benefi-
cially associated with adiposity, levels of fasting glucose 
and insulin, HDL-c concentration, and overall clustered 
cardiometabolic risk. The health benefits of MVPA are 
well documented, and time-substitution studies often 
conclude that reallocating time into MVPA from all other 
behaviours is most favourable [7–9]. In line with our 
results, beneficial time-substitution associations with 
clustered metabolic risk have been reported previously 
[27–29]. Investigations have also indicated that replacing 
sedentary time only with MVPA is beneficial for HDL-c 
[28, 40, 41], and have  similarly reported  that for each 
30  min of time exchanged concentrations are  around 
1.3  mg/dL higher [28, 40, 42]. Our estimate for fasting 
plasma glucose is in the middle of currently reported 
effect sizes [41–44] and studies have typically reported 
larger magnitudes of association for fasting insulin [28, 
41, 43, 44]. This may be due to a combination of factors, 
including dissimilar population characteristics, meas-
urement methods, and statistical techniques, although 
differences between compositional and non-composi-
tional time-substitution approaches are understood to 
be small when using isometric log-ratio transformations 
and linear regression [45]. We are one of several recent 
studies to report that, for each 30 min of sedentary time 
exchanged with MVPA, waist circumference is lower by 

approximately 1  cm [27, 28, 42, 43]. Our results exem-
plify the cardiometabolic importance of abdominal adi-
posity, as associations with biomarkers were diminished 
when adjusted for waist circumference. Mendelian ran-
domization analyses have also indicated that the favour-
able effects of lower sedentary behaviour and higher 
MVPA on cardiometabolic risk are either mediated or 
confounded by adiposity [46].

Substitution of sedentary time with light PA
Theoretical replacement of sedentary time with light PA 
was beneficially associated with total body fat, fasting 
insulin concentrations, and was the only time exchange 
to predict lower triglycerides and a lower ratio of 
ApoB/A1. Experimental data have likewise shown that, 
irrespective of the intensity of movement, interrupt-
ing sedentary time with PA reduces circulating insulin 
levels [47]. Observational studies have also consistently 
reported that light PA is associated with insulin and tri-
glyceride concentrations, independently of MVPA [48]. 
In line with the existing time-substitution literature, we 
found that exchanging 30  min of sedentary time with 
light PA predicted 2  to  3% lower fasting insulin and 
triglycerides [27, 41, 43], but we are the first to report 
an association with ApoB/A1. Considering the obser-
vational nature of our study, it is noteworthy that trial 
data also provide empirical support to indicate that 
interrupting sedentariness with light PA improves lipid 
metabolism (reduced triglycerides and ApoB) and insu-
lin sensitivity, potentially more than energy-matched 
MVPA [49]. Frequently interrupting sedentary time 

Table 5 Five-part compositional time-use: associations with adiposity and cardiometabolic risk markers per 30 min of prolonged 
sedentary time exchanged with non-prolonged sedentary time

Model A adjusted for sex, age, education level, season of measurement, smoking status, general health, medication use, and family history of cardiovascular disease 
or diabetes. Model B further adjusted for dietary factors (total caloric intake, salt and caffeine consumption), depressive symptoms, and sleep quality. Model C further 
adjusted for waist circumference. The results are β-coefficients (95% confidence intervals) and represent the expected difference in outcomes when replacing 30 min 
of prolonged with non-prolonged sedentary time, keeping all other movement behaviours constant at the compositional mean. Data for triglycerides and insulin 
were on the log scale, the results have been retransformed [(expβ-1)*100]–represent the percentage difference in outcomes per 30 min of time exchanged.

ApoB/A1 Apolipoprotein B–A1, CCMR Clustered cardiometabolic risk, HDL-c High-density lipoprotein cholesterol

Prolonged → Non‑prolonged sedentary time

Model A Model B Model C

Waist circumference (cm) − 0.29 (− 0.60 to 0.02) − 0.30 (− 0.61 to 0.01) –

Fasting glucose (mg/dL) 0.04 (− 0.29 to 0.37) 0.03 (− 0.30 to 0.36) 0.10 (− 0.22 to 0.43)

Triglycerides (%) − 0.45 (− 1.58 to 0.69) − 0.50 (− 1.63 to 0.64) − 0.19 
(− 1.28 to 0.91)

HDL-c (mg/dL) 0.13 (− 0.21 to 0.46) 0.14 (− 0.19 to 0.47) 0.04 (− 0.28 to 0.36)

CCMR (z-score) − 0.03 (− 0.11 to 0.04) − 0.04 (− 0.11 to 0.03) –

Total body fat (%) − 0.14 (− 0.32 to 0.03) − 0.15 (− 0.32 to 0.03) –

Fasting insulin (%) − 0.90 (− 2.24 to 0.46) − 0.90 (− 2.24 to 0.46) − 0.23 
(− 1.39 to 0.95)

ApoB/A1 ratio 0.00 (− 0.00 to 0.01) 0.00 (− 0.00 to 0.01) 0.00 (− 0.00 to 0.01)
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with light PA is hypothesised to increase lipoprotein 
lipase activity, hence facilitating lipid oxidation and 
clearance of free fatty acids [50]. For insulin sensitiv-
ity, the total cumulative PA duration is believed to be of 
utmost importance [51], and light PA has the advantage 
of being sustainable for long periods and can be used 
to punctuate sedentary time repeatedly throughout 
the day. We did not find that replacing sedentary time 
with light PA was advantageous for waist circumfer-
ence. This probably explains why substituting sedentary 
time with light PA was less consistently associated with 

outcomes compared to MVPA. Total body fat was the 
only outcome for which time substitutions involving 
light PA and MVPA were both statistically significant 
in finally adjusted models. Point estimates indicated 
that, in order to yield an association with total body fat 
that was equal to replacing 30  min of sedentary time 
with MVPA, a 42  min swing to light PA was needed. 
A previous study reported similar equivalence (replac-
ing sedentary time with 48 min of light PA, or 30 min 
of MVPA, returned the same association with total 
body fat [42]). However, a study with arguably superior 

Fig. 1 The estimated differences in waist circumference and total body fat associated with incremental one‑to‑one reallocations of 
sedentary time to alternative movement behaviours, stratified by sleep period tertiles. The data are β-coefficients adjusted for model 
A covariables (sex, age, education level, season of measurement, smoking status, general health, medication use, family history of disease) and 
represent the expected difference in outcomes when reallocating sedentary time to another behavior, keeping all other movement behaviours 
constant at the compositional mean. Asterisks indicate statistically significant associations (p < 0.05). Full results, including data further adjusted for 
model B and C covariables, are presented in Additional file 1: Table S1
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characterisation of the PA intensity time-series, indi-
cated that a much larger shift to light PA (about 82 min) 
was necessary to match the adiposity benefit of reallo-
cating 30 min of sedentary time to MVPA [43].

Substitution of sedentary time with the sleep period
Time-substitution associations between sedentary time 
and sleep with cardiometabolic biomarkers are incon-
sistent, potentially because most studies have merged 
device-measured movements with questionnaire-based 
sleep duration [7, 8]. We found that replacing sedentary 
time only with device-measured (and not self-reported) 
sleep was associated with lower adiposity indicators. 
We further established that replacing sedentary time 
with more time in the sleep period was associated with 
lower fasting insulin. A very similar difference (−  2.2% 
fasting insulin per 30  min of time exchanged) has been 
reported previously [41], and trials have proven that 
longer experimentally modified sleep predicts lower 
insulin [52]. Our stratified analyses by sleep period ter-
tiles, conducted because sleep duration exhibits a non-
linear association with health outcomes [17], revealed 
that replacing sedentary time with more time in the sleep 
period was associated with lower adiposity, but only in 
short sleepers. It has previously been shown that shift-
ing sleep from an inadequate to healthier length pre-
dicts attenuated gains in adiposity over time [53], and 
that for insufficient sleepers, replacing sedentary time 
with more self-reported sleep predicts lower all-cause 
mortality risk [54]. Our associations were independent 
of self-reported total caloric intake, but there may have 
been residual covariable effects, because short-term trials 
highlight that sleep extension reduces appetite and desire 
for unhealthy foodstuffs [55]. We propose that increasing 
sleep length by redistributing sedentary time may be an 
appropriate strategy to reduce obesity risk in short‐sleep-
ing individuals.

Substitution of prolonged‑ with non‑prolonged sedentary 
time
Prolonged sedentary time occupied nearly one-third of 
daily time. The selected threshold (≥ 30  min) is some-
what arbitrary, but has been used by other studies, which 
also found some indication that exchanging prolonged 
with non-prolonged sedentary time was weakly associ-
ated with lower adiposity markers [56–58]. We found a 
lack of evidence for associations with biomarkers, which 
suggests that shorter sedentary bouts alone do not con-
fer substantial cardiometabolic benefit, and that real-
locations of sedentary time to alternative movement 
behaviours may be essential. In support of this asser-
tion, replacing prolonged with non-prolonged sedentary 
time has been deemed insufficient to reduce the risk of 

premature mortality [59]. It remains unknown if there 
is a minimum intensity of PA that is required to confer 
cardiometabolic benefit. For instance, there are mixed 
findings about whether replacing sedentary time with 
standing is advantageous [45, 58]. Standing is performed 
upright, but often involves minimal movement and an 
energy expenditure < 1.5 metabolic equivalents, which 
is beneath the energy cost of light PA and is more con-
sistent with sedentariness [60]. Future studies should 
use postural allocation algorithms or sensors to capture 
standing as a discrete component of 24 h time-use. This 
is vital because standing is often proposed as a strategy to 
interrupt sedentary time, despite uncertainty regarding 
its health enhancing credentials.

Implications
Our results support new PA guidelines which acknowl-
edge that replacing sedentary time with any PA intensity 
(including light) is beneficial for health [3]. We suggest 
that light PA and MVPA should feature together in pub-
lic health policies and interventions that are designed 
to optimise cardiometabolic health. This approach is 
also pragmatic, since effective interventions to reduce 
sedentary behaviour show a consistent displacement of 
sedentary time to light PA, while changes in MVPA are 
setting-specific and difficult to achieve [61]. Although the 
magnitudes of some of our associations may appear to be 
small, the cumulative cardiometabolic effects of replacing 
sedentary time with alternative behaviours could be influ-
ential, as they appear to translate to reduced incidence of 
cardiovascular disease [62]. For short sleepers, guidelines 
and interventions should focus on redistributing seden-
tary time into the sleep period. More than half of the cur-
rent study population (56.6% based on device-measured 
sleep duration) slept less than the recommended mini-
mum ≥ 7 h per night [35]. If normalising sleep is causally 
associated with lower adiposity, it is feasible that extend-
ing sleep in habitually short sleepers could assist a down-
ward shift in population adiposity levels.

Strengths and limitations
We have previously observed that ORISCAV-LUX 2 
study participants are generally healthier than non-par-
ticipants [18, 23], but this does not necessarily threaten 
the validity or generalisability of our associations. Indeed, 
this investigation benefitted from data collected in a com-
paratively large population-based sample of adults, who 
exhibited heterogeneity in exposures and outcomes [63]. 
It is a strength that accelerometry was used to capture 
the full breadth of 24  h movement behaviours, includ-
ing sleep, and unlike studies which have failed to respect 
the compositional nature of time-use data, the composi-
tional isotemporal substitution model was used [10]. It is 
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a weakness that wrist-worn accelerometers are prone to 
misclassifying standing as sedentary time, and a posture 
allocation algorithm was not used to reduce misclassifi-
cations [64]. It could also be deemed a limitation that we 
investigated the sleep period (which includes brief wak-
ing intervals overnight) as opposed to sleep duration. Our 
rationale was that momentary periods of wakefulness 
whilst lying in bed trying to fall back to sleep are part of 
a normal sleep–wake cycle, and are not likely an inter-
vention target for reduced sedentary time [65]. Even so, 
the results based on sleep duration were consistent with 
those conditional upon the sleep period. Upon excluding 
manual and shift workers from the analyses, the results 
remained essentially unchanged, but we caution against 
extrapolating our findings directly to these subgroups. 
We have previously shown that manual workers exhibit 
a distinct movement behaviour profile [2] that is epito-
mised by less leisure-time PA and considerable occupa-
tional PA, about which the health benefits are uncertain 
[36]. We suggest that more time-substitution research is 
needed in populations with physically demanding jobs 
and rotating schedules including night shifts, particu-
larly as they are high-risk groups for metabolic disease 
[66]. An additional caveat is that our results might not 
extend to other ethnicities and locations, but they can 
be considered widely generalisable to white European 
adults (60.4% of participants were born in Luxembourg, 
8.3% in France, 6.3% in Portugal, and 20.2% elsewhere in 
Europe). As with any observational study, residual con-
founding or mediating effects by imperfectly measured 
or unspecified covariables is possible. The results are also 
cross-sectional and based upon theoretical not actual 
time reallocations. They require replication in longitudi-
nal and experimental studies.

Conclusion
The most efficient behaviour change scenario appears 
to be replacing sedentary time with MVPA, as it was 
beneficially associated with the broadest range of cardi-
ometabolic risk factors. Importantly, substituting seden-
tary time with light PA appears to confer additional and 
unique metabolic benefit. It was the only time exchange 
to predict lower triglycerides and a lower ratio of ApoB/
A1. Elongating sleep duration, by substituting sedentary 
time with more time in the sleep period, could lower obe-
sity risk in short sleepers.
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