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Abstract

Limited data exists on the interrelationships between physical activity (PA), sedentary
behaviors and sleep concerning cardiometabolic risk factors in aged adults at high cardio-
vascular disease risk. Our aim was to examine independent and joint associations between
time spent in leisure-time PA, sedentary behaviors and sleep on the prevalence of obesity,
type 2 diabetes (T2D) and components of the metabolic syndrome (MetS) in Mediterranean
individuals at high cardiovascular risk. Cross-sectional analyses were performed on base-
line data from 5776 Spanish adults (aged 55-75y in men; 60-75y in women) with overweight/
obesity and MetS, from October 2013 to October 2016, in the PREDIMED-PLUS trial.
Employing multivariable-adjusted Cox regression with robust variance and constant time
(given the cross-sectional design), higher prevalence of obesity, T2D and abdominal obesity
as component of the MetS were associated with greater time in TV-viewing (Relative Risk,
RR: 1.02, 95%CI: 1.01, 1.03; RR:1.04, 95%CI: 1.02, 1.06 and RR: 1.01 95%CI: 1.00, 1.02;
respectively, all P<.01). Conversely, greater time in moderate-vigorous PA (MVPA) was
associated with lower prevalence of obesity, T2D, abdominal obesity and low HDL-choles-
terol (RR: 0.95, 95%CI: 0.93, 0.97; RR: 0.94, 95%CI: 0.89, 0.99; RR: 0.97, 95%ClI: 0.96,
0.98; and RR: 0.95, 95%Cl: 0.91, 0.99, respectively, all P<.05). For these outcomes, theo-
retically substituting 1-h/day of MVPA for 1-h/day TV-viewing was also significantly associ-
ated with lower prevalence (RR 0.91 to 0.97, all P < .05). Similar lower RR in these
outcomes was observed when substituting 1-h/day of MVPA for 1-h/day of sleeping. Longer
time watching TV and not meeting MVPA recommendations were jointly associated with
higher RR of the prevalence of obesity and T2D. We concluded that, in senior individuals at
high cardiovascular risk, greater time spent on MVPA and fewer on sedentary behaviors
was inversely associated with prevalence of obesity, T2D, and some of the components of
MetS.

Introduction

Physical activity (PA), sedentary behaviors and sleeping time are main components of the cir-
cadian cycle of which research has shown to strongly impact human health and to relate with
multiple cardiometabolic risk factors [1-3]. It is well established that increasing time spent in
MVPA is associated to a substantial risk reduction in cardiovascular disease (CVD) and mor-
tality [4-6]. Contrary, sedentary behaviors including sitting or reclining postures and activities
with <1.5 metabolic equivalent task (MET) of energy expenditure [7], such as watching TV,
have been repeatedly linked to increased CVD morbimortality [8-10], as well as the develop-
ment of T2D and MetS [11-13]. The fact these observations have been consistently reported
when controlling for physical activity suggests that sedentary behaviors may act as different
construct than physical inactivity [4,14] The relationships between sleep duration and cardio-
metabolic conditions are complex, yet sleep deprivation (i.e. sleeping <7 h, a common practice
among the general population) has been consistently related to higher average weight gain
[15], and to higher risk of obesity [16,17], T2D [18,19], hypertension and other hormonal and
metabolic disturbances [19].

Importantly, these cardiometabolic health-related effects attributed to PA, sedentary behav-
iors and altered sleep patterns have been extensively reported when assessed independently to
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each other [11,12,20,21]. However, time within the circadian cycle is finite, which challenges
the assumption that a sole activity acts independently from the others, and suggests that the
time spent in one activity is intrinsically co-dependent of the time spent on the rest of the
activities comprising total day time [22]. Isotemporal substitution modeling enables to better
discriminate the effects on health outcomes of simultaneously performing a single activity (e.g.
MVPA) and displacing another (e.g. watching TV), while controlling for other day activities
and capturing the effect of time [23,24]. These advantages may be especially important from a
public health perspective given that combined strategies, such as engaging in more MVPA and
less sedentary behaviors may be effective to prevent obesity, T2D and other relevant cardiome-
tabolic risk factors [4].

To date, some cross-sectional [22,25-27] and prospective studies [28-30] have addressed
the interrelationships between PA, sedentary behaviors and sleep in relation to cardiometa-
bolic risk factors in different populations including overweight/obese persons [22,28], T2D
patients [30] and healthy individuals [25,26]. Nevertheless, these associations have been barely
explored in a large population of elderly adults at high CVD risk—a typically overweight, sed-
entary and physically inactive group. Considering the high prevalence of cardiometabolic dis-
orders in this sector of the population and their consequent higher risks for several chronic
diseases, such studies are warranted in order to contribute to the development of preventive
strategies. Therefore, the aim of the present study was to examine the independent and com-
bined associations between time spent in different activities, such as leisure-time PA, TV-view-
ing (as a proxy for sedentary behaviors) and sleep in relation to relevant cardiometabolic risk
factors including obesity, T2D and individual components of the MetS in senior adults at high
CV risk. By using isotemporal substitution modeling [31], the associations of theoretically
replacing one type of activity for another with the same amount of time on the prevalence of
the study outcomes were also evaluated.

Materials and methods
Study design and participants

The present investigation is a cross-sectional analysis on baseline data within the frame of the
PREDIMED-PLUS study, a 6-year multicenter, randomized, parallel-group, primary preven-
tion clinical trial conducted in Spain to assess the effect on CVD morbimortality of an inten-
sive weight loss intervention program based on an energy-restricted traditional Mediterranean
diet, PA promotion and behavioral support, in comparison with an usual care intervention
only with energy-unrestricted Mediterranean diet (control group). A more detailed descrip-
tion of the PREDIMED-PLUS study is available at http://predimedplus.com/. This study was
registered at the International Standard Randomized Controlled Trial (ISRCT; http://www.
isrctn.com/ISRCTN89898870) with number 89898870. Registration date: 24 July 2014.

From October 2013 to October 2016, a total of 5776 participants were recruited and ran-
domized in 22 centres from different universities, hospitals and research institutes of Spain.
Each of these centres recruited participants from several Primary Care Health Facilities
belonging to the National Health System. The eligible participants were community-dwelling
adults (aged 55-75 in men; 60-75 in women) with overweight/obesity [body mass index
(BMI) >27 and <40 kg/mz], who met at least three components of the MetS according to the
updated harmonized criteria of the International Diabetes Federation and the American Heart
Association and National Heart, Lung and Blood Institute [32]. All participants included in
the current analysis presented data on PA, sedentary behaviors and sleeping time.

All participants provided written informed consent, and the study protocol and procedures
were approved according to the ethical standards of the Declaration of Helsinki by all the
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participating institutions: CEI Provincial de Malaga, CEI de los Hospitales Universitarios Vir-
gen Macarena y Virgen del Rocio, CEI de la Universidad de Navarra, CEI de las Illes Balears,
CEIC del Hospital Clinic de Barcelona, CEIC del Parc de Salut Mar, CEIC del Hospital Uni-
versitari Sant Joan de Reus, CEI del Hospital Universitario San Cecilio, CEIC de la Fundacion
Jiménez Diaz, CEIC Euskadi, CEI en Humanos de la Universidad de Valencia, CEIC del Hos-
pital Universitario de Gran Canaria Doctor Negrin, CEIC del Hospital Universitario de Bell-
vitge, CEI de Cdérdoba, CEI de Instituto Madrileiio De Estudios Avanzados, CEIC del Hospital
Clinico San Carlos, CEI Provincial de Malaga, CEI de las Illes Balears, CCEI de la Investigacion
Biomédica de Andalucia and CEIC de Ledn.

Exposure variables

Sedentary behaviours were evaluated on weekdays and weekends with the validated Nurses’
Health Study questionnaire for sedentary behaviours [33], consisting of a set of open-ended
questions assessing the average daily time spent over the last year in watching TV, sitting while
using computer, sitting on journeys (for work purposes or leisure time, as driver or passenger
car, subway, bus, etc) and total sitting. Answers included 12 categories ranging from 0 to >9
h/day of sitting time for the corresponding activity. Because TV time is the most prevalent sed-
entary behavior, for which previous investigations among aged population have suggested to
fairly capture total sedentary time [34] and to consistently associate to higher risk of various
cardiometabolic risk factors and cardiovascular mortality in a dose-response fashion [8], the
present study has evaluated TV time as a proxy for sedentary behaviors.

Leisure-time PA was assessed using the validated REGICOR questionnaire [35] (including
questions to collect information the type of activity, frequency (number of days) and duration
(min/day). The intensity was assigned based on the compendium of PA [36]. A trained inter-
viewer collected the required information about 6 types of activities performed during a con-
ventional month: brisk walking (5 MET), walking at a slow/normal pace (4 MET), walking in
the countryside (6 MET), climbing stairs (7 MET), working in the garden (5 MET), exercise or
play sports at home, outdoors or in a gym (11 MET). According to PA intensity, activities were
categorized into light PA <4.0 MET, moderate PA 4-5.5 MET and vigorous PA >6.0 MET.
Total leisure-time PA-related energy expenditure was estimated as the summed product of fre-
quency, duration and intensity of each activity divided by 30 days/month (MET-min/day). For
the present study, leisure-time PA was categorized in light PA (including leisurely stroll or
walk) and MVPA (including the sum for any activity of moderate or greater intensity). Finally,
PA time was computed as the sum of frequency*duration of each activity divided by 30 to
obtain the number of min/day.

Regarding sleep, participants reported their average daily sleeping time for both weekdays
and weekends, using the non-validated open question “How many hours do you sleep on aver-
age per day on weekdays and weekends?”

Outcomes ascertainment

Study outcomes were obesity, T2D and individual components of the MetS. Obesity was
defined as BMI >30 kg/m?. T2D was defined as previous clinical diagnosis of diabetes, or
HbAlc levels >6.5% or use of antidiabetic medication at baseline. Individual components of
the MetS were defined as follows: abdominal obesity (waist circumference >102 ¢cm in men;
>88 cm in women), high blood pressure (systolic and/or diastolic >130/85 mmHg or using
antihypertensive drugs), hyperglycaemia (glucose >5.5 mmol/L or taking medication for ele-
vated glucose), hypertriglyceridemia (triglycerides >1.7 mmol/L or taking triglyceride-
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lowering medication), low HDL-cholesterol (HDL-c <1.03 mmol/L in men and <1.3 mmol/L
in women or taking HDL-c raising medication) [32].

Covariate assessment

The covariates were evaluated using self-reported questionnaires about socio-demographic
factors (sex, age, education, and marital and employment status), smoking habits, personal
and family history of illness, medical conditions, medication use and a 17-item screening ques-
tionnaire assessing adherence to an energy-restricted Mediterranean diet.

Anthropometric variables and blood pressure were determined by trained staff and in
accordance with the PREDIMED-PLUS operations protocol. Weight and height were mea-
sured with calibrated scales and a wall-mounted stadiometer, respectively. BMI was calculated
as the weight in kilograms divided by the height in meters squared. Waist circumference was
measured midway between the lowest rib and the iliac crest, after normal exhalation, using an
anthropometric tape. Blood pressure was measured in triplicate with the use of a validated
semiautomatic oscillometer (Omron HEM-705CP, Netherlands) while the participant was in a
seated position after 5 minutes of rest.

Blood samples were collected after 12 hours overnight fast and biochemical analyses were
performed on fasting plasma glucose, HDL-c and triglycerides concentrations in local labora-
tories using standard enzymatic methods.

Statistical analyses

In order to provide with more detailed information, baseline characteristics are presented
according to categories of total leisure-time PA in min/day (<15, from 15 to < 30, from 30
to < 60, from 60 to < 120 and >120) as means + SD and number (%) by using one-way
ANOVA or chi-square tests as appropriate.

Given the cross-sectional design, Cox regression models with constant time of follow-up
for all individuals and robust variance estimates were fitted to estimate RR and 95% confidence
intervals (CI) for each study outcome (obesity, T2D, and individual components of the MetS,
all as dichotomous variables) per 1-h/day increase in time spent in each activity separately
(TV-viewing, light PA and MVPA and sleeping, all as continuous variables). Correspondingly,
the time f was set to a constant (t = 1). According to methodologists, this model is better suited
than logistic regression for cross-sectional studies with frequent prevalent outcomes, such as
the present study, since it avoids the overestimation of the prevalence ratios derived from the
odds ratios when logistic regression is applied in analysis with frequent outcomes [37,38].

A crude model and three multivarible-adjusted Cox regression models were fitted as fol-
lows: a) model 1 [adjusted for age (continuous), sex, education level (illiterate/primary educa-
tion, secondary education and academic/graduate), smoking status (never smoker, past
smoker and current smoker), marital status (single/divorced, married and widower), family
history of coronary heart disease (yes or no) and energy-restricted Mediterranean diet adher-
ence (score 0 to 17 items, in categories of <8 or >9 items)], b) model 2 [model 1 plus the time
spent on the rest of the activities to precisely assess the independent effect of an activity]and c)
model 3 [model 2 plus each of the other components of the MetS, only for the associations
with each component of the MetS]. All models were stratified by recruiting center. In order to
correct for multiple testing, the Benjamini-Hochberg approach was applied to calculate false
discovery rate q values [39]. Effect modification by sex, age (<65, >65 years) and the exposure
variables (time spent in sleeping time, TV-viewing, light PA and MVPA) on each outcome was
evaluated by calculating te likelihood ratio test between the fully adjusted model and the same
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model adding the interaction product-term. All analysis testing for effect modifications by sex
and age showed no statistical significance (P >.40 for all interactions).

Taking advantage of the interpretation and the relevance to public health recommenda-
tions, we employed isotemporal substitution modeling to estimate the theoretical association
of replacing 1-h/day from one activity for 1-h/day of another activity on the prevalence of each
outcome, adjusting for potential confounders as detailed previously in models 2 and 3. For
these analyses, all activity variables (e.g., time spent in TV-viewing, light PA, and MVPA),
except the activity of interest which was dropped (e.g., sleeping time), were entered simulta-
neously into the models, along with a total discretionary time and covariates as follows:

h(t) = ho(t) exp [B1(TV-viewing) + B,(light PA) + B3;(MVPA) + B4(total discretionary time) +
Bs(covariates)], where ¢ = 1. Total discretionary time was computed as a result of the sum of
hours spent in TV-viewing, light PA, MVPA and sleeping. Therefore, it is assumed that the
model was isotemporal when including the total discretionary time variable herein. Thus, the
Cox regression estimates for the included activities variables reflects the RR for each outcome
observed when the time spent in these activities increases 1-h/day because the time spent in
the omitted activity (e.g., sleeping) decreases 1-h/day.

Finally, because PA and TV-viewing are two closely-related lifestyle behaviours concerning
to cadiometabolic outcomes such as obesity and T2D [40] we explored the joint associations of
combining MVPA and time spent watching TV on obesity and T2D. For this purpose, MVPA
was first dichotomized into meeting or not meeting current WHO recommendations [41] for
MVPA set in >2.5 h/week (yes/no). Time spent in watching TV (in hours) was categorized in
three approximately equally distributed groups: low TV (<2h/day), medium TV (>2 to
<4h/day) and high TV (>4h/day). Therefore, each participant was cross-allocated to one of
the six joint categories and meeting MVPA recommendations and low TV group was consid-
ered as the reference category. The interaction between meeting or not meeting the recom-
mendations for MVPA and time spent watching TV in their associations with each outcome
was examined by calculating the likelihood ratio test between the fully adjusted model and the
same model including the interaction product-term (P>.30 for all the interactions).

Significance for all statistical tests was P < .05 for bilateral contrast. All analyses were cross-
sectional, and performed using Stata (14.0, StataCorp LP, Tx. USA).

Results

Individuals undergoing screening and meeting inclusion criteria, but eventually not being ran-
domized (n = 2239); and the trial participants randomized (n = 5776) showed no statistically
significant differences in terms of sex, age and BMI. Trial participants mean age was 65+4.9y
and 51.9% were men. More than 60% of the participants reported sleeping between 7 to <9 h/
day. On average, individuals spent 4.9 + 2.3 h/day sitting and their average time watching TV
was 3.3+1.7 h/day, suggesting that they dedicate most of their sitting time watching TV (67%).
The total mean time spent in leisure time PA was 66.8 min/day and 45% of the population
reported spending >60 min/day on PA. MVPA was the most frequent PA intensity in this
population, contributing to 60% of the total min/ day. Table 1 presents participant characteris-
tics according to categories of total daily leisure-time PA. Compared to less active individuals,
physically active participants were more likely to be men, had lower BMI, lower body weight
and waist circumference, and spent less daily time in sedentary behaviors and watching TV.
They also had greater daily energy expenditure from PA and were more likely to adhere to the
energy-restricted Mediterranean diet.

Table 2 shows that 1-h/day increase in TV-viewing was significantly associated with higher
prevalence of obesity (RR: 1.02, 95%CI: 1.01, 1.03) and T2D (RR: 1.04, 95%CI: 1.02, 1.06) after
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Table 1. Baseline characteristics of the parti

Age, years
Men, n (%)
BMI, kg/m?
Weight, kg
Waist circumference, cm
Married status, n (%)
Single or divorced
Married
Widower
Education level, n (%)
llliterate or primary education
Secondary education
Academic or graduate
Smoking habit, n (%)
Never smoked
Former smoker
Current smoker
Sedentary time, h/day
TV-viewing time, h/day
Habitual sleeping time, h/day
Leisure time physical activity, MET.min/day
Current medication use, n (%)

cipants in the PREDIMED-PLUS intervention trial (n = 5776).

Antihypertensive agents

Hypolipidemic agents °
Familiar history of coronary heart disease, n (%)
Prevalence of type 2 diabetes, n (%)
Systolic blood pressure, mmHg

Diastolic blood pressure, mmHg

Plasma fasting glucose, mmol/L

Plasma triglycerides, mmol/L

Plasma HDL-c, mmol/L

Adherence to Mediterranean diet(score 0 to

Total leisure time physical activity (min/day) pT

<15 15to <30 30 to <60 60 to <120 >120

n =861 n=817 n=1558 n =1695 n =845
64.6+4.9 64.6+5.2 65.0£5.0 65.3+4.8 65.1+4.7 .002
361(41) 368(45) 738(47) 924(54) 610(72) <.001
33.6+3.6 33.0+3.49 32.6+3.5 32.1+3.3 31.943.1 <.001
88.6+13.1 87.1+13.4 86.2+13.1 85.5+12.7 87.2+11.9 <.001
109.749.8 108.3+10.1 107.249.5 106.6+9.3 107.648.7 <.001
<.001

119(14) 121(15) 207(13) 196(12) 96(11)

642(74) 597(73) 1169(75) 1323(78) 692(81)

100(11) 99(12) 184(11) 176(10) 57(7)

.689

437(51) 400(49) 779(50) 841(49) 443(52)

241(28) 250(30) 443(28) 501(30) 247(29)

183(21) 167(20) 336(22) 353(21) 155(18)
<.001

393 (46) 392(48) 721(46) 751(44) 305(36)

348(40) 307(37) 666(43) 749(44) 450(53)

120(14) 118(14) 171(11) 195(12) 90(11)
5.4+2.6 5.2+2.5 5.0+2.3 4.6%2.1 4.3+1.9 <.001
3.5+1.9 3.3+1.7 3.3+1.7 3.1+1.7 2.91+1.6 <.001
7.0+1.3 7.0£1.3 6.9+1.2 7.1+1.2 7.1+1.2 .232
29.3+27.9 118.8+45.8 244.8+90.5 464.9+157.2 940.9+387.0 <.001
679(79) 637(78) 1216(78) 1324(78) 668(79) .965
17(2) 28(3) 37(2) 60(3) 25(3) 114
152(18) 135(17) 274(18) 255(15) 154(18) .188
276(32) 269(32) 499(32) 520(31) 268(31) .825
138.9+£17.5 138.6£17.9 139.2+16.9 140.7£16.7 141.6+£16.5 .055
80.7+10.1 80.7+10.2 80.8+9.8 80.6+9.7 81.0+10.3 .830
6.4+1.8 6.4+1.7 6.5+1.8 6.4+1.7 6.5+1.7 .598
1.8+0.9 1.7+0.8 1.8+0.9 1.7+0.8 1.7+0.8 .059
1.2+0.3 1.2+0.3 1.2+0.2 1.2+0.3 1.2+0.3 17
17 items) 7.7£2.6 8.2+2.6 8.3t2.7 8.7+2.7 8.9+2.6 <.001

Data is presented as mean + SD unless otherwise indicated. Abbreviations: BMI, Body mass index; HDL-c, High-density lipoprotein-cholesterol; MET,

metabolic equivalent of task.

"Hypolipidemic medication included use of fibrate agents. Pearson’s chi-square test for categorical variables and one-factor ANOVA for continuous

variables.

7 p-value for global comparisons between categories

doi:10.1371/journal.pone.0172253.t001

adjustment for the potential confounders and independently of time spent in other activities.
Conversely, 1-h/day increase in MVPA was significantly associated with 5 and 6% lower preva-
lence of obesity and T2D. Even after adjustment for T2D in the model with obesity as the expo-
sure, and vice versa, results remained unchanged.

Regarding the components of the MetS (Table 2), 1-h/day increase in TV-viewing was posi-
tively and independently associated with the prevalence of abdominal obesity (RR: 1.01, 95%
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Table 2. RR (95%ClI) for cardiometabolic risk factors per 60-min/day greater time sleeping, watching TV and PA (n = 5776).

Cardiometabolic risk factors Sleeping PT | 4 TV-viewing PT q Light PA® PY | ¢ MVPA? P q
Obesity

Cases = 4256

Crude model 0.99(0.97,1.01) | .462 | .038 | 1.03(1.02,1.04)** | <.001 | .002 | 0.99(0.96,1.02) | .365 | .030 | 0.94(0.92,0.96)** | <.001 | .004
Multivariable model 1° 0.99(0.97,1.01) | .665 | .043 | 1.03(1.02,1.04)** | <.001 | .002 | 0.99(0.96,1.02) | .480 | .038 | 0.95(0.93,0.97)** | <.001 | .004
Multivariable model 2° 0.99(0.98,1.00) | .659 | .041 | 1.02(1.01,1.03)** | <.001 | .002 | 0.98(0.95,1.01) | .144 | .029 | 0.95(0.93,0.97)** | <.001 | .004
Type 2 diabetes

Cases = 1832

Crude model 1.00(0.97,1.03) | .682 | .043 | 1.05(1.03,1.07)** | <.001 | .005 | 1.06(0.99,1.13) | .075 | .021 0.97(0.93,1.02) .321 | .029
Multivariable model 1° 1.00(0.97,1.03) | .930 | .046 | 1.05(1.03,1.07)** | <.001 | .005 | 1.04(0.97,1.11) | .214 | .030 | 0.93(0.88,0.98)** .009 | .013
Multivariable model 2° 1.00(0.97,1.03) | .918 | .046 | 1.04(1.02,1.06)** | <.001 | .005 | 1.03(0.96,1.10) | .401 | .036 | 0.94(0.90,0.98)* .032 | .014
Abdominal obesity

Cases = 5377

Crude model 1.00(0.99,1.01) | .842 | .050 | 1.02(1.01,1.03)** | <.001 | .007 | 1.00(0.99,1.01) | .719 | .046 | 0.96(0.95,0.97)** | <.001 | .009
Multivariable model 1° 1.00(0.99,1.01) | .528 | .041 | 1.01(1.00,1.02)** | <.001 | .007 | 1.00(0.99,1.01) | .386 | .036 | 0.97(0.96,0.98)** | <.001 | .009
Multivariable model 2° 1.00(0.99,1.01) | .549 | .038 | 1.01(1.00,1.02)** | <.001 | .007 | 1.00(1.98,1.02) | .988 | .048 | 0.97(0.96,0.98)** | <.001 | .009
Multivariable model 3¢ 1.00(0.99,1.01) | .567 | .036 | 1.01(1.00,1.02)** | <.001 | .007 | 0.99(0.97,1.01) | .921 | .046 | 0.97(0.96,0.98)** | <.001 | .009
High blood pressure

Cases = 4308

Crude model 1.01(0.99,1.03) | .111 | .023 1.00(0.99,1.01) .601 | .039 | 1.01(0.98,1.04) 449 | .036 | 1.03(1.01,1.05)** | <.001 | .011
Multivariable model 1° 1.01(0.99,1.03) | .308 | .032 1.00(0.99,1.01) .669 | .045 | 1.00(0.98,1.02) | .964 | .048 1.01(0.99,1.03) 143 | .025
Multivariable model 2° 1.00(0.99,1.01) | .301 | .030 | 1.00(0.99,1.01) .564 | .039 | 1.00(0.97,1.03) | .847 | .045 1.01(0.99,1.03) 122 | .021
Multivariable model 3 1.00(0.99,1.01) | .296 | .029 1.00(0.99,1.01) .623 | .039 | 1.00(0.97,1.03) | .835 | .043 1.01(0.98,1.04) .103 | .018
Hyperglycemia

Cases = 3980

Crude model 1.00(0.99,1.01) | .768 | .048 1.00(0.99,1.01) 428 | .034 | 1.03(1.00,1.06)* | .025 | .018 | 0.99(0.97,1.01) .656 | .041
Multivariable model 1° 1.00(0.98,1.02) | .992 | .050 | 1.01(0.99,1.03) .337 | .034 | 1.02(0.99,1.05) | .074 | .021 0.98(0.95,1.01) .057 | .018
Multivariable model 2° 1.00(0.99,1.01) | .992 | .050 | 1.02(0.99,1.05) 127 | .023 | 1.02(0.99,1.05) | .127 | .025 | 0.98(0.96,1.01) .101 | .019
Multivariable model 3¢ 1.00(0.98,1.02) | .993 | .048 1.00(0.99,1.01) 515 | .034 | 1.02(0.99,1.05) | .122 | .019 | 0.98(0.96,1.01) .138 | .021
Hypertriglyceridemia

Cases = 2525

Crude model 1.02(0.99,1.05) | .167 | .025 1.02(1.00,1.04) .056 | .019 | 1.01(0.96,1.06) | .699 | .045 | 0.94(0.90,0.98)** .001 | .014
Multivariable model 1° 1.02(1.00,1.04) | .110 | .023 | 1.02(1.00,1.04)* .020 | .016 | 1.02(0.97,1.07) | .482 | .039 | 0.95(0.91,0.99)** .009 | .014
Multivariable model 2° 1.02(0.99,1.04) | .130 | .027 | 1.02(1.01,1.03)* .043 | .016 | 1.01(0.96,1.06) | .756 | .043 | 0.95(0.91,0.99)* .022 | .013
Multivariable model 3¢ 1.01(0.99,1.03) | .252 | .027 | 1.02(1.01,1.03) .062 | .014 | 1.00(0.95,1.05) | .898 | .045 | 0.96(0.92,1.00) .089 | .016
Low HDL-c

Cases = 2368

Crude model 1.02(0.99,1.05) | .240 | .027 | 1.02(1.00,1.04)** .009 | .016 | 1.03(0.97,1.09) | .381 | .032 | 0.89(0.85,0.93)** | <.001 | .013
Multivariable model 1° 1.02(0.99,1.05) | .071 | .019 1.01(0.99,1.03) 181 | .029 | 1.04(0.98,1.10) | .144 | .027 | 0.93(0.89,0.97)** | <.001 | .011
Multivariable model 2° 1.02(1.00,1.04) | .080 | .018 1.01(0.99,1.03) .347 | .034 | 1.03(0.97,1.09) | .338 | .032 | 0.93(0.89,0.97)** .001 | .011
Multivariable model 3¢ 1.02(1.00,1.04) | .169 | .025 1.00(0.98,1.02) .632 | .041 | 1.02(0.96,1.08) | .414 | .032 | 0.94(0.90,0.98)** .004 | .011

Abbreviations: RR, Relative Risk; Cl, confidence interval; PA, physical activity; HDL-c, high density lipoprotein-cholesterol.

3Light PA (<4.0 METSs) includes leisurely stroll or walk. Moderate-vigorous PA (>4.0 METSs) includes faster walking, cross country walking, stair climbing,
working in the garden, guided exercises and outdoor sports or at home or at the gym.

PModel 1, adjusted for age (continuous), sex, education level (illiterate /primary education, secondary education and academic/graduate), smoking status
(never smoker, past smoker and current smoker), marital status (single/divorced, married and widower), familiar history of coronary heart disease (yes or
no) and Mediterranean diet adherence (<8 or >9 items).

°Model 2, adjusted for variables in model 1 plus time spent in the other three self-reported activities. In addition, when models 1 and 2 were adjusted for
obesity in type 2 diabetes, and for type 2 diabetes in obesity the associations remained unchanged.

9Model 3, adjusted for variables in model 2 plus the other four metabolic syndrome individuals components. All models were stratified by recruiting center.
7 P-value * < .05, ** < .01.

¢’ indicates false discovery rate-q value for multiple-testing using Benjamini-Hochberg test across the multiple associations between the exposure variables
and the study outcomes.

doi:10.1371/journal.pone.0172253.t002
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Fig 1. RR (95%Cl) for obesity and diabetes to 60-min/day substitution among sleeping, TV-viewing and PA

(n =5776). Abbreviations: RR, Relative Risk; Cl, confidence interval; PA, physical activity. Light PA (<4.0 METSs)
includes leisurely stroll or walk, Moderate-vigorous PA (>4.0 METSs) includes faster walking, cross country walking,
stair climbing, working in the garden, guided exercises and outdoor sports or at home or at the gym. Multivariable
model adjusted for age (continuous), sex, education level (illiterate/primary education, secondary education and
academic/graduate), smoking status (never smoker, past smoker and current smoker), marital status (single/divorced,
married and widower), familiar story of coronary hearth disease (yes or no) and Mediterranean diet adherence (<8 or
>9 items). All models were stratified by recruiting center. P-value * < .05, ** < .01.

doi:10.1371/journal.pone.0172253.9001

CI: 1.00, 1.02) after adjustment for time spent in other activities and relevant covariates
(model 2). Conversely, 1-h/day increase in MVPA was associated with an independent and sig-
nificantly lower RR for abdominal obesity (RR: 0.97, 95%CI: 0.96, 0.98) and low-HDL-c (RR:
0.94, 95%CI: 0.90, 0.98). Further adjustment for each of the other four MetS components
(model 3) had little impact on the risk estimates. No association between TV-viewing and
MVPA, and the high blood pressure, hypertriglyceridemia and hyperglycemia components of
the MetS were found in fully adjusted models. No association with the study outcomes was
observed with sleeping and light intensity PA.
Isotemporal substitution models are highlighted in Figs 1 and 2, and fully displayed in S1
Table. Theoretically substituting 1-h/day of MVPA for 1-h/day of sleeping, TV-viewing and
light PA was associated with significantly lower prevalence of obesity (RR: 0.95, 95%CI: 0.93,
0.97; RR: 0.92, 95%CI: 0.90, 0.94 and RR: 0.96, 95%CI: 0.93, 0.99; respectively). Likewise,
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Fig 2. RR (95%Cl) for metabolic syndrome components to 60-min/day substitution among sleeping, TV-viewing and PA (n = 5776).
Abbreviations: RR, Relative Risk; Cl, confidence interval; PA, physical activity. Light PA (<4.0 METSs) includes leisurely stroll or walk. Moderate-
vigorous PA (>4.0 METSs) includes faster walking, cross country walking, stair climbing, working in the garden, guided exercises and outdoor
sports or at home or at the gym. Multivariable model adjusted for age (continuous), sex, education level (illiterate/primary education, secondary
education and academic/graduate), smoking status (never smoker, past smoker and current smoker), marital status (single/divorced, married
and widower), familiar story of coronary hearth disease (yes or no), Mediterranean diet adherence (<8 or >9 items) and the other four metabolic

syndrome individuals components. All models were stratified by recruiting center. P-value * <.05, ** <.01.

doi:10.1371/journal.pone.0172253.g002
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replacing 1-h/day of TV-viewing with 1-h/day of either light PA (RR: 0.95, 95%CI: 0.92, 0.98)
or sleeping (RR: 0.97, 95%CI: 0.96, 0.98) was also inversely associated with obesity (Fig 1A).
Similarly, substituting 1-h/day of MVPA for 1-h/day TV-viewing and light PA was associated
with low prevalence of T2D (RR: 0.91, 95%CI: 0.86, 0.96; and RR: 0.92, 95%CI: 0.85, 0.99,
respectively), as well as when substituting sleeping for TV-viewing (RR: 0.96, 95%CI: 0.93,
0.99) (Fig 1B).

Regarding components of the MetS, except for high blood pressure and hyperglycemia, the
substitution of 1-h/day of MVPA for sleeping and TV-viewing was significantly associated
with lower prevalence of abdominal obesity (RR:0.97; 95%CI:0.96, 0.98), hypertriglyceridemia
(RR:0.94; 95%CI: 0.90, 0.98) and low HDL-c (RR 0.94; 95%CI: 0.90, 0.98). Only for abdominal
obesity, hyperglycemia and low-HDL-c, substituting equal time of MVPA for light PA was
associated to a lower risk (RR: 0.97, 95%CI: 0.95, 0.99; RR: 0.96, 95%CI: 0.93, 0.99; and RR:
0.92, 95%CI: 0.86, 0.98 respectively) (Fig 2). The opposite was also observed when MVPA was
dropped out of the isotemporal substitution models (S1 Table). Replacing 1-h/day of other
activities did not seem to be uniformly associated with the study outcomes, regardless of the
activity type displaced (S1 Table).

Fig 3 shows joint associations by combining time spent in MVPA and TV-viewing on obe-
sity and T2D prevalence. Fifty two percent of the participants met MVPA recommendations
of >2.5 h/wk of which 20% belonged to high TV group, whereas this was true for 31.5% of the
participants who did not meet MVPA recommendations. Compared to the reference group,
those participants who did not meet the MVPA recommendations showed progressively
higher RR for the prevalence of obesity parallel to time spent watching TV (RR 1.14 to 1.23, all
P < .05). However, participants at the high TV group and not meeting MVPA recommenda-
tions had highest risks of being obese (RR: 1.23, 95%CI: 1.16, 1.30) (Fig 3A). Similar progres-
sive pattern was observed concerning T2D risk. Those participants at the high TV group
showed highest risks, regardless meeting (RR: 1.23, 95%CI: 1.05, 1.41) or not meeting (RR:
1.36, 95%CI: 1.18, 1.55) MVPA recommendations (Fig 3B), being the highest risk among the
group of not meeting MVPA recommendation and high TV.

Discussion

To the best of our knowledge, this is the first study that has examined the complex interrela-
tionships between time spent in leisure-time PA, watching TV and sleep concerning to the
prevalence of relevant cardiometabolic risk factors in senior adults with overweight or obesity
and MetS at high CVD risk. The main findings in this report are that 1-h/day increase in
MVPA was independently and significantly associated with lower prevalence of obesity, T2D
and abdominal obesity and low HDL-c as independent components of the MetS. Contrary,
detrimental associations were observed when increasing 1-h/day in TV-viewing for the same
cardiometabolic risk factors, except for low HDL-c. Furthermore, when we theoretically
replaced 1-h/day TV-viewing and sleeping by equal amounts of MVPA, beneficial effects were
observed for these study outcomes, plus hypertriglyceridemia.

Our results on the independent associations between time spent in MVPA, TV-viewing
and different cardiometabolic risk factors are in line with most of previous cross-sectional
[13,20,21,27,42] and prospective studies [11,12,43,44] in different populations. For instance, a
cross-sectional study from the large EPIC-Norfolk cohort of 14,189 adults aged >45 years
showed that larger self-reported time spent in watching TV and in vigorous PA was positively
and negatively associated, respectively, with CVD risk profile including markers of obesity,
lipid profile and blood pressure [20]. Similar findings have been reported in other large
cohorts regarding these outcomes [13,42] based on self-reported behaviors, and also using
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Fig 3. RR (95%Cl) for obesity and diabetes for joint associations of TV-viewing and MVPA recommendations (n = 5776).
Abbreviations: RR, Relative Risk; Cl, confidence interval; MVPA, moderate-vigorous physical activity. Time spent in watching TV (in
hours/day) was categorized as low TV (<2h/day), medium TV (>2 to <4h/day) and high TV (>4h/day). Recommendations for MVPA
according to the WHO 2010 (> 2.5h/wk). Moderate-vigorous PA (>4.0 METs) includes faster walking, cross country walking, stair
climbing, working in the garden, guided exercises and outdoor sports or at home or at the gym. Multivariable-adjusted model for age
(continuous), sex, education level (illiterate/primary education, secondary education and academic/graduate), smoking status (never
smoker, past smoker and current smoker), marital status (single/divorced, married and widower), familiar story of coronary hearth
disease (yes or no), Mediterranean diet adherence (<8 or >9 items) and obesity and type 2 diabetes adjusted for each other. All
models were stratified by recruiting center. P-value * <.05, ** P<.01.

doi:10.1371/journal.pone.0172253.9003
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accelerometer-derived objective measurements for physical activity [25,27,45]. These previous
results have been supported by various prospective studies, such as those from two large US
cohorts in healthy middle-aged men [12] and women [11] showing positive associations
between prolonged self-reported TV time and incidence of obesity and T2D. In contrast,
increasing physical activity per se or moderate activities such as brisk walking were related to
lower risk. In addition, there is a growing body of evidence from systematic reviews and meta-
analyses of prospective and randomized controlled trials suggesting unfavorable links regard-
ing TV-viewing or sedentary time, but favorable links with PA, in relation to obesity, T2D and
cardiometabolic risk factors, such as lipids levels [2,3,8,46,47], as well as all-cause mortality [6],
thereby supporting our study observations.

Although recently light PA has been suggested to play a positive role in preventing obesity,
T2D and cardiometabolic risk factors, no strong associations have been found in our study.
While there is some evidence for beneficial effects of light PA on health outcomes, such as
blood pressure among physically inactive individuals with hypertension [48], it is not entirely
unequivocal, particularly in regard to other cardiometabolic outcomes including body weight,
body fat or lipid profile [48,49]. Therefore, it is plausible that the lack of associations observed
in the literature and in our study might partly arise as a result of disparities in the design and
selected populations, as well as the levels of light PA used to assess the effects on cardiometa-
bolic health as they may be modest in comparison to those typically performed by adults [48].
Similarly, when looking at specific risk factors, we did not find any association between time
spent in leisure-time PA or TV-viewing, and the prevalence of hyperglycemia or high blood
pressure, which is in line with results from other authors [47,50], but not from all [13,45]. The
lack of associations observed in our study concerning these outcomes may be due to the popu-
lation studied, consisting of senior Mediterranean individuals at high CVD risk and using
multiple medication. Taken together, further longitudinal studies are warranted to clarify
these conflicting results in different populations.

It is recognized that sleeping >7-9 h/d is basic to promote optimal health [15,26], whereas
outside this range sleep has been generally unfavorable linked with obesity [16,17], T2D and
glucose metabolism disturbances [15,18], as well as other cardiometabolic risk factors [15].
Our study participants engaged an average of 7 sleeping hours per night on a regular basis and
a large proportion (60%) of them reported sleeping between 7 to <9 h/day, hence potentially
explaining the null association observed in our investigation.

Current public health strategies include separate messages advocating for increasing time
in active behaviors [41] and reducing sedentary time [51]; our study found support for each
of these. However, by employing theoretically isotemporal substitution modeling, a rela-
tively less studied analytical approach, we further demonstrated that reallocating time from
TV-viewing to additional MVPA was associated with a more favorable cardiometabolic pro-
file. Based in our findings on obesity, T2D and some components of the MetS, it seems to
exist different effect size in the associations between most activities and the study outcomes
when assessing them independently than when applying isotemporal substitution modeling,
even after adjusting for multiple potential confounders. For instance, we observed that 1-h/
d of MVPA was independently associated to 6% protection against T2D, whereas when this
activity replaced equal amounts of TV-viewing the protection increased up to 9% in our
population of senior adults at higher risk; i.e. with overweight/obesity and MetS. In accor-
dance to our results, recent reports applying same methodological approach and mostly
using accelerometry have generally shown similar findings in middle-aged healthy persons
[24-26] and adults with T2D [52]. Such studies have consistently evidenced that reallocating
time from sedentary behaviors to equal amounts of either moderate PA, vigorous PA or
MVPA was favorably associated to lower risk of obesity markers [25,26,52] as well as other
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CVD risk factors related to lipid profile and glucose metabolism [24-26], and even
decreased risk of all cause-death [5]. Together with previous evidence, our findings support
the notion that PA and sedentary behaviors have an individual impact on health outcomes,
yet these effects may be underestimated if substitution effects among these activities are not
considered. Given that PA and sedentary behaviors seem to strongly co-depend, it seems
necessary to consider the isotemporal substitution methodology, as it provides with richer
insights with relevant public health implications. Importantly, our investigation further
addressed the combined associations of meeting/not-meeting MVPA recommendations
and time spent watching TV in relation to obesity and T2D, indicating that the combination
of not meeting MVPA recommendations and spending great time watching TV may be a
strong risk factor for obesity. This message is of great importance given that evidence under-
pinning current international PA guidelines recommending >2.5 h/week of MVPA to
reduce risk for obesity and T2D is limited to independent associations between PA and
health outcomes [41]. In this context, our findings are in agreement with previous cross-sec-
tional studies in healthy overweight adults showing highest obesity risks when low MVPA
or insufficient PA levels were assessed in combination to greater TV time or sedentary
behavior [27,53]. Furthermore, a recent 5-years prospective analysis on healthy overweight/
obese adults revealed that larger MVPA time spent combined with lesser leisure time sitting
was associated with lower risk of obesity [43].

Potential mechanisms may be driving the findings of our study. One such mechanism
points out to the opposite contributions of PA and sedentary behaviors to energy balance by
either promoting or hampering energy expenditure, respectively, while preserving the energy
intake [54]. Additionally, it is plausible that time spent in watching TV results in increase total
energy intake given that individuals tend to eat while watching TV—particularly high calorie,
unhealthy foods [55]—which have been related to risk of obesity and diabetes [56]. Lastly, ben-
eficial associations from PA are partly attributed to its ability to ameliorate body composition
[57], improve glucose metabolism or enhance insulin sensitivity [3].

Study limitations and strengths

Some methodological limitations should be acknowledged. First, the cross-sectional nature
does not allow us to address causality and we admit the possibility of reverse causality bias
as an alternative, non-causal, explanation of our results. Second, the present findings cannot
be extrapolated to other population groups given that our study participants are senior
adults with overweight/obesity and MetS. Additionally, although our study used self-
reported PA and sedentary time which may be subject to potential biases, we used specifi-
cally validated questionnaires [33] and our results are according to those studies using accel-
erometry methods [24-27,45]. Furthermore, despite TV time has been suggested as a proxy
for sedentary behaviors, the present study did not directly evaluate total sedentary time.
Similarly, sleeping was limited to sleep duration in the present study, which does not
account for the contribution of sleeping quality on cardiovascular health [58]. Finally, we
acknowledge that the clinical significance provided by some relatively small increases in the
risk prevalence of the study outcomes, remains unknown and deserves further exploration.
Our study also has various strengths, including the large study sample of men and women,
and the fully-adjusted analyses for potential confounding factors. Moreover, our study
extensively addressed the complex interrelationships between different behaviors in relation
to cardiometabolic risk factors by evaluating independent and combined associations, as
well as by employing theoretically isotemporal substitution modeling.
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Conclusions

The results in our study with senior adults at high CVD risk, suggest that greater time spent on
MVPA and fewer on sedentary behaviors is inversely associated with obesity, T2D and some
of the components of the MetS. Public health strategies focusing on avoiding sedentary behav-
iors and substituting equivalent times for MVPA may represent a more appropriate approach
in clinical practice for preventing cardiometabolic disorders, among aged populations at
higher CVD risk. Further investigations should prospectively confirm our findings and eluci-
date potential mechanisms involved.

Supporting information

S1 Text. Additional list of the PREDIMED-PLUS trial.
(PDF)

S1 Table.
(PDF)

Acknowledgments

The authors especially thank Dr. Roberto Elosua for his contribution in developing and vali-
dating the short Spanish version of the Minnesota Leisure Time Physical Activity Question-
naire, the participants for their enthusiastic collaboration, the PREDIMED-PLUS personnel
for their excellent assistance, and the personnel of all affiliated primary care centers for their
excellent work.

Author Contributions
Conceptualization: ]SS NRE ADL.

Data curation: JSS MAMG DC AG JAM DR J.Vioque FA AGR FT RE JCFG JL LSM XP JAT
ABC]J.Vidal MDR LD CV MAR.

Formal analysis: ]SS NRE ADL.

Funding acquisition: ]SS MAMG DC AG JAM DR ].Vioque FA AGR FT RE JCFG JL LSM
XP JAT ABCJ.Vidal MDR LD CV MAR ER.

Investigation: JSS MAMG DC AG JAM DR ].Vioque FA AGR FT RE JCFG JL LSM XP JAT
ABC]J.Vidal MDR LD CV MAR ER.

Methodology: JSS NRE ADL.
Project administration: ]SS MAMG DC AG ER.

Resources: ]SS MAMG DC AG JAM DR J.Vioque FA AGR FT RE JCFG JL LSM XP JAT ABC
J.Vidal MDR LD CV MAR ER.

Supervision: JSS.

Visualization: ]SS MAMG DC AG JAM DR J.Vioque FA AGR FT RE JCFG JL LSM XP JAT
ABC]J.Vidal MDR LD CV MAR ER NRE ADL.

Writing - original draft: ]SS NRE ADL.

Writing - review & editing: ]SS MAMG DC AG JAM DR J.Vioque FA AGR FT RE JCFG JL
LSM XP JAT ABCJ.Vidal MDR LD CV MAR ER NRE ADL.

PLOS ONE | DOI:10.1371/journal.pone.0172253 March 8,2017 15/19


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172253.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0172253.s002

@° PLOS | ONE

Physical activity, sedentary behaviors, sleep and cardiometabolic risk factors

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

Wong PM, Hasler BP, Kamarck TW, Muldoon MF, Manuck SB. Social Jetlag, chronotype, and cardio-
metabolic risk. J Clin Endocrinol Metab. 2015; 100(12):4612-20. doi: 10.1210/jc.2015-2923 PMID:
26580236

Same RV, Feldman DI, Shah N, Martin SS, Al Rifai M, Blaha MJ, et al. Relationship Between Sedentary
Behavior and Cardiovascular Risk. Curr Cardiol Rep. 2016; 18(1):1-7.

Lin X, Zhang X, Guo J, Roberts CK, McKenzie S, Wu W-C, et al. Effects of Exercise Training on Cardio-
respiratory Fitness and Biomarkers of Cardiometabolic Health: A Systematic Review and Meta-Analysis
of Randomized Controlled Trials. J Am Heart Assoc [Internet]. 2015; 4(7):1-29. Available from: http://
www.ncbi.nlm.nih.gov/pubmed/26116691

Warburton DER, Bredin SSD. Reflections on Physical Activity and Health: What Should We Recom-
mend? Can J Cardiol [Internet]. Canadian Cardiovascular Society; 2016; 32(12):1-10. Available from:
http://www.ncbi.nIm.nih.gov/pubmed/26995692

Stamatakis E, Rogers K, Ding D, Berrigan D, Chau J, Hamer M, et al. All-cause mortality effects of
replacing sedentary time with physical activity and sleeping using an isotemporal substitution model: a
prospective study of 201,129 mid-aged and older adults. Int J Behav Nutr Phys Act [Internet]. Interna-
tional Journal of Behavioral Nutrition and Physical Activity; 2015; 12(1):121. Available from: http://www.
pubmedcentral.nih.gov/articlerender.fcgi?artid=4589071&tool=pmcentrez&rendertype=abstract

Ekelund U, Steene-Johannessen J, Brown WJ, Fagerland MW, Owen N, Powell KE, et al. Can physical
activity elminate the detrimental association of sitting time with mortality? A harmonized meta-analysis
of data from more than one million men and women. Lancet [Internet]. Elsevier Ltd; 2016; 6736(16):1—
10. Available from: http://dx.doi.org/10.1016/S0140-6736(16)30370-1

Sedentary Behaviour Research Network. Letter to the Editor: Standardized use of the terms “sedentary”
and “sedentary behaviours.” Appl Physiol Nutr Metab. 2012; 37:540-2. doi: 10.1139/h2012-024 PMID:
22540258

Grgntved A, Hu F. Television Viewing and Risk of Type 2 Diabetes, Cardiovascular Disease, and All-
Cause Mortality. JAMA. 2011; 305(23).

Thorp AA, Owen N, Neuhaus M, Dunstan DW. Sedentary behaviors and subsequent health outcomes
in adults: A systematic review of longitudinal studies, 19962011. Am J Prev Med [Internet]. Elsevier
Inc.; 2011; 41(2):207—-15. Available from: http://dx.doi.org/10.1016/j.amepre.2011.05.004

Basterra-Gortari FJ, Bes-Rastrollo M, Gea A, Nunez-Cordoba JM, Toledo E, Martinez-Gonzalez MA.
Television viewing, computer use, time driving and all-cause mortality: The SUN cohort. J Am Heart
Assoc. 2014; 3(3):1-9.

Hu FB, Li TY, Colditz GA, Willett WC, Manson JE. Television Watching and Other Sedentary Behaviors
in Relation to Risk of Obesity and Type 2 Diabetes Mellitus in Women. JAMA. 2003; 289(14):1785-91.
doi: 10.1001/jama.289.14.1785 PMID: 12684356

Hu FB, Leitzmann MF, Stampfer MJ, Colditz GA, Willett WC, Rimm EB. Physical activity and television
watching in relation to risk for type 2 diabetes mellitus in men. Arch Intern Med. 2001; 161:1542-8.
PMID: 11427103

Chau JY, Grunseit A, Midthjell K, Holmen J, Holmen TL, Bauman AE, et al. Cross-sectional associa-
tions of total sitting and leisure screen time with cardiometabolic risk in adults. Results from the HUNT
Study, Norway. J Sci Med Sport [Internet]. Sports Medicine Australia; 2014; 17(1):78-84. Available
from: http://dx.doi.org/10.1016/j.jsams.2013.03.004 doi: 10.1016/j.jsams.2013.03.004 PMID:
23619159

Matthews CE, George SM, Moore SC, Bowles HR, Blair A, Park Y, et al. Amount of time spent in seden-
tary behaviors and cause-specific mortality in US adults. Am J Clin Nutr. 2012; 95:437—-45. doi: 10.
3945/ajcn.111.019620 PMID: 22218159

Watson NF, Badr MS, Belenky G, Bliwise DL, Buxton OM, Buysse D, Dinges DF, Gangwisch J, Grand-
ner MA, Kushida C, Malhotra RK, Martin JL, Patel SR, Quan SF, Tasali E. Recommended Amount of
Sleep for a Healthy Adult: A Joint Consensus Statement of the American Academy of Sleep Medicine
and Sleep Research Society. Sleep [Internet]. 2015; 38(6):843—4. Available from: http://journalsleep.
org/ViewAbstract.aspx?pid=30027 doi: 10.5665/sleep.4716 PMID: 26039963

Fogelholm M, Kronholm E, Kukkonen-Harjula K, Partonen T, Partinen M, Harméa M. Sleep-related dis-
turbances and physical inactivity are independently associated with obesity in adults. Int J Obes (Lond).
2007; 31(11):1713-21.

Sperry SD, Scully ID, Gramzow RH, Jorgensen RS. Sleep Duration and Waist Circumference in Adults:
A Meta-Analysis. Sleep [Internet]. 2015; 38(8):1269—76. Available from: http://www.ncbi.nlm.nih.gov/
pubmed/25581918 doi: 10.5665/sleep.4906 PMID: 25581918

PLOS ONE | DOI:10.1371/journal.pone.0172253 March 8,2017 16/19


http://dx.doi.org/10.1210/jc.2015-2923
http://www.ncbi.nlm.nih.gov/pubmed/26580236
http://www.ncbi.nlm.nih.gov/pubmed/26116691
http://www.ncbi.nlm.nih.gov/pubmed/26116691
http://www.ncbi.nlm.nih.gov/pubmed/26995692
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4589071&amp;tool=pmcentrez&amp;rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=4589071&amp;tool=pmcentrez&amp;rendertype=abstract
http://dx.doi.org/10.1016/S0140-6736(16)30370-1
http://dx.doi.org/10.1139/h2012-024
http://www.ncbi.nlm.nih.gov/pubmed/22540258
http://dx.doi.org/10.1016/j.amepre.2011.05.004
http://dx.doi.org/10.1001/jama.289.14.1785
http://www.ncbi.nlm.nih.gov/pubmed/12684356
http://www.ncbi.nlm.nih.gov/pubmed/11427103
http://dx.doi.org/10.1016/j.jsams.2013.03.004
http://dx.doi.org/10.1016/j.jsams.2013.03.004
http://www.ncbi.nlm.nih.gov/pubmed/23619159
http://dx.doi.org/10.3945/ajcn.111.019620
http://dx.doi.org/10.3945/ajcn.111.019620
http://www.ncbi.nlm.nih.gov/pubmed/22218159
http://journalsleep.org/ViewAbstract.aspx?pid=30027
http://journalsleep.org/ViewAbstract.aspx?pid=30027
http://dx.doi.org/10.5665/sleep.4716
http://www.ncbi.nlm.nih.gov/pubmed/26039963
http://www.ncbi.nlm.nih.gov/pubmed/25581918
http://www.ncbi.nlm.nih.gov/pubmed/25581918
http://dx.doi.org/10.5665/sleep.4906
http://www.ncbi.nlm.nih.gov/pubmed/25581918

@° PLOS | ONE

Physical activity, sedentary behaviors, sleep and cardiometabolic risk factors

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Cappuccio FP, D’Elia L, Strazzullo P, Miller M. Quantity and Quality of Sleep and Incidence of Type 2
Diabetes A systematic review and meta-analysis. Diabetes Care [Internet]. 2010; 33(2):414-20. Avail-
able from: http://care.diabetesjournals.org/content/33/2/414.short\nhttp://www.pubmedcentral.nih.gov/
articlerender.fcgi?artid=2809295&tool=pmcentrez&rendertype=abstract doi: 10.2337/dc09-1124
PMID: 19910503

Grandner MA, Chakravorty S, Perlis ML, Oliver L G |. Habitual Sleep Duration Associated with Self-
Reported and Objectively-Determined Cardiometabolic Risk Factors. Sleep Med. 2014; 15(1):45-50.

Jakes RW, Day NE, Khaw K-T, Luben R, Oakes S, Welch A, et al. Television viewing and low participa-
tion in vigorous recreation are independently associated with obesity and markers of cardiovascular dis-
ease risk: EPIC-Norfolk population-based study. Eur J Clin Nutr [Internet]. 2003; 57(9):1089-96.
Available from: http://www.ncbi.nIm.nih.gov/pubmed/12947427 doi: 10.1038/sj.ejcn.1601648 PMID:
12947427

Vioque J, Torres A, Quiles J. Time spent watching television, sleep duration and obesity in adults living
in Valencia, Spain. Int J Obes Relat Metab Disord. 2000; 24:1683-8. PMID: 11126224

Chastin SFM, Palarea-Albaladejo J, Dontje ML, Skelton DA. Combined effects of time spent in physical
activity, sedentary behaviors and sleep on obesity and cardio-metabolic health markers: A novel com-
positional data analysis approach. PLoS One [Internet]. 2015; 10(10). Available from: http://dx.doi.org/
10.1371/journal.pone.0139984

Mekary R, Lucas M, Pan A, Okereke OlI, Willett WC, Hu FB, et al. Isotemporal substitution analysis for
physical activity, television watching, and risk of depression. Am J Epidemiol. 2013; 178(3):474-83. doi:
10.1093/aje/kws590 PMID: 23785112

Ekblom-Bak E, Ekblom O, Bergstrom G, Borjesson M. Isotemporal substitution of sedentary time by
physical activity of different intensities and bout lengths, and its associations with metabolic risk. Eur J
Prev Cardiol. 2015;

Hamer M, Stamatakis E, Steptoe A. Effects of substituting sedentary time with physical activity on meta-
bolic risk. Med Sci Sports Exerc. 2014; 46(10):1946-50. PMID: 24674977

Buman MP, Winkler EA, Kurka JM, Hekler EB, Baldwin CM, Owen N, et al. Reallocating time to sleep,
sedentary behaviors, or active behaviors: Associations with cardiovascular disease risk biomarkers,
NHANES 2005-2006. Am J Epidemiol. 2014; 179(3):323-34. doi: 10.1093/aje/kwt292 PMID:
24318278

Maher CA, Mire E, Harrington DM, Staiano AE, Katzmarzyk PT. The Independent and Combined Asso-
ciations of Physical Activity and Sedentary Behavior with Obesity in Adults: 2003—06, NHANES. Obes
(Silver Spring). 2013; 21(12):730-7.

Lahjibi E, Heude B, Dekker JM, Hgjlund K, Laville M, Nolan J, et al. Impact of objectively measured sed-
entary behaviour on changes in insulin resistance and secretion over 3 years in the RISC study: interac-
tion with weight gain. Diabetes Metab [Internet]. 2013; 39(3):217-25. Available from: http://www.ncbi.
nim.nih.gov/pubmed/23541222 doi: 10.1016/j.diabet.2012.12.006 PMID: 23541222

Wijndaele K, Orrow G, Ekelund U, Sharp SJ, Brage S, Griffin SJ, et al. Increasing objectively measured
sedentary time increases clustered cardiometabolic risk: A 6 year analysis of the ProActive study. Dia-
betologia. 2014; 57(2):305—12. doi: 10.1007/s00125-013-3102-y PMID: 24194101

Lamb MJ, Westgate K, Brage S, Ekelund U, Long GH, Giriffin SJ, et al. Prospective associations
between sedentary time, physical activity, fitness and cardiometabolic risk factors in people with type 2
diabetes. Diabetologia. 2016; 59(1):110-20. doi: 10.1007/s00125-015-3756-8 PMID: 26518682

Mekary RA, Willett WC, Hu FB, Ding EL. Isotemporal substitution paradigm for physical activity epide-
miology and weight change. Am J Epidemiol. 2009; 170(4):519-27. doi: 10.1093/aje/kwp163 PMID:
19584129

Alberti KG, Eckel RH, Grundy SM, Zimmet PZ, Cleeman JI, Donato KA, et al. Harmonizing the meta-
bolic syndrome: a joint interim statement of the International Diabetes Federation Task Force on Epide-
miology and Prevention; National Heart, Lung, and Blood Institute; American Heart Association; World
Heart Federation; International. Circulation. 2009 Oct; 120(16):1640-5. doi: 10.1161/
CIRCULATIONAHA.109.192644 PMID: 19805654

Martinez-Gonzalez MA, Lopez-Fontana C, Varo JJ, Sanchez-Villegas A, Martinez JA. Validation of the
Spanish version of the physical activity questionnaire used in the Nurses’ Health Study and the Health
Professionals’ Follow-up Study. Public Heal Nutr [Internet]. 2005; 8(7):920—7. Available from: http:/
www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Citation&list_uids=
16277809

Clark BK, Healy GN, Winkler EAH, Gardiner PA, Sugiyama T, Dunstan DW, et al. Relationship of Tele-
vision Time with Accelerometer-Derived Sedentary Time: NHANES. 2011;822-8.

PLOS ONE | DOI:10.1371/journal.pone.0172253 March 8,2017 17/19


http://care.diabetesjournals.org/content/33/2/414.short\nhttp://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2809295&amp;tool=pmcentrez&amp;rendertype=abstract
http://care.diabetesjournals.org/content/33/2/414.short\nhttp://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2809295&amp;tool=pmcentrez&amp;rendertype=abstract
http://dx.doi.org/10.2337/dc09-1124
http://www.ncbi.nlm.nih.gov/pubmed/19910503
http://www.ncbi.nlm.nih.gov/pubmed/12947427
http://dx.doi.org/10.1038/sj.ejcn.1601648
http://www.ncbi.nlm.nih.gov/pubmed/12947427
http://www.ncbi.nlm.nih.gov/pubmed/11126224
http://dx.doi.org/10.1371/journal.pone.0139984
http://dx.doi.org/10.1371/journal.pone.0139984
http://dx.doi.org/10.1093/aje/kws590
http://www.ncbi.nlm.nih.gov/pubmed/23785112
http://www.ncbi.nlm.nih.gov/pubmed/24674977
http://dx.doi.org/10.1093/aje/kwt292
http://www.ncbi.nlm.nih.gov/pubmed/24318278
http://www.ncbi.nlm.nih.gov/pubmed/23541222
http://www.ncbi.nlm.nih.gov/pubmed/23541222
http://dx.doi.org/10.1016/j.diabet.2012.12.006
http://www.ncbi.nlm.nih.gov/pubmed/23541222
http://dx.doi.org/10.1007/s00125-013-3102-y
http://www.ncbi.nlm.nih.gov/pubmed/24194101
http://dx.doi.org/10.1007/s00125-015-3756-8
http://www.ncbi.nlm.nih.gov/pubmed/26518682
http://dx.doi.org/10.1093/aje/kwp163
http://www.ncbi.nlm.nih.gov/pubmed/19584129
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.192644
http://dx.doi.org/10.1161/CIRCULATIONAHA.109.192644
http://www.ncbi.nlm.nih.gov/pubmed/19805654
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&amp;db=PubMed&amp;dopt=Citation&amp;list_uids=16277809
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&amp;db=PubMed&amp;dopt=Citation&amp;list_uids=16277809
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&amp;db=PubMed&amp;dopt=Citation&amp;list_uids=16277809

@° PLOS | ONE

Physical activity, sedentary behaviors, sleep and cardiometabolic risk factors

35.

36.

37.

38.
39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Molina L, Sarmiento M, Pefafiel J, Donaire D, Garcia-Aymerich J, Gomez-Perez M, Ble M, Ruiz S,
Frances A, Schroder H, Marrugat J E R. Validation of the Regicor Short Physical Activity Questionnaire
for the Adult Population. PLoS ONE (in Press. 2016;

Ainsworth BE, Haskell WL, Herrmann SD, Meckes N, Bassett DR, Tudor-Locke C, et al. 2011 compen-
dium of physical activities: A second update of codes and MET values. Med Sci Sports Exerc. 2011; 43
(8):1575-81. PMID: 21681120

Barros AJD, Hirakata VN. Alternatives for logistic regression in cross-sectional studies: an empirical
comparison of models that directly estimate the prevalence ratio. BMC Med Res Methodol [Internet].
2003; 3:21. Available from: http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=521200&tool=
pmcentrez&rendertype=abstract doi: 10.1186/1471-2288-3-21 PMID: 14567763

Lee J. Odds Ratio or Relative Risk for Cross-Sectional Data? Int J Epidemiol. 1994; 23.

Benjamini Y, Hochbert Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to
Multiple Testing. J R Stat Soc. 1995; 57(1):289-300.

Proper K, Singh AS, van Mechelen W, Chinapaw MJM. Sedentary behaviors and health outcomes
among adults: a systematic review of prospective studies. Am J Prev Med. 2011 Feb; 40(2):174-82.
doi: 10.1016/j.amepre.2010.10.015 PMID: 21238866

World Health Organization. Global Recommendations on Physical Activity for Health [Internet].
Geneva; 2010 [cited 2016 Aug 15]. http://www.who.int/dietphysicalactivity/factsheet_olderadults/en/

Dunstan DW, Salmon J, Owen N, Armstrong T, Zimmet PZ, Welborn TA, et al. Associations of TV view-
ing and physical activity with the metabolic syndrome in Australian adults. Diabetologia. 2005; 48
(11):2254—61. doi: 10.1007/s00125-005-1963-4 PMID: 16211373

Bell JA, Hamer M, David Batty G, Singh-Manoux A, Sabia S, Kivimaki M. Combined effect of physical
activity and leisure time sitting on long-term risk of incident obesity and metabolic risk factor clustering.
Diabetologia. 2014; 57(10):2048-56. doi: 10.1007/s00125-014-3323-8 PMID: 25078481

Wijndaele K, Healy GN, Dunstan DW, Barnett AG, Salmon J, Shaw JE, et al. Increased cardiometabolic
risk is associated with increased TV viewing time. Med Sci Sports Exerc. 2010; 42(8):1511-8. PMID:
20139784

Henson J, Yates T, Biddle SJH, Edwardson CL, Khunti K, Wilmot EG, et al. Associations of objectively
measured sedentary behaviour and physical activity with markers of cardiometabolic health. Diabetolo-
gia. 2013; 56(5):1012-20. doi: 10.1007/s00125-013-2845-9 PMID: 23456209

Biswas A, Oh PI, Faulkner GE, Bajaj RR, Silver MA, Mitchell MS, et al. Sedentary time and its associa-
tion with risk for disease incidence, mortality, and hospitalization in adults a systematic review and
meta-analysis. Ann Intern Med. 2015; 162(2):123-32. doi: 10.7326/M14-1651 PMID: 25599350

Brocklebank LA, Falconer CL, Page AS, Perry R, Cooper AR. Accelerometer-measured sedentary time
and cardiometabolic biomarkers: A systematic review. Prev Med (Baltim) [Internet]. Elsevier B.V.; 2015;
76:92—-102. Available from: hitp://dx.doi.org/10.1016/j.ypmed.2015.04.013

Batacan RB, Duncan MJ, Dalbo VJ, Tucker PS, Fenning AS. Effects of Light Intensity Activity on CVD
Risk Factors: A Systematic Review of Intervention Studies. Biomed Res Int. 2015; 2015.

Cornelissen VA, Arnout J, Holvoet P, Fagard RH. Influence of exercise at lower and higher intensity on
blood pressure and cardiovascular risk factors at older age. J Hypertens. 2009; 27(4):753-62. PMID:
19300110

Stamatakis E, Hamer M, Tilling K, Lawlor DA. Sedentary time in relation to cardio-metabolic risk factors:
Differential associations for self-report vs accelerometry in working age adults. Int J Epidemiol. 2012; 41
(5):1328-37. doi: 10.1093/ije/dys077 PMID: 22634868

Owen N, Sparling PB, Healy GN, Dunstan DW, Matthews CE. Sedentary Behavior: Emerging Evidence
for a New Health Risk. Mayo Clin Proc [Internet]. 2010; 85(12):1138—41. Available from: http://dx.doi.
org/10.4065/mcp.2010.0444 doi: 10.4065/mcp.2010.0444 PMID: 21123641

Falconer CL, Page AS, Andrews RC, Cooper AR. The Potential Impact of Displacing Sedentary Time in
Adults with Type 2 Diabetes. Med Sci Sports Exerc. 2015; 47(10):2070-5. PMID: 26378943

Sugiyama T, Healy GN, Dunstan DW, Salmon J, Owen N. Joint associations of multiple leisure-time
sedentary behaviours and physical activity with obesity in Australian adults. Int J Behav Nutr Phys Act.
2008; 5(35).

Bailey DP, Broom DR, Chrismas BCR, Taylor L, Flynn E, Hough J. Breaking up prolonged sitting time
with walking does not affect appetite or gut hormone concentrations but does induce an energy deficit
and suppresses postprandial glycaemia in sedentary adults. Appl Physiol Nutr Metab [Internet]. 2016;
41(3):324-31. Available from: http://dx.doi.org/10.1139/apnm-2015-0462\nhttp://www.
nrcresearchpress.com/doi/10.1139/apnm-2015-0462\nhttp://www.ncbi.nim.nih.gov/pubmed/26872294
doi: 10.1139/apnm-2015-0462 PMID: 26872294

PLOS ONE | DOI:10.1371/journal.pone.0172253

March 8, 2017 18/19


http://www.ncbi.nlm.nih.gov/pubmed/21681120
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=521200&amp;tool=pmcentrez&amp;rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=521200&amp;tool=pmcentrez&amp;rendertype=abstract
http://dx.doi.org/10.1186/1471-2288-3-21
http://www.ncbi.nlm.nih.gov/pubmed/14567763
http://dx.doi.org/10.1016/j.amepre.2010.10.015
http://www.ncbi.nlm.nih.gov/pubmed/21238866
http://www.who.int/dietphysicalactivity/factsheet_olderadults/en/
http://dx.doi.org/10.1007/s00125-005-1963-4
http://www.ncbi.nlm.nih.gov/pubmed/16211373
http://dx.doi.org/10.1007/s00125-014-3323-8
http://www.ncbi.nlm.nih.gov/pubmed/25078481
http://www.ncbi.nlm.nih.gov/pubmed/20139784
http://dx.doi.org/10.1007/s00125-013-2845-9
http://www.ncbi.nlm.nih.gov/pubmed/23456209
http://dx.doi.org/10.7326/M14-1651
http://www.ncbi.nlm.nih.gov/pubmed/25599350
http://dx.doi.org/10.1016/j.ypmed.2015.04.013
http://www.ncbi.nlm.nih.gov/pubmed/19300110
http://dx.doi.org/10.1093/ije/dys077
http://www.ncbi.nlm.nih.gov/pubmed/22634868
http://dx.doi.org/10.4065/mcp.2010.0444
http://dx.doi.org/10.4065/mcp.2010.0444
http://dx.doi.org/10.4065/mcp.2010.0444
http://www.ncbi.nlm.nih.gov/pubmed/21123641
http://www.ncbi.nlm.nih.gov/pubmed/26378943
http://dx.doi.org/10.1139/apnm-2015-0462\nhttp://www.nrcresearchpress.com/doi/10.1139/apnm-2015-0462\nhttp://www.ncbi.nlm.nih.gov/pubmed/26872294
http://dx.doi.org/10.1139/apnm-2015-0462\nhttp://www.nrcresearchpress.com/doi/10.1139/apnm-2015-0462\nhttp://www.ncbi.nlm.nih.gov/pubmed/26872294
http://dx.doi.org/10.1139/apnm-2015-0462
http://www.ncbi.nlm.nih.gov/pubmed/26872294

o @
@ : PLOS | ONE Physical activity, sedentary behaviors, sleep and cardiometabolic risk factors

55. Dietz H, Gortmaker L. Do We Fatten Set? Obesity Our Children at the Television Children and Televi-
sion and Adolescents Viewing in. Pediatrics. 1985; 75(5):807-12.

56. Van Dam RM, Rimm EB, Willett WC, Stampfer MJ, Hu FB. Dietary patterns and risk for type 2 diabetes
mellitus in U.S. Ann Intern Med. 2002; 136(3):201-9. PMID: 11827496

57. Kelley GA, Kelley KS. Effects of aerobic exercise on C-reactive protein, body composition, and maxi-
mum oxygen consumption in adults: a meta-analysis of randomized controlled trials. Metabolism. 2006;
55(11):1500-7. doi: 10.1016/j.metabol.2006.06.021 PMID: 17046553

58. Hoevenaar-blom MP, Spijkerman AMW, Kromhout D, Van Den Berg JF. Sleep Duration and Sleep
Quality in Relation to 12-Year Cardiovascular Disease Incidence: The MORGEN Study. 2011; 34(11).

PLOS ONE | DOI:10.1371/journal.pone.0172253 March 8,2017 19/19


http://www.ncbi.nlm.nih.gov/pubmed/11827496
http://dx.doi.org/10.1016/j.metabol.2006.06.021
http://www.ncbi.nlm.nih.gov/pubmed/17046553

