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Abstract

Introduction: Sleep, sedentary behavior, and physical activity are each independently associated 

with cardiovascular health (CVH). It is unknown how substituting time in sedentary behavior with 

sleep or physical activity effects overall CVH.

Methods: Data for this analysis were taken from the Multi-Ethnic Study on Atherosclerosis 

(MESA) Sleep Ancillary Study. Eligible participants (n= 1718) wore Actiwatch accelerometers for 

24 hours and had at least 3 days of valid accelerometry. The American Heart Association’s life 

simple 7 was used to represent the CVH score after excluding the physical activity component, 

with higher scores indicating more favorable CVH. Isotemporal substitution modeling was 

conducted to examine the effect of substituting 30 minutes of sedentary time for an equivalent 

amount of sleep, light intensity physical activity (LIPA), or moderate to vigorous physical activity 

(MVPA).

Results: Substituting 30 minutes of sedentary time to sleep, LIPA, and MVPA was associated 

with a significantly higher CVH score [β(95%CI): 0.077(0.056), 0.039(0.033), and 0.485(0.127) 

respectively]. Substituting 30 minutes of sedentary time to sleep was associated with lower BMI. 

Substituting 30 minutes of sedentary time to LIPA was associated with higher diastolic blood 
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pressure and total cholesterol, and lower BMI. Substituting 30 minutes of sedentary time to MVPA 

was associated with lower systolic and diastolic blood pressure, and lower BMI.

Conclusions: Sleep, LIPA, and MVPA are all associated with more favorable overall CVH and 

several key risk factors for cardiovascular disease. These findings underscore the importance of 

lifestyle modifications in improving CVH.
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INTRODUCTION

Sleep, sedentary behavior, and physical activity are each independently associated with 

cardiovascular health (CVH) (1, 2). Evidence-based guidelines recommend 7 or more hours 

of sleep, low levels of sustained sedentary behavior, and high levels of physical activity for 

optimal CVH (3–5). A significant limitation of research to date is that the relationship of 

these behaviors with CVH are investigated in isolation, even though a change in any given 

behavior will affect time spent in others.

The 24-hour activity cycle was developed as a paradigm for exploring the effects of time 

spent in each of four domains: sleep, sedentary behavior, light intensity physical activity 

(LIPA), and moderate to vigorous physical activity (MVPA) on health outcomes (6). 

Isotemporal substitution modeling can be used to estimate the effect of substituting a 

specific duration of one type of activity with an equivalent duration of another (7). For 

example, Buman et al. used this analytic approach to demonstrate that substituting 30 

minutes per day of sedentary time to either sleep, LIPA, or MVPA is associated with 

improvements in various cardiovascular disease (CVD) risk biomarkers (8). Importantly, 

although many of these studies have utilized objectively measured physical activity 

information, few have used objectively measured sleep, and many have focused on single 

cardiometabolic risk factors on health outcomes rather than overall CVH.

To our knowledge, no study has evaluated the complex inter-relationships of accelerometer-

measured sleep, sedentary behavior, LIPA, and MVPA with overall CVH. Additionally, 

these relationships have not been explored in an ethnically diverse cohort of middle-aged 

and older US adults, a population known to have high rates of sedentary behavior and a low 

prevalence of ideal CVH (9, 10). In light of these gaps in the literature, this study aimed to 

use partition and isotemporal substitution modeling to understand how relationships between 

these health behaviors influence CVH assessed using the American Heart Association Life’s 

Simple 7 (AHA LS7) score (11) in the Multi-Ethnic Study on Atherosclerosis (MESA) 

Sleep Ancillary Study (12, 13). We hypothesized that substituting sedentary behavior for an 

equivalent amount of sleep or physical activity would result in a higher overall CVH score, 

facilitated by increases in its component metrics.
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METHODS

Study Population

MESA is an ongoing prospective cohort study designed to investigate the prevalence and 

progression of subclinical CVD and to identify CVD risk factors in middle-aged and older 

adults (45–84 y). A total of 6,814 participants free of clinical CVD from four racial/ethnic 

groups (38% Caucasian, 12% Chinese-American, 28% African-American, and 22% 

Hispanic)(12) were recruited from six field centers across the United States: Baltimore, MD; 

Chicago, IL; Los Angeles, CA; New York, NY; Saint Paul, MN; and Winston-Salem, NC. 

Six clinical exams to collect data on clinical, sociodemographic, and lifestyle factors have 

been completed since the inception of this cohort in 2000. At clinical exam 5 (2010–2013), 

4,077 participants were invited to participate in the MESA Sleep Ancillary Study, which was 

designed to examine objectively measured sleep characteristics in relation to CVD risk. A 

total of 2,261 participants consented to participate in the Sleep Ancillary Study, of whom 

2,156 wore an accelerometer for 7 days and nights on their wrist. Participants without valid 

accelerometer data (n=218) were not included in the analyses. Among the remaining 1,938 

individuals, 214 did not have sufficient data to compute the CVH score, and an additional 6 

did not have data on key covariates, resulting in a final sample of 1,718 individuals. MESA 

was approved by the Institutional Review Board at each site and all participants provided 

written informed consent.

Assessment of Sleep, Sedentary Behavior, and Physical Activity

Sleep duration, sedentary behavior, and physical activity duration and intensity were 

ascertained using the Actiwatch Spectrum accelerometer (Philips Respironics, Murrysville, 

PA) worn on each participants’ non-dominant wrist for 7 consecutive days. After removing 

non-wear periods, individuals without 600 daily minutes of wear time on at least 3 days 

were excluded from analyses. These parameters were chosen based on prior literature (14, 

15). Sleep duration was estimated by scoring these data during 30-second epochs as “sleep” 

or “wake” by Actiware-Sleep v.5.59 analysis software (Mini Mitter Co., Inc., Bend, OR) 

after manually editing the sleep period using sleep diary data and event and light markers. A 

validated algorithm was used to calculate the activity count for each epoch (16). The average 

sleep duration was computed from nighttime sleep onset (sleep start time) and morning 

wakening (sleep end time), averaging sleep duration across all nights that the accelerometer 

was worn. Records were assessed by blinded, trained scorers at the Brigham and Women’s 

Hospital Sleep Reading Center, with high inter and intra class correlations for sleep duration 

metrics.

To calculate daily minutes of sedentary time, LIPA, and MVPA, non-sleep data were 

rescored based on 60-second epochs using published wrist-worn cut points to isolate 

minutes spent in sedentary behavior (<178.5 counts/min), LIPA (178.6–562.4 counts/min), 

and MVPA (>562.4) (17). After non-wear periods were removed, total minutes of nighttime 

sleep, sedentary time, LIPA, and MVPA were summed and averaged across days to produce 

average daily minutes of each variable.
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Assessment of Cardiovascular Health Metrics

Body mass index (BMI) (kg/m2) was calculated from weight and height measurements 

obtained by trained personnel during MESA exam 5. A validated 128‐item food frequency 

questionnaire was administered to collect data on habitual dietary intake (12, 18). Seated 

systolic and diastolic blood pressure (SBP and DBP) were assessed from three readings after 

participants had rested for five minutes and the average of the last two readings was 

recorded. Total cholesterol (including HDL and LDL cholesterol) and blood glucose levels 

were measured from fasting blood samples obtained during the study visit. Smoking status 

(currents vs. former vs. never), blood pressure, cholesterol, and diabetes medication were 

assessed by self-report using a standardized questionnaire.

Operationalization of the Cardiovascular Health Score

Lifestyle behaviors, anthropometric measures, and biomarkers that constitute the AHA LS7 

score assessed at exam 5, were used to compute the CVH score. Published definitions (11) 

for assessing CVH using the AHA LS7 were adapted based on data available in the MESA 

Sleep Ancillary Study and MESA exam 5, and are consistent with previous literature on the 

AHA LS7 score (19, 20). For the present analyses, physical activity was excluded from the 

CVH score given its status as an exposure variable of interest. We computed the CVH score 

based on meeting guidelines for smoking, diet, BMI, blood pressure, total cholesterol, and 

fasting glucose. Briefly, participants were assigned a score based on their level of meeting 

recommendations for these six CVH metrics: ideal (2 points), intermediate (1 point) or poor 

(0 point). Participants received a score of 2 if they met the following criteria: 1) were never 

smokers, 2) met 4–5 of diet guidelines (11), 3) had BMI<25 kg/m2, 4) had untreated 

SBP<120 mmHg and DBP<80 mmHg, 5) had untreated total cholesterol <200 mg/dl, and 6) 

had untreated fasting glucose <100 mg/dl. They received a score of 1 for each CVH metric if 

they met the following criteria: 1) were former smokers, 2) met 2–3 of diet guidelines, 3) 

had BMI of 25–29.9 kg/m2, 4) had SBP: 120–129 mmHg or DBP: <80 mmHg or treated to 

ideal level, 5) had total cholesterol 200–239mg/dl or treated to ideal level; and 6) had fasting 

glucose of 100–125 mg/dl or treated to normal level. Otherwise, they received a score of 0 

for each CVH metric. The individual component scores were summed to create a global 

CVH score ranging from 0 to 12, such that higher scores represented a more favorable CVH 

profile. Participants with a score of 0–5, 6–9, 10–12 were considered to have poor, moderate, 

and high CVH, respectively (20, 21).

Statistical Analysis

Descriptive statistics were calculated for the socio-demographic, lifestyle, and 

cardiometabolic risk factors. Next, a series of partition models were conducted to examine 

the linear relationship between the average minutes of sleep, sedentary time, LIPA, MVPA, 

and CVH score. Due to the high correlation between sedentary time and LIPA, we ran 

additional sensitivity analyses. The first excluded average sedentary time while retaining 

average time spent in LIPA, and the second excluded time spent in LIPA while including 

sedentary time. All partition models controlled for sex (male vs female), age (years), marital 

status (married vs unmarried), education attainment (college educated vs less than college 

education), and race (white vs non-white).
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Isotemporal substitution models were conducted to examine the effect of substituting 30 

minutes of sedentary time for an equal duration of LIPA, MVPA, or sleep (7). First, a total 

time variable was computed by summing all time variables (i.e., total time = sedentary + 
LIPA + MVPA + sleep). Next, all variables were divided by 30 to facilitate examination of a 

30-minute substitution. Finally, all behaviors except sedentary time, plus the total time 

variable (i.e., LIPA, MVPA, sleep, total time) were included with the covariates of interest. 

Including total time in the model constrains time, and as a result, the regression estimate for 

each included behavior represents the estimated mean change in levels of the outcome that is 

observed when that behavior is increased by 30 minutes and sedentary time is 

simultaneously decreased by 30 minutes. Our estimates are based on cross-sectional 

associations, and thus results cannot be interpreted causally or interpreted as temporal 

changes within individuals.

The main substitution model of interest included the CVH score as the dependent variable. 

We then conducted exploratory models for continuous measures of glucose, SBP, DBP, total 

cholesterol (as well as HDL and LDL cholesterol separately), and BMI. We also included a 

model stratified by sex. Models assessing diet and smoking status were not analyzed because 

they are not continuous (7) or binary (22) variables. All substitution models controlled for 

sex, age, marital status, education, and race. Additionally, models were stratified by sex but 

not race due to power constraints. All models also included BMI as a covariate except when 

CVH or BMI were the dependent variables of interest. The model examining substitution 

effects on glucose controlled for diabetes medication usage, both blood pressure models 

controlled for hypertension medication usage, and the cholesterol models accounted for the 

use of lipid-lowering medication. Assumptions of linearity, homoscedasticity, 

multicollinearity, outlying residuals, and normality of residuals were assessed for all models, 

and all deviations are noted in the results section. All analyses were conducted using SPSS 

version 25 (IBM Corp, Armonk, NY). Statistical significance was determined at p < 0.05.

RESULTS

Participant Characteristics

Study demographics are displayed by quintiles of physical activity in Table 1. In brief, the 

mean age of participants was 68 years, 54% were female, and on average participants were 

overweight (mean BMI 28.8 kg/m2). Most participants were White (39%), followed by 

Black (27%), Hispanic (24%), and Chinese (10%). Accelerometer mean wear time was 1329 

minutes. After accounting for non-wear time (111 minutes), there was 499 minutes of 

sedentary time, 415 minutes of LIPA, 26 minutes of MVPA, and 388 minutes of nighttime 

sleep averaged over a 24-hour period, with an overall mean CVH score of 5.91. Participants 

in the highest physical activity quintile were generally younger, more likely to be female, 

and had higher CVH scores.

Partition Models

Results from the partition models are displayed in Table 2. When all temporal variables were 

included, LIPA, MVPA, and sleep were each significantly and positively associated with 

CVH score (Model 1). These effects were maintained when sedentary behavior was removed 
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(Model 2). There was no significant association between sedentary time and CVH score 

when LIPA was removed (Model 3).

Isotemporal Substitution Models

Results from the isotemporal substitution models are provided in Table 3 and visually 

represented as a forest plot in Figure 1.

Cardiovascular Health Score—Substituting 30 minutes of sedentary time to LIPA, 

MVPA, and sleep was associated with a 0.039(95%CI: 0.033), 0.485(95%CI: 0.127), and 

0.077(95%CI: 0.045) point increase in CVH score, respectively.

Glucose—No significant associations were observed between any substitution model and 

glucose.

Systolic Blood Pressure—Substituting 30 minutes of sedentary time to MVPA was 

associated with a 1.205 mmHg (95%CI: 1.133) decrease in SBP.

Diastolic Blood Pressure—Substituting 30 minutes of sedentary time to LIPA and 

MVPA was associated with a 0.147 mmHg (95%CI: 0.143) increase in DBP and 0.858 

mmHg (95%CI: 0.557) decrease in DBP, respectively.

Total Cholesterol—Substituting 30 minutes of sedentary time to LIPA was associated 

with a 0.534 mg/dL (95%CI: 0.502) increase in total cholesterol. No significant associations 

were observed when substituting sedentary time for MVPA or sleep.

Body Mass Index—Substituting 30 minutes of sedentary time to LIPA, MVPA, and sleep 

was associated with a 0.134 kg/m2 (95%CI: 0.080), 1.179 kg/m2 (95%CI: 0.310), and 0.262 

kg/m2 (95%CI: 0.112) decrease in BMI, respectively.

Stratification by Sex—In women, substituting 30 minutes of sedentary time to LIPA, 

MVPA, and sleep were all associated with an increase in CVH score and reduction in BMI. 

Substituting sedentary time to MVPA and sleep was associated with a decrease in DBP and 

increase in total cholesterol, respectively. No significant associations were observed between 

any substitution model and glucose or SBP (see Table, Supplemental Digital Content 1, 

Isotemporal Substitution Models for Associations of Sleep, Sedentary Behavior, and 

Physical Activity with Cardiovascular Health in Women).

In men, substituting 30 minutes of sedentary time to MVPA and sleep were associated with 

an increase in CVH score and reduction in BMI, though the relationship between these 

variables and LIPA was non-significant. Substituting sedentary time to LIPA was associated 

with an increase in DBP, while substitution to MVPA was associated with a decrease in 

DBP. No significant associations were observed between any substitution model and 

glucose, SBP, or total cholesterol (see Table, Supplemental Digital Content 2, Isotemporal 

Substitution Models for Associations of Sleep, Sedentary Behavior, and Physical Activity 

with Cardiovascular Health in Men).
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Stratification of Total Cholesterol—When stratifying total cholesterol into LDL and 

HDL cholesterol, no significant associations were observed between any substitution model 

and LDL cholesterol. However, significant increases in HDL cholesterol were observed 

when substituting 30 minutes of sedentary time to LIPA and MVPA, but not sleep (see 

Table, Supplemental Digital Content 3, Isotemporal Substitution Models for Associations of 

Sleep, Sedentary Behavior, and Physical Activity with LDL and HLD Cholesterol). All 

stratified models are exploratory in nature. Interpretation of these models should be done 

with caution given the decreased sample size necessary to conduct these analyses.

When 14 cases with outlying residuals were censored, the effect for total cholesterol 

remained in the positive direction (0.434 mg/dL higher) but was no longer significant (p 
= .08). There were no significant substitution effects when glucose was included as a 

dependent variable, and effects did not meaningfully change when individuals with diabetes 

were removed from the analysis. There were outlying residuals (i.e., > 3 standard deviations) 

present in the models for systolic blood pressure, diastolic blood pressure, BMI, and 

glucose. Sensitivity analyses censoring outlying cases produced results that did not 

meaningfully differ from those presented.

DISCUSSION

Our study estimates that substituting 30 minutes of sedentary time for LIPA, MVPA, or 

sleep using isotemporal substitution modeling was associated with an improvement in 

overall CVH, assessed using metrics included in the AHA LS7 score, using data from the 

MESA cohort. Moreover, substituting sedentary time for LIPA, MVPA, or sleep was 

associated with reductions in BMI, while substituting sedentary time for MVPA was also 

associated with lower SBP and DBP. However, substituting sedentary time for sleep, LIPA, 

or MVPA was not associated with significant improvements in total cholesterol or blood 

glucose.

Much of the literature has focused on the benefits of MVPA on cardiovascular biomarkers 

and all-cause mortality (23, 24). Our results were similarly robust, showing the most 

favorable outcomes when substituting sedentary time for MVPA. Additionally, we 

uncovered an increase in the CVH score when substituting sedentary time for LIPA, which 

highlights the clinical and public health value of LIPA. When discussing MVPA in a clinical 

setting, patients often believe they must engage in more structured exercise programs which 

can be difficult to achieve given common barriers such as lack of time, motivation, and cost 

(25). Importantly, both LIPA and MVPA can be achieved during routine activities of daily 

living, including walking and engaging in housework (26, 27), which are more convenient 

than traditional exercise. Moreover, LIPA can be accumulated in large volumes with little 

perceived effort, offsetting the negative health effects of sedentary behavior, (28) while still 

achieving important health benefits including reductions in CVD, cardiovascular and all-

cause mortality (26). US adults spend roughly 30% of their time in LIPA compared to 2% of 

their time in MVPA over a 24-hour time period, thus there is more potential public health 

benefit to be gained from LIPA (29).
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More favorable SBP, cholesterol, and BMI were also observed when substituting sedentary 

time with either LIPA or MVPA, consistent with the literature on the benefits of physical 

activity on cardiometabolic risk factors (30–32). However, we did not find a significant 

benefit on blood glucose in our model. A similar study using isotemporal substitution 

modeling from Whitaker et al. also reported improvements in a composite cardiovascular 

risk score when substituting sedentary time with LIPA and MVPA, but no significant 

reduction in blood glucose (33). Results using isotemporal substitution have been mixed, 

with some studies showing no reduction in blood glucose when substituting sedentary time 

with physical activity (34, 35), while others have shown a significant reduction (8, 36). 

Differences in results may be due to the characteristics of the cohorts used in each study. 

Participants were generally younger and healthier, with less diabetes, in the studies that 

demonstrated a reduction in blood glucose with substitution, compared to the studies that 

demonstrated no reduction in blood glucose. Thus, the potential benefit of substituting 

sedentary time with physical activity on blood glucose may have been offset by the high 

prevalence of other cardiometabolic risk factors present in this older cohort.

We found an unexpected increase in DBP and total cholesterol when substituting sedentary 

time with LIPA. The relationship between physical activity and blood pressure is complex, 

dependent upon frequency, duration, type, and intensity of activity, which we may not have 

fully captured in our models. This is further acknowledged by the 2018 Physical Activity 

Guidelines for Americans, which states “no conclusions can be made regarding the influence 

of intensity on the blood pressure response to physical activity (26).” Given prior data that 

suggests physical activity increases HDL cholesterol (33, 37), we stratified total cholesterol 

into HDL and LDL cholesterol, and found that substituting sedentary time for both LIPA 

and MVPA resulted in increased HDL cholesterol, verifying our suspicion that the increase 

in total cholesterol was driven by increased HDL cholesterol.

Sleep is an important and necessary determinant of health and well-being, with evidence to 

suggest that both short and long sleep duration are linked to an increased risk of several 

cardiometabolic risk factors, cardiovascular disease, and all-cause mortality (38, 39). 

However, few studies have evaluated sleep in relation to sedentary behavior or physical 

activity. Our results are consistent with the literature on the importance of sleep in improving 

CVH.

A significant reduction in BMI and improvement in CVH was observed when substituting 

sedentary time for sleep, though we did not observe a similar benefit in SBP, DBP, total 

cholesterol, or blood glucose was observed. Our results are largely consistent with a recent 

study that used isotemporal substitution modeling in the Woman’s Health Initiative (40). 

Full et al. found that substituting 91 minutes of sedentary time with an equivalent amount of 

sleep was associated with a lower waist circumference (40). However, similar substitutions 

revealed no significant benefit in insulin level, HOMA-IR, cholesterol, triglycerides, or 

Reynolds Risk Score, a validated tool used to predict the risk of heart attack, stroke, 

angioplasty, coronary artery bypass surgery, or death related to heart disease in women (41). 

Differences in substitution time or differences in gender may explain why we observed a 

significant improvement in our CVH score compared to this study.
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The strengths of this study include the use of objectively assessed habitual sleep and 

physical activity data and the rigorous assessments of the outcomes of interest. Furthermore, 

this represents one of the largest and earliest reports to use partition and isotemporal 

substitution modeling to examine the effect of substituting sedentary time with sleep, LIPA, 

or MVPA on overall and individual metrics of CVH in a population-based sample of middle-

aged and older US adults at risk for CVD. This study is also novel because it uniquely 

examines physical activity and sleep concomitantly on its relationship with CVH, whereas 

prior studies have focused on these factors separately.

This study has limitations that we acknowledge. First, isotemporal substitution is a statistical 

model that does not necessarily reflect the effects of real-time substitution. Second, the 

MESA Sleep Ancillary Study is cross-sectional, so we were unable to examine associations 

of change in sleep and PA with changes in CVH over time within individuals. Third, dietary 

intake, which was included as a metric of CVH, was self-reported and is therefore prone to 

measurement error. Fourth, although we were able to adjust our analyses for several key 

confounders, we cannot rule out the presence of residual confounding. Fifth, the Actiwatch 

accelerometer was used to capture physical activity in the MESA Sleep Ancillary study, 

whereas the Actigraph and ActivPAL devices are more common in physical activity 

research. There are limited published cut points for the Actiwatch, requiring the use of cut 

points calibrated to a later device (Motionwatch 9, CamNtech, Cambridge, UK). However, 

our resulting activity data aligns well with other published accelerometer data (42), thus we 

believe that the objectively measured physical activity information captured from the 

Actiwatch proves useful insight into the potential effect of substituting low-active states (a 

common proxy for sedentary time) for higher active states (i.e. LIPA, MVPA) and sleep. 

Sixth, our sleep variable accounted for sleep duration but not measures of sleep architecture 

or fragmentation. There are data that increasing N3 (slow wave) sleep is associated with 

favorable cardiometabolic outcomes, independent of sleep duration (43). Thus, further 

studies assessing not only sleep duration, but also quality and character are warranted to 

fully understand these complex relationships. Seventh, daytime napping may have occurred, 

which would have been captured as sedentary behavior and not sleep time. Finally, we did 

not have sufficient power to fully examine differences by race/ethnicity.

In conclusion, our study suggests that LIPA, MVPA, and sleep were all associated with more 

favorable CVH, and that substituting 30 minutes of sedentary time with an equivalent 

amount of sleep, LIPA, or MVPA was associated with improvements in overall CVH and 

several key cardiometabolic risk factors. These findings underscore the importance of 

lifestyle modifications in improving CVH. Further studies targeted at elucidating the 

complex relationships between sleep, sedentary behavior, and physical activity are warranted 

to inform personalized treatment plans on an individual level for those at risk of CVD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Forest Plot Depicting the Effect of Substituting 30 Minutes of Sedentary Time for LIPA, 

MVPA or Sleep

LIPA = light intensity physical activity; MVPA = moderate to vigorous intensity physical 

activity; BP = blood pressure; BMI = body mass index

*Values represent Beta and 95% Confidence Intervals

German et al. Page 13

Med Sci Sports Exerc. Author manuscript; available in PMC 2022 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

German et al. Page 14

Ta
b

le
 1

.

D
es

cr
ip

tiv
e 

C
ha

ra
ct

er
is

tic
s 

of
 th

e 
St

ud
y 

Po
pu

la
tio

n 
(n

=
1,

71
8)

P
ar

ti
ci

pa
nt

 C
ha

ra
ct

er
is

ti
cs

 (
N

=1
71

8)

P
hy

si
ca

l A
ct

iv
it

y 
Q

ui
nt

ile
 (

m
in

ut
es

/d
ay

)

≤ 
31

9.
83

31
9.

84
 –

 4
03

.3
3

40
3.

34
 –

 4
72

.6
7

47
2.

68
 –

 5
55

.6
7

≥ 
55

5.
68

A
ge

 (
ye

ar
s)

72
.2

 (
71

.2
–7

3.
2)

70
.0

 (
69

.1
 –

 7
0.

8)
68

.9
 (

68
.0

 –
 6

9.
9)

66
.7

 (
65

.8
 –

 6
7.

6)
63

.9
 (

63
.2

 –
 6

4.
7)

M
ar

ri
ed

18
8 

(5
7.

1%
)

20
0 

(5
8.

3%
)

20
6 

(5
9.

0%
)

21
8 

(6
2.

8%
)

22
2 

(6
3.

4%
)

C
ol

le
ge

 E
du

ca
tio

n
16

1 
(4

8.
9%

)
14

1 
(4

1.
1%

)
14

4 
(4

1.
3%

)
12

6 
(3

6.
3%

)
12

4 
(3

5.
4%

)

R
ac

e/
E

th
ni

ci
ty

 
W

hi
te

14
7 

(4
4.

7%
)

14
5 

(4
2.

3%
)

13
3 

(3
8.

1%
)

12
5 

(3
6.

0%
)

11
3 

(3
2.

3%
)

 
C

hi
ne

se
-A

m
er

ic
an

27
 (

8.
2%

)
31

 (
9.

0%
)

42
 (

12
.0

%
)

38
 (

11
.0

%
)

42
 (

12
.0

%
)

 
B

la
ck

10
0 

(3
0.

4%
)

89
 (

26
.0

%
)

98
 (

28
.0

%
)

90
 (

25
.9

%
)

91
 (

26
.0

%
)

 
H

is
pa

ni
c

55
 (

16
.7

%
)

78
 (

22
.7

%
)

76
 (

21
.8

)
94

 (
27

.1
%

)
10

4 
(2

9.
7%

)

M
al

e
18

6 
(5

6.
5%

)
15

6 
(4

5.
5%

)
15

6 
(4

4.
7%

)
15

5 
(4

4.
7%

)
13

1 
(3

7.
4%

)

D
ia

be
te

s 
M

ed
 U

se
71

 (
21

.6
%

)
48

 (
14

.0
%

)
55

 (
15

.8
%

)
51

 (
14

.7
%

)
33

 (
9.

4%
)

H
yp

er
te

ns
io

n 
M

ed
 U

se
21

6 
(6

5.
7%

)
19

3 
(5

6.
3%

)
18

7 
(5

3.
6%

)
17

5 
(5

0.
4%

)
14

3 
(4

0.
9%

)

L
ip

id
 L

ow
er

in
g 

M
ed

 U
se

15
1 

(4
5.

9%
)

14
6 

(4
2.

6%
)

12
2 

(3
5.

0%
)

11
5 

(3
3.

1%
)

10
6 

(3
0.

3%
)

A
ct

iv
ity

 P
ar

am
et

er
s*

 
Se

de
nt

ar
y 

T
im

e
63

4.
9 

(6
23

.6
 –

 6
46

.3
)

56
3.

5 
(5

55
.7

 –
 5

71
.3

)
51

0.
4 

(5
02

.7
 –

 5
18

.0
)

44
4.

7 
(4

37
.5

 –
 4

51
.9

)
35

1.
9 

(3
44

.0
 –

 3
59

.9
)

 
L

IP
A

25
0.

0 
(2

44
.8

 –
 2

55
.2

)
35

0.
3 

(3
47

.8
 –

 3
52

.8
)

41
6.

7 
(4

14
.2

 –
 4

19
.1

)
47

8.
7 

(4
75

.6
 –

 4
81

.7
)

57
0.

2 
(5

63
.7

 –
 5

76
.6

)

 
M

V
PA

6.
5 

(5
.7

 –
 7

.3
)

12
.7

 (
11

.4
 –

 1
3.

9)
19

.8
 (

18
.2

 –
 2

1.
3)

32
.7

 (
30

.6
 –

 3
4.

89
)

57
.0

 (
52

.8
 –

 6
1.

2)

 
Sl

ee
p

40
9.

5 
(3

99
.7

 –
 4

19
.2

)
40

3.
1 

(3
95

.1
 –

 4
11

.2
)

38
2.

4 
(3

74
.1

 –
 3

90
.7

)
38

4.
9 

(3
77

.2
 –

 3
92

.6
)

36
2.

9 
(3

55
.3

 –
 3

70
.4

)

B
M

I 
(k

g/
m

2 )
29

.3
 (

28
.6

 –
 2

9.
9)

29
.6

 (
29

.0
 –

 3
0.

1)
28

.7
 (

28
.2

 –
 2

9.
3)

28
.5

 (
27

.9
 –

 2
9.

0)
28

.1
 (

27
.5

 –
 2

8.
7)

Sy
st

ol
ic

 B
P 

(m
m

H
g)

12
3.

4 
(1

21
.2

 –
 1

25
.5

)
12

3.
1 

(1
21

.1
 –

 1
25

.0
)

12
3.

5 
(1

21
.3

 –
 1

25
.7

)
12

2.
6 

(1
20

.4
 –

 1
24

.8
)

11
9.

2 
(1

17
.3

 –
 1

21
.2

)

D
ia

st
ol

ic
 B

P 
(m

m
H

g)
67

.4
 (

66
.7

 –
 6

8.
5)

68
.0

 (
67

.0
 –

 6
9.

0)
68

.1
 (

67
.0

 –
 6

9.
1)

68
.8

 (
67

.7
 –

 6
9.

9)
69

.0
 (

68
.0

 –
 7

0.
1)

C
ho

le
st

er
ol

 (
m

g/
dL

)
17

4.
6 

(1
70

.4
 –

 1
78

.8
)

18
4.

6 
(1

80
.6

 –
 1

88
.5

)
18

5.
5 

(1
81

.8
 –

 1
89

.3
)

18
4.

4 
(1

80
.8

 –
 1

88
.0

)
19

0.
0 

(1
86

.2
 –

 1
93

.9
)

G
lu

co
se

 (
m

g/
dL

)
10

5.
2 

(1
01

.7
 –

 1
08

.6
)

99
.7

 (
97

.1
 –

 1
02

.3
)

10
1.

6 
(9

9.
0 

– 
10

4.
2)

10
1.

4 
(9

8.
4 

– 
10

4.
4)

99
.2

 (
96

.3
 –

 1
02

.1
)

C
V

H
 S

co
re

5.
36

 (
5.

11
 –

 5
.6

0)
5.

68
 (

5.
45

 –
 5

.9
1)

5.
90

 (
5.

66
 –

 6
.1

4)
6.

15
 (

5.
91

 –
 6

.3
8)

6.
41

 (
6.

16
 –

 6
.6

5)

V
ar

ia
bl

es
 a

re
 p

re
se

nt
ed

 a
s 

N
(9

5%
 c

on
fi

de
nc

e 
in

te
rv

al
) 

or
 m

ea
n 

(%
)

M
ed

 =
 m

ed
ic

at
io

n;
 L

IP
A

 =
 li

gh
t i

nt
en

si
ty

 p
hy

si
ca

l a
ct

iv
ity

; M
V

PA
 =

 m
od

er
at

e 
to

 v
ig

or
ou

s 
ph

ys
ic

al
 a

ct
iv

ity
; B

M
I 

=
 b

od
y 

m
as

s 
in

de
x;

 B
P 

=
 b

lo
od

 p
re

ss
ur

e;
 C

V
H

 =
 c

ar
di

ov
as

cu
la

r 
he

al
th

Med Sci Sports Exerc. Author manuscript; available in PMC 2022 April 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

German et al. Page 15
* ac

tiv
ity

 p
ar

am
et

er
s 

in
 m

in
ut

es
/d

ay

Med Sci Sports Exerc. Author manuscript; available in PMC 2022 April 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

German et al. Page 16

Ta
b

le
 2

.

Pa
rt

iti
on

 M
od

el
s 

fo
r 

A
ss

oc
ia

tio
ns

 o
f 

Sl
ee

p,
 S

ed
en

ta
ry

 B
eh

av
io

r, 
an

d 
Ph

ys
ic

al
 A

ct
iv

ity
 o

n 
C

ar
di

ov
as

cu
la

r 
H

ea
lth

A
ct

iv
it

y 
P

ar
am

et
er

M
od

el
 1

 B
(9

5%
C

I)
M

od
el

 2
 B

(9
5%

C
I)

M
od

el
 3

 B
(9

5%
C

I)

Se
de

nt
ar

y
.0

01
 ±

 .0
02

D
ro

pp
ed

−
.0

01
 ±

 .0
02

L
IP

A
.0

02
 ±

 .0
02

*
.0

01
 ±

 .0
02

**
D

ro
pp

ed

M
V

PA
.0

17
 ±

 .0
04

**
.0

16
 ±

 .0
04

**
.0

16
 ±

 .0
04

**

Sl
ee

p
.0

03
 ±

 .0
02

**
.0

03
 ±

 .0
02

**
.0

02
 ±

 .0
02

**

M
od

el
 1

=
 a

ll 
te

m
po

ra
l v

ar
ia

bl
es

 in
cl

ud
ed

; M
od

el
 2

=
 a

ll 
te

m
po

ra
l v

ar
ia

bl
es

 m
in

us
 s

ed
en

ta
ry

 b
eh

av
io

r 
in

cl
ud

ed
; M

od
el

 3
=

 a
ll 

te
m

po
ra

l v
ar

ia
bl

es
 m

in
us

 L
IP

A
 in

cl
ud

ed

L
IP

A
 =

 li
gh

t i
nt

en
si

ty
 p

hy
si

ca
l a

ct
iv

ity
; M

V
PA

 =
 m

od
er

at
e 

to
 v

ig
or

ou
s 

in
te

ns
ity

 p
hy

si
ca

l a
ct

iv
ity

; B
 =

 b
et

a;
 C

I 
=

 c
on

fi
de

nc
e 

in
te

rv
al

B
 ±

 9
5%

 c
on

fi
de

nc
e 

in
te

rv
al

 r
ep

re
se

nt
 th

e 
ef

fe
ct

 o
f 

a 
1-

m
in

ut
e 

in
cr

ea
se

 in
 e

ac
h 

ac
tiv

ity
 v

ar
ia

bl
e 

on
 th

e 
ca

rd
io

va
sc

ul
ar

 h
ea

lth
 s

co
re

A
ll 

m
od

el
s 

co
nt

ro
l f

or
 s

ex
, a

ge
, m

ar
ita

l s
ta

tu
s,

 e
du

ca
tio

n,
 a

nd
 r

ac
e

* p 
≤ 

0.
05

;

**
p 

≤ 
0.

01

Med Sci Sports Exerc. Author manuscript; available in PMC 2022 April 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

German et al. Page 17

Ta
b

le
 3

.

Is
ot

em
po

ra
l S

ub
st

itu
tio

n 
M

od
el

s 
fo

r 
A

ss
oc

ia
tio

ns
 o

f 
Sl

ee
p,

 S
ed

en
ta

ry
 B

eh
av

io
r, 

an
d 

Ph
ys

ic
al

 A
ct

iv
ity

 w
ith

 C
ar

di
ov

as
cu

la
r 

H
ea

lth
1–

3

A
ct

iv
it

y 
P

ar
am

et
er

C
V

H
 S

co
re

G
lu

co
se

 (
m

g/
dl

)4
Sy

st
ol

ic
 B

P
 (

m
m

H
g)

5
D

ia
st

ol
ic

 B
P

(m
m

H
g)

5
To

ta
l

C
ho

le
st

er
ol

 (
m

g/
dl

)6
B

M
I 

(k
g/

m
2 )

Se
de

nt
ar

y
D

ro
pp

ed
D

ro
pp

ed
D

ro
pp

ed
D

ro
pp

ed
D

ro
pp

ed
D

ro
pp

ed

L
IP

A
.0

39
 ±

 .0
33

*
−

.0
91

 ±
 .3

63
.2

31
 ±

 .2
90

.1
47

 ±
 .1

43
*

.5
34

 ±
 .5

02
*

−
.1

34
 ±

 .0
80

**

M
V

PA
.4

85
 ±

 .1
27

**
.2

79
 ±

 1
.4

19
−

1.
20

5 
±

 1
.1

33
*

−
.8

58
 ±

 .5
57

**
−

.0
49

 ±
 1

.9
29

−
1.

17
9 

±
 .3

10
**

Sl
ee

p
.0

77
 ±

 .0
45

**
−

.1
11

 ±
 .5

06
−

.1
82

 ±
 .4

04
−

.0
77

 ±
 .1

98
.4

93
 ±

 .6
94

−
.2

62
 ±

 .1
12

**

L
IP

A
 =

 li
gh

t i
nt

en
si

ty
 p

hy
si

ca
l a

ct
iv

ity
; M

V
PA

 =
 m

od
er

at
e 

to
 v

ig
or

ou
s 

in
te

ns
ity

 p
hy

si
ca

l a
ct

iv
ity

; C
V

H
 =

 c
ar

di
ov

as
cu

la
r 

he
al

th
; B

P 
=

 b
lo

od
 p

re
ss

ur
e;

 B
M

I 
=

 b
od

y 
m

as
s 

in
de

x

1 B
 ±

 9
5%

 c
on

fi
de

nc
e 

in
te

rv
al

 r
ep

re
se

nt
 th

e 
ef

fe
ct

 o
f 

su
bs

tit
ut

in
g 

30
 m

in
ut

es
 o

f 
se

de
nt

ar
y 

tim
e 

fo
r 

L
IP

A
, M

V
PA

, o
r 

sl
ee

p

2 A
ll 

m
od

el
s 

ar
e 

ad
ju

st
ed

 f
or

 s
ex

, a
ge

, m
ar

ita
l s

ta
tu

s,
 e

du
ca

tio
n,

 r
ac

e,
 a

nd
 to

ta
l d

ai
ly

 ti
m

e 
on

 m
on

ito
r. 

A
ll 

m
od

el
s 

ex
ce

pt
 f

or
 th

os
e 

pr
ed

ic
tin

g 
th

e 
C

V
H

 s
co

re
 a

nd
 B

M
I 

co
nt

ro
l f

or
 b

od
y 

m
as

s 
in

de
x.

3*
p 

≤ 
0.

05
;

**
p 

≤ 
0.

01

4 A
dd

iti
on

al
ly

 a
dj

us
te

d 
fo

r 
di

ab
et

es
 m

ed
ic

at
io

n 
us

ag
e

5 A
dd

iti
on

al
ly

 a
dj

us
te

d 
fo

r 
hy

pe
rt

en
si

on
 m

ed
ic

at
io

n

6 A
dd

iti
on

al
ly

 a
dj

us
te

d 
fo

r 
lip

id
-l

ow
er

in
g 

m
ed

ic
at

io
n

Med Sci Sports Exerc. Author manuscript; available in PMC 2022 April 01.


	Abstract
	INTRODUCTION
	METHODS
	Study Population
	Assessment of Sleep, Sedentary Behavior, and Physical Activity
	Assessment of Cardiovascular Health Metrics
	Operationalization of the Cardiovascular Health Score
	Statistical Analysis

	RESULTS
	Participant Characteristics
	Partition Models
	Isotemporal Substitution Models
	Cardiovascular Health Score
	Glucose
	Systolic Blood Pressure
	Diastolic Blood Pressure
	Total Cholesterol
	Body Mass Index
	Stratification by Sex
	Stratification of Total Cholesterol


	DISCUSSION
	References
	Figure 1.
	Table 1.
	Table 2.
	Table 3.

