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Abstract: Despite adults’ desire to reduce body mass (weight) for numerous health benefits, few are
able to successfully lose at least 5% of their starting weight. There is evidence on the independent
associations of physical activity, sedentary behaviors, and sleep with weight loss; however, this
study provided insight on the combined effects of these behaviors on long-term body weight loss
success. Hence, the purpose of this cross-sectional study was to evaluate the joint relations of sleep,
physical activity, and sedentary behaviors with successful long-term weight loss. Data are from the
2005–2006 wave of the National Health and Examination Survey (NHANES). Physical activity and
sedentary behavior were measured with an accelerometer, whereas sleep time was self-reported.
Physical activity and sleep were dichotomized into meeting guidelines (active/not active, ideal
sleep/short sleep), and sedentary time was categorized into prolonged sedentary time (4th quartile)
compared to low sedentary time (1st–3rd quartiles). The dichotomized behaviors were combined
to form 12 unique behavioral combinations. Two-step multivariable regression models were used
to determine the associations between the behavioral combinations with (1) long-term weight loss
success (≥5% body mass reduction for ≥12-months) and (2) the amount of body mass reduction
among those who were successful. After adjustment for relevant factors, there were no significant
associations between any of the independent body weight loss behaviors (physical activity, sedentary
time, and sleep) and successful long-term weight loss. However, after combining the behaviors, those
who were active (≥150 min MVPA weekly), regardless of their sedentary time, were significantly
(p < 0.05) more likely to have long-term weight loss success compared to the inactive and sedentary
referent group. These results should be confirmed in longitudinal analyses, including investigation
of characteristics of waking (type, domain, and context) and sleep (quality metrics) behaviors for
their association with long-term weight loss success.

Keywords: weight loss; exercise; sedentary behavior; sleep; accelerometry

1. Introduction

Nearly two-thirds of overweight or obese adults indicate their desire to reduce body
mass (weight), and around 40% of those are able to lose at least 5% of their starting weight
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in the short term [1]. However, very few are able to successfully maintain weight loss over a
meaningful period of time (≥12 months) [1–5]. Given the health benefits conferred by long-
term weight loss [3,4,6], it is important to identify strategies employed by those successfully
attaining this goal in the long term to optimize behavioral weight loss programs [7].

Weight loss and weight loss maintenance are mostly dependent, beyond genetics, on
the energy balance equation, such that those that are able to lose and maintain weight
loss have a negative energy balance [8–10]. On the energy intake side of the equation,
findings from the National Weight Control Registry indicate that individuals who are
successful at losing weight and maintaining weight loss over time utilize behavior strategies
including consuming a low-fat diet and self-monitoring food intake [11–13]. Furthermore,
successful weight loss maintainers aim to control total energy intake by drinking water and
minimizing consumption of sugar-sweetened beverages coupled with habitually engaging
in physical activity [11,13,14].

Physical activity, along with sleep and sedentary time, make up the three physical
behaviors on the energy expenditure side of the equation [15,16]. Each of these has been
studied for its independent associations with weight loss. Regarding physical activity,
initiating a structured exercise program and sustaining engagement has been cited as a
key component of weight loss maintenance [10,17]. Additionally, it has been found that
replacing sedentary time (activities requiring ≤1.5 metabolic equivalents (METs) [18]), with
moderate- to vigorous-intensity physical activity (MVPA) predicts weight change [15,19,20].
Less evidence exists on the relationship between sedentary behavior and weight loss
maintenance [21,22]; however, higher sedentary time has been associated with weight
regain [19,23,24]. With regards to sleep, evidence has shown that successful weight loss
maintainers sleep on average one hour longer than their less successful counterparts and
maintain a regular sleep schedule [21,25,26].

Despite the independent findings relating these three behaviors with successful long-
term weight loss maintenance, it is unclear if their co-occurrence is related to long-term
weight loss maintenance. The various combinations of these behaviors may be useful
in developing a more sophisticated understanding of how their co-action may relate to
long-term weight loss. From a public health perspective, these results may be helpful in
generating hypotheses to continue exploring the effects of lifestyle behaviors on weight loss.
Therefore, the purpose of this study was to evaluate the association between combinations
of physical activity, sedentarism, and sleep with successful long-term weight loss among a
population-based sample of United States (US) adults.

2. Materials and Methods
2.1. Study Design, Setting, and Participants

Data for this cross-sectional study were retrieved from the 2005–2006 National Health
and Examination Survey (NHANES), which collects cross-sectional health and nutrition
information biannually using a complex sampling design to produce a nationally represen-
tative sample of US residents [27]. The 2005–2006 administration of NHANES was utilized
due to it being the most recent administration with accelerometer-measured physical
activity and sedentary behavior available at the time of analysis [28].

For the current study, inclusion criteria comprising adult accelerometer participants
(n = 6849), who (1) had worn an accelerometer for more than 4 days with at least 10 h per
day (n = 6282), (2) were aged 18–65 years (n = 3262), and (3) were at one point during their
lifetime overweight, i.e., “historic” BMI ≥ 25 kg/m2 (n = 2191). Participants who were
underweight (BMI < 18.5 kg/m2) the year of the measurement or in the previous year were
excluded (n = 4) due to the potential for underlying medical conditions, as well as those
who were pregnant (n = 163). A complete case analysis approach was used, resulting in a
final analytic sample of 1735.
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2.2. Data Collection

NHANES collects participant data through an at-home visit (unweighted n = 10,348
(80.5% response rate)) and at a mobile examination center among those agreeing to a
physical examination (unweighted n = 9950 (77.4% response rate)) [27]. Data collected
at the at-home visit included a self-reported questionnaire conducted by a trained data
collector (interviewer). Data collected at the physical exam include blood serum samples
for various laboratory testing, and various other physiological measurements and medical
examinations. For the current analyses, all data other than physical activity, sedentary,
and smoking measures were obtained through the questionnaire. Participants aged 6 and
older were asked to wear a hip-worn accelerometer during waking hours over a seven-day
observation period. Participants were asked to wear the monitor for seven consecutive
days and to remove it at bedtime and before swimming or bathing (as monitors were
not water proof) [29]. The National Center for Health Statistics ethics review committee
approved all data collection protocols and received informed consent from all participants.
The NHANES data, methods, and procedures are explained in greater detail elsewhere [27].

2.3. Measures

The primary independent variables were behavioral combinations of physical activity,
sedentary time, and sleep. Physical activity and sedentary time were measured via Acti-
Graph AM-7164 (ActiGraph, Pensacola, FL, USA) accelerometers worn on the right hip [30].
The accelerometers measure the intensity of physical movement in a single plane (uniaxial)
in one-minute intervals (epochs) [31]. The epochs are then processed into counts per minute
(cpm) [31]. CPM-specific thresholds are used to classify movement by intensity of physi-
cal activity: sedentary (<100 cpm), light intensity (100–1951 cpm), moderate to vigorous
intensity (≥1952 cpm) [32]. For each participant, the average time spent in each of these
intensity categories was summed and averaged over the observation period. Participants
were classified as “active” if accumulating ≥150 min per week of accelerometer-derived
moderate- to vigorous-intensity physical activity (MVPA), as is consistent with the 2018
Physical Activity Guidelines for Americans [33]. Given the absence of a specific daily
threshold for sedentary time in the literature [34,35], this variable was categorized into
quartiles and then used to estimate the multivariable associations with long-term weight
loss. These results demonstrate that the 1st, 2nd, and 3rd quartiles were each independently
associated with long-term weight loss success compared to the 4th quartile (i.e., highest
levels of sedentary time). Therefore, sedentary time was classified as high or low based
on the 4th quartile vs. 1st–3rd quartiles. The accelerometer data collected in NHANES
have been examined widely to understand the relation between physical movement and
various health outcomes and have been demonstrated to be valid estimates of physical
movement [29,30].

Sleep time was estimated as part of a larger, validated sleep questionnaire (Functional
Outcomes of Sleep Questionnaire [36,37]), since the accelerometer was only worn during
waking hours. The reported average sleep time per night was dichotomized into “ideal
sleepers” (≥7 h of sleep per night) and “short sleepers” (<7 h of sleep per night) [38]. From
the independent subgroups (i.e., active vs. inactive, high vs. low sedentary time, and ideal
vs. short sleep), twelve categories were created based on all possible combinations.

The dependent variable was long-term weight loss success. Participants’ self-reported
body mass was estimated at three time points: current body mass, body mass one year
prior, and historical maximum body mass. The higher reported body mass between current
body mass or body mass one year prior was subtracted from historical maximum body
mass and then divided by the historical maximum body mass [6]. This calculated value
was multiplied by 100 to determine the participant’s percent of body mass reduction. Those
achieving at least 5% were classified as maintaining successful long-term weight loss [6].
Self-reported body mass using more recent (2005–2008) NHANES data has been found to
be more accurate than previous NHANES data (1988–1994) [39], and historical reporting
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of body mass (1 year prior and historical maximum body mass) has been found to be
minimally biased [40].

2.4. Statistical Analysis

Descriptive statistics and the bivariable relations of participant characteristics and
summary estimates of physical activity, sedentary behavior, and sleep by long-term weight
loss success were analyzed using t-tests, median tests for differences, or chi square tests
as appropriate. The multivariable associations among independent estimates of physical
activity, sedentary time, and sleep with long-term weight loss success were analyzed
using logistic regression models. Two-step models were used to evaluate the association
of combinations of weight-loss-related physical behaviors (sleep, physical activity, and
sedentary behaviors) with successful long-term weight loss. The first part of the two-step
model used a logit model to determine if there was an association between the behavioral
combination and any amount of long-term weight loss success greater than 0%. The second
part of the two-step model only included those who were successful at losing at least some
weight loss (i.e., >0%) and then estimated the amount of weight loss associated with the
behavioral combination using a generalized linear model (GLM), where Gaussian family
and log link function were employed due to the modified park test (chi2 = 28.24; p = 0.00)
and box Cox test (θ = 0.08; p = 0.004) results.

All models were adjusted for daily caloric intake (kcal), age (continuous, years), sex,
race/ethnicity (Hispanic, non-Hispanic white, non-Hispanic black, other), marital sta-
tus (married/not married), education (not college graduate/college graduate), annual
household income (< USD 20,000; USD 20,000–44,999; USD 45,000–74,999; ≥ USD 75,000),
household size (continuous), current smoking (yes/no, cutoff point for a cotinine level
of 3.08 ng/mL) [41], self-rated health status (poor, fair, good, very good, excellent), and
accelerometer wear time for sedentary time and physical activity. Statistical analysis was
performed using StataSE 15.1 (StataCorp LLC, College Station, TX, USA), while employ-
ing appropriate survey weights to enable representativeness; analyses were performed
February–April 2020. This study received exempt status from the University of Texas Health
Science Center at Houston (UTHealth) institutional review board (IRB# HSC-SPH-17-0925).

3. Results

Participant characteristics are shown in Table 1. A total of 525 participants (30.26%)
successfully maintained at least 5% weight loss for 12 months. When comparing participant
characteristics by long-term weight loss success, there were significant differences (p < 0.05) by
age, self-reported health status (good), and household income (USD 20,000–44,999 annual).

Participants’ sleep, sedentary time, and physical activity levels are described by long-
term weight loss success using bivariable analyses in Table 2. A greater proportion of
unsuccessful long-term weight loss maintainers slept the ideal number of hours (≥7 h
per night) than those successfully maintaining long-term weight loss; however, these
differences were not statistically significant (p = 0.35). Additionally, those successfully
maintaining long-term weight loss spent less time sedentary (p = 0.36), and more time in
light-intensity physical activity (p = 0.84) and MVPA (p = 0.55); however, these differences
were not statistically significant.
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Table 1. Participants’ characteristics by long-term weight loss success.

Long-Term Weight Loss Success a

% (95% CI)

Characteristic Unsuccessful
(<5%)

Successful
(≥5%) p

Age (years), means (SE)
Current 42.8 (0.7) 44.8 (0.5) 0.01

Sex
Female 46.5 (43.5–49.5) 42.8 (39.3–48.5) 0.17
Male 53.5 (50.5–56.5) 57.2 (51.9–62.6) 0.17

Current smoking
Smoker 27.9 (23.5–32.3) 31.5 (25.6–37.4) 0.25

Nonsmoker 72.1 (67.7–76.5) 68.5 (62.6–74.4) 0.25

Household size
Count, mean (SE) 3.2 (0.1) 3.0 (0.1) 0.10

Race/ethnicity
White, non-Hispanic 69.1 (62.2–76.0) 72.8 (65.9–79.8) 0.12
Black, non-Hispanic 13.8 (8.7–18.8) 11.5 (6.0–17.1) 0.19

Hispanic 12.6 (8.8–16.4) 11.2 (7.2–15.2) 0.40
Other b 4.5 (1.6–7.4) 4.5 (2.5–6.5) 0.99

College graduate
No 76.0 (70.6–81.4) 73.4 (63.6–83.3) 0.53
Yes 24.0 (18.6–29.4) 26.6 (16.7–36.5) 0.53

Marital status
Not married 30.3 (25.9–34.8) 32.5 (26.0–39.0) 0.47

College graduate or more 69.7 (65.2–74.1) 67.5 (61.0–74.0) 0.47

Self-report health status
Excellent 7.7 (6.0–9.5) 10.4 (6.9–13.9) 0.92

Very good 34.8 (31.4–38.2) 34.0 (29.8–38.3) 0.20
Good 41.5 (38.7–44.4) 36.8 (31.0–42.6) 0.03
Fair 13.9 (11.7–16.1) 16.7 (12.3–21.0) 0.62
Poor 2.0 (1.2–2.9) 2.1 (0.5–3.7) 0.05

Annual household income
below USD 20,000 12.2 (10.0–14.5) 12.2 (9.8–14.6) 0.98
USD 20,000–44,999 24.5 (19.2–29.7) 24.2 (18.1–30.3) 0.94
USD 45,000–74,999 26.7 (23.7–29.6) 31.6 (26.5–36.4) 0.04
USD 75,000 or more 36.7 (31.1–42.2) 32.0 (24.1–39.9) 0.30

Daily caloric intake (kcal d−1) mean
(SE)

2327.2 (27.8) 2325.2 (51.02) 0.97

Abbreviations: CI, confidence interval; kcal d−1, SE, standard error. Notes: a long-term weight loss was calculated by taking the participants’
reported body mass 1 year ago or current body mass (the higher of the two), subtracting that figure from their historical maximum body
mass, and then dividing by their historical maximum body mass and multiplying by 100. b Includes Asian, Native Hawaiian/Pacific
Islander, and non-Hispanic multiple race/ethnicities.
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Table 2. Comparison of estimates of sleep, sedentary time, and physical activity by long-term weight loss groups.

Long-Term Weight Loss Success a

Unsuccessful
(<5%)

Successful
(≥5%) p

Sleep
Total sleep time (h d−1), mean (SE) 6.8 (0.04) 6.7 (0.08) 0.46

Ideal sleepers b 62.8 (59.4–66.3) 59.3 (52.3–66.2) 0.35

Sedentary
Total sedentary time (min d−1), mean (SE) 2878.5 (40.9) 2817.1 (55.9) 0.36

High sedentary c 23.1 (20–6-25.6) 19.4 (14.5–24.2) 0.13

Physical activity
Light physical activity (min d−1), mean (SE) 1527.4 (27.2) 1535.6 (37.4) 0.84

MVPA (min d−1), mean (SE) 144.1 (6.8) 148.4 (8.2) 0.55
Total accelerometer wear time (minutes), mean (SE) 5111.3 (71.4) 5060.9 (72.9) 0.47

Accelerometer counts (ct/min d−1), mean (SE) 47.0 (0.8) 47.9 (0.9) 0.44
Active d, % (95% CI) 38.6 (33.1–44.1) 37.5 (31.4–43.7) 0.75

Abbreviations: CI, confidence interval; h d−1, hours per day; min d−1, minutes per day; MVPA, moderate- to vigorous-intensity physical
activity; SE, standard error. Notes: a Long-term weight loss was calculated by taking the participants’ reported body mass 1 year ago or
current body mass (the higher of the two), subtracting that figure from their historical maximum body mass, and then dividing by their
historical maximum body mass and multiplying by 100. b Ideal sleepers are those that report sleeping for ≥7 h per night. c High sedentary
are those in the 4th quartile of sedentary time per day. d Active are those that accumulate greater than or equal to 150 min per week of
moderate to vigorous aerobic physical activity.

The multivariable relationship between long-term weight loss success and each of the
independent behaviors (sleep, sedentary, and physical activity) is presented in Table 3. None
of the behaviors were significantly associated with long-term weight success (p > 0.05);
however, compared to the reference, lower levels of sedentary time were associated with
higher odds of long-term weight loss success.

Table 3. Multivariable associations between sleep, sedentary time, and physical activity with long-term weight loss success.

Long-Term Weight Loss Success a

OR 95% CI p

Sleep b

Poor sleepers 1.0 (ref.)
Ideal sleepers 0.83 0.60–1.16 0.25

Sedentary
4th quartile 1.0 (ref.)
1st quartile 1.57 0.63–3.90 0.30
2nd quartile 1.55 0.90–2.66 0.11
3rd quartile 1.29 0.80–2.09 0.28

Physical activity
Inactive c 1.0 (ref.)
Active d 1.01 0.76–1.36 0.92

Abbreviations: CI, confidence interval; Coef, coefficient; OR, odds ratio; P, p-value; Ref, reference group. Notes: a Long-term weight loss
was calculated by taking the participants’ reported body mass 1 year ago or current body mass (the higher of the two), subtracting that
figure from their historical maximum body mass, and then dividing by their historical maximum body mass and multiplying by 100. b

Poor sleepers are those that sleep less than 7 h per night. Ideal sleepers are those that report sleeping for ≥7 h per night. c Inactive are those
that accumulate less than 150 min per week of moderate- to vigorous-intensity aerobic physical activity. d Active are those that accumulate
greater than or equal to 150 min per week of moderate- to vigorous-intensity aerobic physical activity. All models are adjusted for age,
sex, race/ethnicity, education, marital status, household income and size, self-rated health status, smoking, and daily caloric intake. Each
independent variable was entered into a separate regression model, and accelerometer wear time was adjusted for in the models where
accelerometers were used (i.e., sedentary time and physical activity).

The results from the two-step models are depicted in Table 4. The logit portion (step
one) of the model indicates the behavioral combination’s association with any amount
(greater than 0%) of long-term weight loss success. In step one, there were significant
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associations found for the inactive + low sedentary (OR [95% CI] = 1.61 [1.12–2.31], p < 0.01),
active + high sedentary (OR [95% CI] = 1.61 [1.10–2.38], p < 0.02), and active + low sedentary (OR
[95% CI] = 1.55 [1.05–2.28], p < 0.03) behavioral combination after adjusting for covariates.
The active portion of the behavioral combination describes an individual that is sufficiently
physically active to meet the minimum recommendations for physical activity (150 min
per day of MVPA), while the low sedentary portion describes an individual averaging
less than 3592 min per day of sedentary time. In the GLM portion of the model, the
analysis only includes those that were successful at long-term weight loss (>0%) and
estimates the amount or degree of weight loss associated with each modeled behavioral
combination. Among successful long-term weight loss maintainers, compared to the short
sleepers + inactive combination, the ideal sleepers + active combination was significantly
associated (p = 0.01) with a decrease in weight loss after accounting for relevant factors.

Table 4. Two-step regression analysis of joint associations of sleep, sedentary time, and physical activity with long-term
weight loss success a.

Step 1—Logit Model Step 2—GLM Model

OR (95% CI) p Coef. (SE) p

Sleep + Sedentary
Poor sleep b + high sedentary Ref. Ref.
Poor sleep b + low sedentary 1.23 (0.79–1.90) 0.36 −0.07 (0.15) 0.64
Ideal sleep c + high sedentary 0.93 (0.67–1.31) 0.68 −0.17 (0.10) 0.10
Ideal sleep c + low sedentary 1.27 (0.84–1.92) 0.27 −0.14 (0.17) 0.39

Physical activity 1.31 (0.98–1.74) 0.07 −0.13 (0.08) 0.09

Sleep + Physical Activity
Poor sleep b + inactive d Ref. Ref.
Poor sleep b + active e 0.98 (0.64–1.49) 0.92 −0.18 (0.11) 0.12

Ideal sleep c + inactive d 0.83 (0.61–1.12) 0.22 −0.15 (0.10) 0.14
Ideal sleep c + active e 1.28 (0.88–1.86) 0.20 −0.25 (0.09) 0.01

Sedentary 1.32 (0.95–1.84) 0.10 −0.02 (0.12) 0.88

Physical Activity + Sedentary
Inactive d + high sedentary Ref. Ref.
Inactive d + low sedentary 1.61 (1.12–2.31) 0.01 −0.18 (0.09) 0.06
Active e + high sedentary 1.61 (1.10–2.38) 0.02 −0.06 (0.16) 0.71
Active e + low sedentary 1.55 (1.05–2.28) 0.03 −0.13 (0.12) 0.26

Sleep 0.96 (0.75–1.24) 0.78 −0.13 (0.08) 0.11

Sleep + Sedentary + Physical Activity
None of the behaviors Ref. Ref.
Any 1 of the behaviors 1.12 (0.65–1.94) 0.68 0.27 (0.16) 0.11
Any 2 of the behaviors 1.22 (0.71–2.10) 0.48 0.11 (0.16) 0.49
All 3 of the behaviors 1.65 (0.91–2.98) 0.10 0.01 (0.17) 0.96

Abbreviations: CI, confidence interval; Coef, coefficient; OR, odds ratio; P, p-value; Ref, reference group. Note: All models were adjusted for
age, sex, race/ethnicity, marital status, education, household income and size, smoking status, self-rated health status, daily caloric intake,
and accelerometer wear time. Models for any doublet pair of behaviors were adjusted for the third behavior. a Long-term weight loss was
calculated by taking the participants’ reported body mass 1 year ago or current weight (the higher of the two), subtracting that figure from
their historical maximum body mass, and then dividing by their historical maximum body mass and multiplying by 100. b Poor sleepers
are those that sleep less than 7 h per night. c Ideal sleep is defined as sleeping for ≥7 h per night. d Active are those that accumulate greater
than or equal to 150 min per week of moderate to vigorous aerobic physical activity. d Inactive are those that accumulate less than 150 min
per week of moderate- to vigorous-intensity aerobic physical activity. e Active are those that accumulate greater than or equal to 150 min
per week of moderate- to vigorous-intensity aerobic physical activity.

4. Discussion

Taken together, of all the elements of the 24 h activity behavioral combinations (physi-
cal activity, sleep, sedentary time), physical activity and sedentary time together was the
most consistently associated with long-term weight loss success. Notably, physical activity
was not independently associated with long-term weight loss success but required the
combination with sedentary time. While these findings were statistically significant, they
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pertained to any level of weight loss (>0%) and were not clinically meaningful. That is,
when it came to clinically meaningful weight loss (≥5%) [7], these relationships were not
significant. These results warrant future research with a larger sample size, improved
measure, and longitudinal design.

Previous research has found each of the activity and sleep behaviors to be indepen-
dently associated with weight loss and long-term weight loss maintenance. Individuals
successfully maintaining weight have reported greater levels of MVPA than those who are
unsuccessful [42]. Objective measures of energy expenditure have recently confirmed these
findings by indicating that, compared to normal weight and overweight/obese controls,
individuals that have successfully maintained long-term weight loss have markedly higher
levels of physical-activity-related energy expenditure [43]. Research on sedentary behavior
has demonstrated that successful weight loss maintainers have lower levels of sedentary
time in comparison to controls [21,22]. Additionally, sedentary time has been found to be
associated with weight regain [19,23,24]. Finally, sleep research has shown that, amongst
successful weight loss maintainers, those who experience more success sleep on average
1 h longer than their less successful counterparts [25]. Not only has sleep duration been
shown to have health effects but also sleep quality (efficiency, staying asleep), architecture
(sleep stages), timing (bedtime/wake up time), consistency (day to day variability), and
continuity (variability in sleep duration within the same night) [44,45]. Future research
should aim to evaluate these additional sleep metrics for their relationship with other
behaviors in the activity and sleep cycle and related health outcomes.

Despite these findings in the literature, the current study found no association be-
tween weight loss and the activity and sleep behaviors independently, but rather only as
combined behaviors (physical activity and sedentary time). It is of note that the model
with interactions did not include the main effects of variables in interaction terms (see
Table 4). Subsequently, we computed models with interactions and the main effects of
interaction terms, which appear in the Appendix A; findings did not change materially. As
others have pointed out, the combined effect of these behaviors may be more important
to health than any one behavior independently [46]. However, the results of the current
study did not entirely support this notion. We found that only the combined behaviors of
physical activity and sedentary time were related to weight loss success, but neither this
combination nor the other behavioral combinations were consistently related to the degree
of weight loss among those who had successfully lost weight. Additionally, many of the co-
efficients relating the degree of weight loss (step two in the two-step model) were negative
values, indicating a negative association between the behavioral combinations and degree
of weight loss. The lack of strength and consistency in these findings may be an indication
of potential role diet plays in weight loss success and maintenance; as stated in the 2018
Physical Activity Guidelines for Americans, the “health benefits of physical activity are
generally independent of body weight” [33]. From a clinical perspective, these results
should not be interpreted to mean that physical activity confers no weight-loss-related
benefits, but rather that “the amount of physical activity necessary to achieve [weight loss]
varies greatly from person to person” [33] and should be considered a tool for weight
maintenance rather than weight loss. Given that the stated objective of this study was to
determine the associations between physical behaviors related to energy expenditure (or
lack thereof) and weight loss, we only adjusted for caloric intake as a covariate. Given these
findings, and the known importance of diet quality and caloric intake within the weight
loss paradigm, future studies should aim to determine the combined effect of physical
activity, sleep, sedentary time, and diet on long-term weight loss success and maintenance.
Furthermore, healthcare providers should continue to recommend and advise on strategies
to engage in a healthy lifestyle that includes a comprehensive, multicomponent physical
activity [47] and nutrition [48] plan for health benefits (including weight loss maintenance).

This study is not without limitations. First, the study design was cross-sectional and,
therefore, precludes establishing a temporal relationship between the behavioral combi-
nations and long-term weight loss success and subsequently reaching causal inferences.
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However, the weight loss estimates were based on historical maximum body mass, thereby
allowing the estimation of change in body mass over time. Meanwhile, the activity and
sleep behavior estimates occurred at the time of data collection and, therefore, allow one to
assume that these are the behavioral combinations of individuals currently successfully
maintaining long-term weight loss. Furthermore, these data from 2005–2006 may be con-
sidered by some as outdated. Although the NHANES has more recent accelerometer data
available (collected between 2011–2012 and 2013–2014), these data are not provided in such
a format to allow the analysis as was done in the current study. Therefore, the current
accelerometry data (NHANES 2005–2006) are the most accurate and latest assessment of
physical activity among a nationally representative sample of Americans. Second, the esti-
mates for physical activity and sleep were categorized into clinically meaningful categories;
however, in doing so, the thresholds used to construct the categories may not be relevant
to the outcome under study, and the use of categorical data in this way may limit the
statistical power to detect an association. Moreover, the study relies on self-reported sleep,
height, and body mass, which could lead to under-reporting (body mass) or over-reporting
(height). However, since these variables were measured using a standard protocol, this
likely leads to non-differential misclassification [49]. It should also be noted that the use of
body mass reduction may not reflect a reduction in fat mass, but rather a reduction in some
other component of body composition (fat-free mass, bone mineral density). Unfortunately,
historical body composition data are not available in the NHANES data, which would
be required to estimate changes in body composition over time as done here. Finally, the
sample size used in this study is relatively small, particularly when considering the study’s
aim of examining joint relationships of lifestyle behavior and weight loss.

5. Conclusions

The current study was based on a representative sample of US adults that utilized
device-based measures of physical activity and sedentary behavior, combined with self-
reported sleep duration to assess the relation between combinations of physical activity,
sleep, and sedentary behaviors in individuals with long-term weight loss maintenance. The
results indicate that after accounting for covariates, the combined association of physical
activity and limited sedentary time is related to weight loss but without clinical significance.
Specifically, these behaviors did not appear to have consistent and meaningful relations
with the degree of weight loss. Future longitudinal research using larger sample sizes with
objectively measured sleep should confirm these findings, while further examining the
elements of each of these behaviors and related health outcomes.
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Appendix A

Table A1. Two-step regression analysis of joint associations of sleep, sedentary time, and physical activity with long-term
weight loss success a.

Step 1—Logit Model Step 2—GLM Model

Odds Ratio (95% CI) p Coef. (SE) p

Sleep + Sedentary
Poor sleep b + high sedentary Ref. Ref.

Low sedentary 1.21 (0.74–1.99) 0.44 0.29 (0.01–0.58) 0.05
Ideal sleep c 0.87 (0.51–1.47) 0.59 0.14 (−0.15–0.43) 0.36

Ideal sleep c + low sedentary 1.17 (0.65–2.11) 0.61 −0.32 (−0.66–0.02) 0.06
Physical activity 1.32 (0.99–1.75) 0.06 −0.15 (−0.31–0.00) 0.05

Sleep + Physical Activity
Poor sleep b + inactive e Ref. Ref.

Active d 1.00 (0.66–1.52) 0.99 0.00 (−0.41–0.42) 0.10
Ideal sleep c 0.84 (0.62–1.13) 0.25 −0.18 (−0.48–0.12) 0.13

Ideal sleep c + active 1.55 (0.93–2.58) 0.10 0.07 (−0.22–0.35) 0.65
Sedentary 1.33 (0.94–1.89) 0.11 0.11 (−0.10–0.31) 0.30

Physical Activity + Sedentary
Inactive e + high sedentary Ref. Ref.

Low sedentary 1.58 (1.04–2.42) 0.03 0.16 (−0.09–0.42) 0.21
Active d 1.80 (1.03–3.12) 0.04 −0.04 (−0.34–0.26) 0.80

Active d + low sedentary 0.67 (0.36–1.22) 0.19 −0.14 (−0.49–0.21) 0.43
Ideal sleep c 0.98 (0.76–1.26) 0.85 −0.13 (−0.29–0.02) 0.09

Abbreviations: CI, confidence interval; Coef, coefficient; OR, odds ratio; P, p-value; Ref, reference group. Note: All models were adjusted
for age, sex, race/ethnicity, marital status, education, household income and size, smoking status, self-rated health status, daily caloric
intake, and accelerometer wear time. Models for any doublet pair of behaviors were adjusted for the third behavior. Computed models
include interactions and the main effects of interaction terms. a Long-term weight loss was calculated by taking the participants’ reported
body mass 1 year ago or current weight (the higher of the two), subtracting that figure from their historical maximum body mass, and then
dividing by their historical maximum body mass and multiplying by 100. b Poor sleepers are those that sleep less than 7 h per night. c Ideal
sleep is defined as sleeping for ≥7 h per night. d Active are those that accumulate greater than or equal to 150 min per week of moderate
to vigorous aerobic physical activity. e Inactive are those that accumulate less than 150 min per week of moderate- to vigorous-intensity
aerobic physical activity. e Active are those that accumulate greater than or equal to 150 min per week of moderate- to vigorous-intensity
aerobic physical activity.
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