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PHYSICAL ACTIVITY, HEALTH AND EXERCISE

Accelerometer-measured physical activity and sedentary behaviour are associated 
with C-reactive protein in US adults who get insufficient sleep: A threshold and 
isotemporal substitution effect analysis
Yanwei You a,b

aDivision of Sports Science & Physical Education, Tsinghua University, Beijing, China; bSchool of Social Sciences, Tsinghua University, Beijing, China

ABSTRACT
This study aimed to investigate the association between physical activity, sedentary behaviour and 
chronic inflammation in short sleep adults. The study included 2,113 NHANES participants with self- 
reported insufficient sleep. C-reactive protein (CRP) was used as the inflammatory biomarker. Physical 
activity and sedentary behaviour were objectively measured by accelerometers. Weighted regression 
model, two – piecewise linear regression model, and restricted cubic splines were applied to evaluate 
associations mentioned above. An isotemporal substitution model was used to assess the modelled 
effects of replacing sedentary time (ST) with moderate-to-vigorous levels of physical activity (MVPA) or 
light physical activity (LPA). After adjusting for potential confounding factors, higher levels of ST and 
lower levels of LPA or MVPA were associated with higher CRP levels. Isotemporal substitution analysis 
indicated that replacing 30 minutes of ST with 30 minutes of MVPA was associated with a significant 
decrease in CRP levels. Saturation analysis suggested that the association between MVPA and CRP may 
plateau at over 20 minutes of MVPA per day. Findings of this study provides insight into the potential 
benefits of replacing ST with MVPA. This study also suggests that increasing MVPA beyond a certain point 
may not provide additional anti-inflammatory benefits in a short sleep population.
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1. Introduction

Over the last three decades, there has been a significant 
decrease in sleep duration, leading to a rising prevalence of 
insufficient sleep (Ford et al., 2015; Keyes et al., 2015). It is 
estimated that in the near future, the price of insufficient 
sleep will culminate upward to $467.7 billion, predominantly 
attributable to reduced work productivity and increased risk of 
mortality linked to insufficient sleep (Hafner et al., 2017). As 
a means of promoting optimal well-being for adults aged 
18–60, the American Academy of Sleep Medicine (AASM) 
Society suggests at least 7 hours of regular, daily sleep 
(Watson et al., 2015). Nonetheless, 1/3 of Americans fail to 
meet this recommendation, necessitating a comprehensive 
investigation into the health implications experienced by 
those who experience inadequate sleep.

An abundance of evidence has demonstrated that insuffi
cient sleep represents a considerable factor in the development 
of inflammation (Atrooz & Salim, 2020; Park et al., 2016; 
Simpson & Dinges, 2007). C-reactive protein (CRP), acknowl
edged as a non-specific inflammatory marker, is synthesized 
in the liver and fundamentally triggers immune responses 
within the body. This vital protein manifests itself as an auton
omous prognosticator of a variety of health outcomes, includ
ing obesity (Visser et al., 1999), diabetes (King et al., 2003), 
cardiovascular diseases (Nocon et al., 2008), stroke (Ford & 
Giles, 2000), cancer (Allin & Nordestgaard, 2011), and affective 
disorders (Howren et al., 2009; Pitharouli et al., 2021). CRP is 

released in response to inflammation, increasing when there is 
an acute or chronic inflammatory condition present within the 
physiological system (Ablij & Meinders, 2002). Multiple studies 
have illustrated that individuals experiencing short sleep dura
tion exhibit elevated CRP rates, indicating an increased risk of 
inflammation (Holingue et al., 2018; Richardson & Churilla, 
2017; Rico-Rosillo & Vega-Robledo, 2018).

In addition to the link between short sleep duration and 
inflammation, the evidence also suggests that physical activity 
and sedentary behaviour may play a role in inflammation and 
CRP levels (Parsons et al., 2017; Pryzbek et al., 2019; You et al., 
2022). However, the intensity of physical activity in relation to 
CRP is unknown, especially among those experiencing insuffi
cient sleep. In the short-sleep population, the positive effects of 
physical activity are not consistent (Stefan et al., 2018; You et al., 
2023, You et al., 2024). There has been abundant evidence that 
high intensity exercise can bring multiple positive effects on 
inflammation (Edwards & Loprinzi, 2018; You et al., 2021; You 
et al., 2023). However, it seems that varying levels of activity 
intensity might be the reason behind the different impacts of 
physical activity on biomarkers of systemic inflammation (Nilsson 
et al., 2018). Based on the above findings, we propose that there 
is a “sweet spot” in terms of exercise intensity that is optimal for 
reducing inflammation in the short-sleep population.

Cumulatively, existing research has elucidated that physical 
activity exerts anti-inflammatory effects, including the attenua
tion of C-reactive protein (CRP) levels, whereas insufficient 

CONTACT Yanwei You yyw22@mails.tsinghua.edu.cn Division of Sports Science & Physical Education, Tsinghua University, Beijing 100084, China
Supplemental data for this article can be accessed online https://doi.org/10.1080/02640414.2024.2348906

JOURNAL OF SPORTS SCIENCES                        
2024, VOL. 42, NO. 6, 527–536 
https://doi.org/10.1080/02640414.2024.2348906

© 2024 Informa UK Limited, trading as Taylor & Francis Group 

http://orcid.org/0000-0001-8367-4980
https://doi.org/10.1080/02640414.2024.2348906
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/02640414.2024.2348906&domain=pdf&date_stamp=2024-05-13


sleep appears deleterious in this regard. Research on the asso
ciations between varying intensities of physical activity and CRP 
levels among individuals experiencing short sleep, as well as 
whether substituting sedentary time with moderate-to- 
vigorous physical activity (MVPA) or light physical activity 
(LPA) can have a beneficial effect on inflammation in this 
population, remains unknown. Although some studies have 
shown associations between physical activity or exercise parti
cipation in different forms and decreased inflammation (Z. Liu 
et al., 2018; Paolucci et al., 2018), the study populations were 
small and non-representative of the US population. 
Additionally, evidence regarding the impact of different physi
cal activity intensities on inflammation was inconsistent (Ding & 
Xu, 2022; Metsios et al., 2020). Therefore, exploring the dose- 
response relationship may provide a more comprehensive 
understanding of the impact of MVPA on CRP levels in indivi
duals with short sleep. The present study endeavours to 
address these limitations in evidence and provide insights to 
help develop targeted interventions aimed at mitigating 
inflammation in individuals with inadequate sleep, thereby 
improving health outcomes.

To our knowledge, no prior empirical investigation has 
examined the impact of sedentary behaviour and physical 
activity on inflammation among adults who get insufficient 
sleep. Drawing upon data from the National Health and 
Nutrition Examination Survey (NHANES), we sought to investi
gate this research gap. The objective of this study was to (i) 
explore associations between physical activity patterns and 
CRP levels in individuals with insufficient sleep; (ii) utilize an 
isochronous substitution model and examine the impact of 
physical activity replacing sedentary behaviour on CRP levels; 
(iii) perform a dose-response analysis and determine whether 
there is a threshold for physical activity intensity that may 
provide a significant reduction in CRP levels.

2. Methods

2.1. Design and participants

Data from the cross-sectional National Health and Nutrition 
Examination Survey (NHANES) were analysed. NHANES is 
a health and nutrition examination survey designed to assess 
Americans’ health and nutritional status. Briefly, this survey 
contains a multistage probability-clustered, nationally repre
sentative sample with stratification at different levels of com
plexity from various states of the country. Since NHANES 
introduced its first sleep questionnaire in 2005 and 24-hour 
waist-worn accelerometer data was available on 2003–2004 
and 2005–2006 cycles, we selected the cycle of NHANES 
2005–2006. The NCHS Research Ethics Review Board approved 
the survey protocol and each participant provided written 
consent to participate in NHANES.

A flowchart illustrating the inclusion and exclusion process is 
shown in Figure 1. A total of 9,950 participants were initially 
included in the study and 4,773 participants were left after 
excluding those under the age of 20 years (n = 5,177). 
Following this, participants without sleep information or sleep
ing for more than 7 hours were excluded (n = 1,791). Participants 
with missing CRP information reflecting inflammation were 
excluded (n = 191). Further exclusions were made for partici
pants who lacked accelerometer measurement data (n = 588). 
Participants who were pregnant (n = 92) and those with missing 
covariate data (n = 88) were also eliminated. Finally, the study 
population consisted of 2,113 NHANES participants with short 
sleep durations and completed accelerometer and CRP data.

2.2. Measurement of sleep

Participants were asked to provide information on their typical 
sleep length in response to a prompt asking about their routine 

Figure 1. Flowchart illustrating the inclusion and exclusion process.
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sleep hours: “How much sleep do you get (hours)?” Data was 
then compiled accordingly from participant responses 
recorded typically in whole numbers and according to the 
hours slept in a 24-hour cycle. National Sleep Foundation’s 
recommended sleep duration in the general population 
(including young adults, adults and older adults) was at least 
7 hours per night (Hirshkowitz et al., 2015; Hirshkowitz et al., 
2015). Hence, the cut-off value of short-sleep in this study was 
set at 7 hours (Y. Liu et al., 2016; You et al., 2023; You et al., 
2024).

2.3. Measurement of physical activity

The characterization of physical activity in this study was delim
ited by the measurement of time participants spent engaged in 
three daily behaviours: sedentary time (ST), MVPA or LPA. These 
intensities were calculated using data obtained from a minute- 
by-minute activity counts recorded via an ActiGraph AM-7164 
accelerometer. Participants were required to wear the acceler
ometer on their waist with the exception of water-based activ
ities and sleep. To ensure the integrity of the physical activity 
data, we established a criterion where participant records 
needed a minimum of 10 hours of valid wear time data to be 
deemed reliable. Days falling below this threshold, with less 
than 10 hours (600 minutes) of wear time data, were deemed 
insufficient and thus excluded from our analytical assessments. 
Notably, in the present investigation, minutes recorded as 
sedentary were defined as intervals where activity counts fell 
below 100 counts per minute (CPM) while active minutes indi
cated those where counts exceeded this threshold. 
Additionally, LPA minutes were coded as values between 100 
and 2020 CPM while MVPA measurements were identified as >  
2020 CPM (Troiano et al., 2008; Tudor-Locke et al., 2015). 
Methodology and procedures associated with the collection 
of data for the NHANES accelerometer studies have been 
detailed previously and are available online on public platforms 
(Cdc/National Center for Health Statistics). These details have 
been discussed comprehensively in previous works catalogued 
elsewhere (Tudor-Locke et al., 2012).

2.4. Measurement of CRP

NHANES conducted physical examinations of participants at 
a mobile examination centre (MEC) during which blood sam
ples were extracted for the purpose of assessing CRP. CRP levels 
were determined via latex-enhanced nephelometry (Dade 
Behring, Deerfield, IL). This assay was performed using 
a calibration curve to enable precise CRP concentration calcula
tions while data signal reduction was achieved through imple
mentation of a storable logit-log function. Quantitative CRP 
determination assays were conducted using a Behring 
Nephelometer in order to obtain reliable results with a high 
level of precision. Complete details on blood sample collection 
procedures and the analytical techniques utilized are available 
for review on the NHANES website (Cdc/National Center for 
Health Statistics, 2023).

2.5. Assessment of covariates

Referring to several previous publications based on the 
NHANES (You et al., 2023; You et al., 2022; You et al., 2023), 
this study incorporated a range of covariates to assess the 
relationship between physical activity patterns and CRP in the 
short sleep population. Specifically, we included variables such 
as age, gender, race/ethnicity (non-Hispanic white, non- 
Hispanic black, Mexican American, and other race), marital 
status, education, poverty-to-income ratio (PIR), body mass 
index (BMI), smoking, and alcohol use status. As an indicator 
of socioeconomic status, we assessed PIR, designating a value 
less than 1 as below the poverty threshold (Lee et al., 2012). BMI 
was determined by weight in kilograms divided by height in 
metres squared (kg/m2). Smoking status information was 
obtained from responses to a questionnaire regarding cigarette 
use, with classification based on never, former, or current smo
ker. We also assessed alcohol intake status and distinguished 
between non-drinkers, moderate alcohol users, and high alco
hol users. These measures were critical for understanding the 
influence of sociodemographic characteristics and lifestyle fac
tors on our results.

2.6. Statistical analyses

To accomplish nationally representative estimates, survey analysis 
procedures were applied to account for sample weights (mobile 
examination centre exam weight), stratification, and clustering of 
the complex sampling design (You et al., 2024 You et al., 2024). 
Weighted means and standard errors (SEs) were calculated for 
continuous variables, while weighted proportions were deter
mined for categorical variables. Weighted linear regression models 
using a 30-minute change as the unit for ST, LPA, and MVPA were 
carried out to pinpoint associations with CRP levels. Quartiles of 
ST, LPA, and MVPA were also computed as categorical variables for 
regression analysis to better reflect the trend between physical 
activity patterns and CRP levels.

To control for covariates, unadjusted and multivariate 
adjusted models were employed in the analysis. Three models 
were generated: a crude model without any covariates, Model 1 
with covariate adjustments for age, sex, and race, and Model 2 
with additional covariates such as marital status, education, PIR, 
BMI, smoking, and alcohol use status. Regression results were 
presented as β values with their respective 95% confidence 
intervals (95% CIs). Stratified analyses were carried out using 
the crude model to evaluate the effects of different subgroups.

Isotemporal substitution analysis was implemented to inves
tigate the modelled effects of different physical activity pat
terns on CRP levels. The isotemporal substitution model was 
chosen due to its increasing usage in physical activity and 
health research (Buman et al., 2014; Mekary & Ding, 2019; 
Nagai et al., 2018). It estimates the effect of changing the 
amount or type of physical activity on a health outcome while 
maintaining the total amount of physical activity constant. 
Under the assumption that the individual’s total amount of 
physical activity remained unchanged and that any change in 
physical activity was due to a substitution of one type of 
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physical activity for another, the model was performed to dis
cern the influence of different physical activities on health 
indicators (such as CRP in this study) by quantifying how repla
cing a given amount of time spent in one type of activity 
intensity with an equivalent duration allocated to other inten
sities (Mekary et al., 2009).

In compliance with prevailing methodologies, we divided all 
activity intensities (i.e., sedentary behaviour, LPA, and MVPA) by 
a constant of 30. This approach ensured that each unit repre
sented an exchange of 30 minutes of these behaviours per day 
and allowed for equivalence to physical activity guidelines 
(Galmes-Panades et al., 2019). To facilitate a time-substitution 
model, the author created a variable by adding together seden
tary behaviour, LPA, and MVPA. The equation used in the time- 
substitution model is illustrated as follows: Model = (β1) Total 
Time + (β2) LPA + (β3) MVPA + (β4) covariates. Notably, the 
variable to be substituted was not included in the formula. In 
this regard, β1 – β4 represent the coefficients of different 
activities on health outcomes without sedentary time.

To investigate the threshold effect and control for any con
founding variables, a two-piecewise linear regression model was 
employed (Xiao et al., 2022; Zhu et al., 2020). Specifically, employ
ing the recurrence method enabled us to identify inflection 
points occurring over a predefined interval, aiding in the deter
mination of threshold levels of sedentary time, LPA, and MVPA 
(minutes/day). Comparing the log-likelihood ratio test results for 
the two-piecewise linear regression model to the one-line linear 
regression model, the non-linear relationship was also evaluated 
using restricted cubic splines (optimal knots = 3, the fully 
adjusted model was used). All analyses were conducted using 
R and R Studio as the programming environment. The 

determination of statistical significance in the present investiga
tion was based on a p-value of less than 0.05.

3. Results

The final analysis included a total of 2,113 participants who 
reported short-sleep duration, with an average sleep of 6.2  
hours, representative of a population of 50,386,356 non- 
institutionalized residents. Among this cohort, 48.81% were 
male and 51.19% were female. The mean CRP level identified 
was noted to be 0.42 ± 0.02 mg/dL, reflecting a sensitive indi
cator for identifying low-grade inflammation indicative of var
ious morbidities. The average time spent sedentary was 
479.52 ± 2.97 minutes per day, with an average of 
258.86 ± 1.90 minutes per day spent in LPA and 24.05 ± 0.75  
minutes per day in MVPA. More demographic information 
about the study participants is illustrated in Table 1.

After controlling for potential confounding factors and using 
the continuous measures (represented by 30 minutes of 
change), the fully adjusted model revealed that higher levels 
of sedentary time were marginally associated with higher CRP 
levels [β (95% CI): 0.008(−0.001, 0.017), p = 0.076], while higher 
levels of LPA [β (95% CI): −0.015(−0.030, −0.001), p = 0.048] and 
MVPA [β (95% CI): −0.116(−0.180, −0.051), p = 0.002] were asso
ciated with lower CRP levels. Moreover, as shown in Table 2, 
these findings were consistent in the crude model and partially 
adjusted model (Model 1).

In terms of segmented quartile measures, consistent results 
were identified with the utilization of either the crude or differ
ent adjusted models, as reported in Table 2. When referencing 

Table 1. The demographic characteristics of NHANES participants in this study.

Variable (%)* Variable (%/Mean)*

Age Smokers
<40 34.83 Never smoker 51.54
[40, 60) 45.36 Former smoker 24.38
≥60 19.81 Current smoker 24.08

Sex Alcohol drinkers
Male 48.81 Nondrinker 32.00
Female 51.19 Moderate alcohol use 49.68

Race/ethnicity High alcohol use 18.32
Non-hispanic White 70.85 Sedentary behaviour (as category)
Non-hispanic Black 12.43 Q1 23.70
Mexican American 7.76 Q2 26.72
Other Race/ethnicity 8.96 Q3 25.33

Marital status Q4 24.25
Never married 12.78 LPA (as category)

Married/living with partner 68.65 Q1 24.14
Widowed/divorced 18.58 Q2 25.43

Education Q3 25.84
Below high school 5.44 Q4 24.59
High school 36.61 MVPA (as category)
College or above 57.95 Q1 20.62

Poverty income ratio Q2 24.22
<1 9.29 Q3 27.49
[1,3) 35.14 Q4 27.68
≥3 55.57 C-reactive protein (mg/dL) 0.42 ± 0.02

BMI (kg/m2) Sleep duration (hours/day) 6.18 ± 0.03
<25 30.61 Sedentary behaviour (minutes/day) 479.52 ± 2.97
[25, 30) 32.40 LPA (minutes/day) 258.86 ± 1.90
≥30 36.99 MVPA (minutes/day) 24.05 ± 0.75

*Weighted percentage for category variables and weighted Mean ± SE for continuous variables: NHANES, National 
Health and Nutrition Examination Survey; BMI, body mass index; LPA, light-level physical activity; MVPA, moderate-to- 
vigorous level of physical activity.
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the first quartile, the fourth quartile of sedentary behaviour 
displayed marginally positive associations with incremental 
increases of 0.097 mg/dL in CRP levels [β (95% CI): 0.097 
(−0.014, 0.207), p = 0.082]. In contrast, when participants pos
sessing the fourth measurement quartile of LPA and MVPA 
were compared against those belonging to the first measure
ment level, significant declines in CRP levels by 0.104 and 
0.350 mg/dL were detected, respectively [β (95% CI): −0.104 
(−0.216, 0.007), p = 0.065; β (95% CI): −0.350(−0.544, −0.155), 
p = 0.002]. These outcomes highlighted the potential preven
tive benefits of LPA and MVPA in reducing low-grade inflam
mation risk among the study participants.

Additionally, demographics and lifestyle were notable influ
encing variables. As depicted in Supplementary Figure S1, our 
findings found groups with elevated BMI [β (95% CI): 0.021 
(0.002,0.040), p = 0.030], current smokers [β (95% CI): 0.023 
(0.005,0.040), p = 0.014] or high alcohol users 
[β (95% CI): −0.032(0.006,0.059), p = 0.021] exhibited corre
sponding increased CRP levels with every 30-minute increment 
of sedentary behaviour over time. Additionally, concerning 
gender disparities, females appeared to reap greater benefits 
from LPA [β (95% CI): −0.040(−0.057, −0.023), p < 0.001] and 
MVPA [β (95% CI): −0.220(−0.309, −0.132), p < 0.001], leading to 
decreased CRP levels with each 30-minute increase of physical 
activity. Among different age groups, older participants aged 
60 years and above benefited most in the associations between 

LPA and CRP levels [β (95% CI): −0.037(−0.070, −0.004), 
p = 0.031], however, middle-aged participants between ages 
40 to 60 appeared to undergo notable decreases in CRP levels 
associated with increments of MVPA engagement 
[β (95% CI): −0.223(−0.315, −0.131), p < 0.001]. To provide 
further details on these associations across different subgroups, 
a stratified analysis was conducted utilizing the quartiles of 
sedentary time (Table S1), LPA (Table S2), and MVPA (Table S3).

Table 3 demonstrates that the substitution of 30 minutes of 
sedentary time with LPA was not found to be significantly 
associated with CRP levels [β (95% CI): −0.010(−0.032, 0.011), 
p = 0.309]. However, it was discovered that replacing 30 min
utes of sedentary time with MVPA engendered a notable 
decrease in CRP levels [β (95% CI): −0.111(−0.174, −0.048), 
p = 0.002]. Substitution of 30 min of LPA with MVPA was asso
ciated with decreases in CRP levels [β (95% CI): −0.091(−0.171, 
−0.010), p = 0.003], while replacing 30 minutes of MVPA with 
analogous temporal segments of sedentary time [β (95% CI): 
0.040(0.016, 0.065), p = 0.003] or LPA [β (95% CI): 0.042(−0.004, 
0.089), p = 0.073] were associated with increases in CRP levels. 
These findings suggested that even a slight increase in MVPA 
could offer anti-inflammatory benefits in the short sleep 
population.

Furthermore, the saturation analysis (Table 4) using two – 
piecewise linear regression models indicated that there may 
be a plateau effect of MVPA on CRP levels, where increasing 

Table 2. Associations between accelerometer-measured sedentary behaviour, LPA and MVPA with c-reactive protein.

Crude modela Model 1b Model 2c

β (95% CI) p-value β (95% CI) p-value β (95% CI) p-value

Sedentary behaviour (30 * minutes/day) 0.012(0.004,0.021) 0.008 0.009(0.000, 0.018) 0.042 0.008(−0.001, 0.017) 0.076
Sedentary behaviour (as category)

Q1 Reference Reference Reference
Q2 0.105(−0.072,0.283) 0.219 0.080(−0.121,0.280) 0.368 0.097(−0.055, 0.249) 0.195
Q3 0.137(0.021,0.252) 0.024 0.104(−0.031,0.238) 0.109 0.106(−0.019, 0.232) 0.090
Q4 0.137(0.034,0.240) 0.013 0.102(−0.015,0.218) 0.077 0.097(−0.014, 0.207) 0.082

LPA (30 * minutes/day) −0.020(−0.033,-0.006) 0.007 −0.020(−0.034,-0.006) 0.011 −0.015(−0.030, −0.001) 0.048
LPA (as category)

Q1 Reference Reference Reference
Q2 −0.145(−0.249,-0.041) 0.011 −0.135(−0.251,-0.019) 0.029 −0.112(−0.211,-0.014) 0.028
Q3 −0.078(−0.237, 0.080) 0.302 −0.066(−0.256, 0.124) 0.427 −0.016(−0.200, 0.168) 0.857
Q4 −0.123(−0.234,-0.011) 0.033 −0.122(−0.238,-0.006) 0.043 −0.104(−0.216, 0.007) 0.065

MVPA (30 * minutes/day) −0.177(−0.218,-0.135) <0.001 −0.163(−0.229,-0.096) <0.001 −0.116(−0.180,-0.051) 0.002
MVPA (as category)

Q1 Reference Reference Reference
Q2 −0.160(−0.341, 0.022) 0.079 −0.178(−0.395, 0.038) 0.090 −0.134(−0.322, 0.055) 0.153
Q3 −0.383(−0.525,-0.241) <0.001 −0.403(−0.616,-0.190) 0.004 −0.324(−0.512,-0.135) 0.002
Q4 −0.441(−0.566,-0.316) <0.001 −0.458(−0.671,-0.246) 0.002 −0.350(−0.544,-0.155) 0.002

aCrude model, no covariate was adjusted. bModel 1, age, sex, race were adjusted. cModel 2, age, sex, race, marital status, education, poverty status, body mass index, 
smokers, and alcohol drinkers were adjusted. CI, confidence interval; LPA, light-level physical activity; MVPA, moderate-to-vigorous level of physical activity.

Table 3. Isotemporal substitution model evaluation of 30 minutes/day replacement of sedentary behaviour and physical activity on c-reactive protein.

Sedentary behaviour LPA MVPA

β (95% CI) p-value β (95% CI) p-value β (95% CI) p-value

Sedentary behaviour (30 * minutes/day) Dropped −0.010(−0.032, 0.011) 0.309 −0.111(−0.174,-0.048) 0.002
LPA (30 * minutes/day) 0.010(−0.004, 0.023) 0.158 Dropped −0.091(−0.171,-0.010) 0.003
MVPA (30 * minutes/day) 0.040(0.016, 0.065) 0.003 0.042(−0.004, 0.089) 0.073 Dropped

Fully adjusted model (Model 2) was used. Age, sex, race, marital status, education, poverty status, body mass index, smokers, and alcohol drinkers were adjusted. CI, 
confidence interval; LPA, light-level physical activity; MVPA, moderate-to-vigorous level of physical activity.
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MVPA beyond 20 minutes per day may not provide addi
tional anti-inflammatory benefits [β (95% CI): −0.001 
(−0.003, 0.001), p = 0.276]. Similar plateaus were also identi
fied in the associations between sedentary behaviour, LPA 
and CRP levels. These dose-response relationships are 
described in Figure 2

4. Discussions

The role of physical activity and sedentary behaviour in relation 
to inflammation has been the subject of several studies in 
recent years (Edwards & Loprinzi, 2018; Parsons et al., 2017; 
Pryzbek et al., 2019). This study sought to investigate the 
relationship between accelerometer-measured physical activity 
and sedentary time and CRP levels in a population of adults 
who reported short sleep duration. The study utilized data from 
the National Health and Nutrition Examination Survey 
(NHANES) and found a significant association between physical 
activity, sedentary behaviour and CRP levels.

This study found that more time spent sedentary was asso
ciated with increased CRP levels in the short sleep population. 
This finding aligned with previous research that confirmed the 
pro-inflammatory impact of extended sedentariness (Falconer 

et al., 2014; Haapala et al., 2022; Henson et al., 2013), hence 
providing further evidence in support of the proposition that 
even among people who lacked sleep, greater periods of inac
tivity were linked to amplified markers of chronic inflammation. 
The implications of such a relationship may be particularly 
concerning for those in occupations that entail both sleep 
insufficiency and extensive sitting, including office workers 
and long-distance drivers. While not explored in the present 
study, prior investigations have also demonstrated that brief 
interruptions in sedentary behaviour can elicit favourable 
effects on inflammation levels (Benatti & Ried-Larsen, 2015; 
Chandrasekaran et al., 2021), underscoring the importance 
not just of total physical activity amounts but also that of 
breaks from sedentary bouts. Furthermore, it’s suggested that 
prioritizing physical activity over sedentary habits could bring 
about beneficial changes in systemic inflammation and reduce 
the risk of chronic diseases, considering that sedentary beha
viour serves as a pivotal contributor to an increase in various 
metabolic and cardiovascular diseases (Wilmot et al., 2012).

An isochronous substitution model was employed to exam
ine the effect of physical activity replacing sedentary behaviour 
on CRP levels among individuals with insufficient sleep. Our 
results showed that substituting sedentary time with MVPA was 

Table 4. Threshold effect analysis of associations between accelerometer-measured sedentary 
behaviour, LPA and MVPA with c-reactive protein.

β (95% CI) p-value

Sedentary behaviour (minutes/day)
One – line linear regression model 0.000 (0.000, 0.001) 0.095
Two – piecewise linear regression model
Sedentary time < 480 0.000 (0.000, 0.001) 0.123
Sedentary time ≥ 480 0.000 (−0.001, 0.001) 0.791
Log – likelihood ratio test 0.439
LPA (minutes/day)
One – line linear regression model −0.001 (−0.001, 0.000) 0.056
Two – piecewise linear regression model
LPA <280 −0.001 (−0.002, 0.000) 0.074
LPA ≥280 −0.000 (−0.001, 0.001) 0.854
Log – likelihood ratio test 0.431
MVPA (minutes/day)
One – line linear regression model −0.004 (−0.006, −0.002) <0.001
Two – piecewise linear regression model
MVPA <20 −0.016 (−0.023, −0.010) <0.001
MVPA ≥20 −0.001 (−0.003, 0.001) 0.276
Log – likelihood ratio test <0.001

Age, sex, race, marital status, education, poverty status, body mass index, smokers, and alcohol 
drinkers were adjusted. CI, confidence interval; LPA, light-level physical activity; MVPA, moderate- 
to-vigorous level of physical activity.

Figure 2. The dose-response relationship between sedentary time (a), LPA (b), MVPA (c) and c-reactive protein.
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associated with lower CRP levels, while substituting with LPA 
had no significant effect. One recent study in children shared 
similar findings with us, suggesting that utilizing MVPA to 
replace sedentary time can influence specific inflammatory 
biomarkers favourably, but found no such relationship 
between substitutions of other intensity levels and these bio
markers (Verswijveren et al., 2021). Another population-based, 
cross-sectional survey conducted in Ireland also identified that 
redirecting 30 minutes of sedentary time towards MVPA 
yielded an even more favourable inflammatory profile (Phillips 
et al., 2017). However, one study in a middle-aged population 
found that substituting LPA for sedentary time may be linked 
with favourable changes in methylation of apoptosis- 
associated speck-like protein, a potential inflammatory biomar
ker, while MVPA had little effect (Nishida et al., 2019). 
Differences in outcomes between studies may be explained 
by inconsistencies in inflammatory marker measurement 
times and different sample sizes. Based on our current findings, 
individuals who lack sufficient sleep should be encouraged to 
engage in MVPA, rather than LPA, to substitute for sedentari
ness, thus potentially improving chronic inflammation levels.

Furthermore, a dose-response analysis was conducted to 
determine if there exists an optimal threshold for MVPA that 
maximizes the reduction in CRP levels. Prior research indicated 
that people engaging in physical activity comprising a duration 
of roughly 150 minutes per week, or approximately 30 minutes 
daily (if conducted five days per week) experienced reduced 
serum inflammatory biomarker levels (Smith et al., 2019). 
Another previous study among the general population pro
posed that engaging in over 30 minutes of daily MVPA was 
associated with significantly lower CRP levels (Loprinzi, 2015). 
Interestingly, this study identified that for the short-sleep popu
lation, doing 20 minutes of MVPA daily may provide anti- 
inflammatory effects, beyond which increased quantities of 
MVPA confer marginal benefits. It may be that those who get 
short-sleep are more prone to fatigue and that greater MVPA 
amounts can produce stress and increasing inflammatory mar
kers (Magherini et al., 2019; Pedersen & Hoffman-Goetz, 2000). 
Additional exploration is warranted to test the aforementioned 
conjectures.

Analyzing 24-hour movement behaviour is another perspec
tive to explore the relationship between ST, LPA, MVPA and 
inflammation. The potential impact of reallocating time from 
sedentary behaviour to sleep for short sleepers is interesting. 
This raises a pertinent question: could reallocating time to 
additional sleep potentially confer similar benefits as seen 
with MVPA in terms of inflammation reduction? This aspect 
could indeed contribute to the observed MVPA threshold, sug
gesting that beyond a certain point, further allocation to MVPA 
might not yield additional benefits for inflammation. 
Redirecting time to prioritize adequate sleep might emerge as 
a more beneficial strategy. However, it’s important to note that 
objectively measured sleep data was not available in the 2005– 
2006 NHANES dataset, which limited our ability to directly 
explore this aspect. Thus, we encourage further studies to 
obtain objectively-measured sleep and physical activity data 
to verify our findings.

Notable strengths in this study include examining the 
novel question of exploring the relationship between physical 

activity patterns in the short-sleep population. Secondly, 
large nationally representative samples are employed, which 
enhances the generalizability of the study findings. The inclu
sion and exclusion criteria highlight the rigorous and com
prehensive procedures undertaken to obtain a focused and 
representative sample size for the current research investiga
tion. Thirdly, accelerometry data are utilized to provide 
a more accurate assessment of physical activity and sedentary 
behaviour compared to self-report measures. Last but not 
least, isotemporal substitution models and threshold effect 
analysis methods are used to explore the detailed relation
ship between physical activity and inflammation, which 
enhances our understanding of the benefits of PA in popula
tions with insufficient sleep.

However, there are also limitations to the study that should 
be considered. Firstly, the study used a cross-sectional design, 
which limited the ability to establish causality. As these data are 
cross-sectional, future studies, particularly longitudinal ones, 
are warranted. It is also important to note that this study 
focuses on individuals who report short sleep durations, 
which might not be representative of the general population. 
It could be another topic to look at populations who are getting 
the recommended amount of sleep each night. Secondly, in our 
analysis, we utilized the Troiano cut-points to establish ST, LPA, 
and MVPA. While these cut-points are commonly used and 
validated for adults, there are concerns about their application 
to special groups such as older adults. There is a lack of con
sensus on applicable cut-points to delineate PA intensity, par
ticularly for older adults. Age-related changes in physical 
capabilities may affect the interpretation of activity levels. 
Thirdly, considering that time is finite, ST, LPA, MVPA are usually 
highly correlated with each other. Using an isotemporal sub
stitution model may have the statistical limitations of multi
collinearity. The emerging method of Isometric Log Ratio (ILR) 
analysis (involving time data of various activities using iso
metric log ratio transformation) can more precisely assess the 
impact of different physical activity behaviours on health 
indicators.

5. Conclusions

As a final note, in a nationwide short-sleep population, the 
findings of this study provided evidence of the importance of 
reducing sedentary behaviour and increasing MVPA to mitigate 
inflammation. The study highlighted the need for interventions 
such as MVPA aimed at reducing sedentary time in individuals 
who report short sleep durations. Moreover, a threshold effect 
was identified that more MVPA was not always better. There 
was a negative correlation between MVPA of no more than 20  
minutes per day and inflammation levels in short sleep indivi
duals. Future research should investigate the long-term impact 
of reducing sedentary behaviour and increasing physical activ
ity on inflammation levels as well as the in-depth biological 
mechanisms.
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