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Background: Nighttime physical activity (PA) has significant effects on human health. Whether excessive nighttime PA is associated with adverse long-term prognosis remains unknown.

Methods: Three thousand six hundred ninety adults from the US National Health and Nutrition Examination Survey (NHANES) 2003–2006 with accelerometer monitor recording PA data were included. Nighttime PA was quantified by the nighttime to all-day PA intensity ratio (NAPAIR). Participants with the NAPAIR above the population median (0.17) were defined as the nighttime active population (NAP), otherwise as the daytime active population. All-cause and cardiovascular disease mortality status was acquired from the US National Death Index from their interview and physical examination date through December 31, 2015.

Results: Among 3690 adults (weighted mean age 48.1 years), 1781 (weighted proportion 48.8%) were females. One thousand eight hundred six (48.9%) were determined as the NAP. During the follow-up period of up to 13.1 years (median, 10.7 years), 639 deaths occurred (heart diseases, 114). Multivariable Cox proportional hazards model showed that the NAP was associated with higher risks of all-cause (hazard ratio [HR], 1.46; 95% confidence interval [CI], 1.22–1.75) and cardiovascular disease (HR, 1.58; 95% CI, 1.03–2.41) mortality compared with the daytime active population, and each 0.1 increase in the NAPAIR was associated with 15% increased all-cause mortality risks.

Conclusion: In this nationally representative prospective cohort study of a sample of United States adults, excessive nighttime PA was associated with a higher risk of death from all causes and cardiovascular disease.
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Introduction

Physical activity (PA) positively affects blood pressure, blood glucose, and body weight (1). It has been proved that PA reduces the overall risk of incidence and mortality for cardiovascular disease, diabetes, ischemic stroke, and cancer (2–6). Given that PA is a safe and cost-effective health-promoting factor, 2020 WHO guidelines recommend moderate to vigorous PA across all age groups, including those living with chronic conditions or a disability (7, 8). PA guidelines provide recommendations for the types, intensity, volume, and duration of physical activity for both general and specific populations, while how to allocate all-day PA to daytime and nighttime was not mentioned.

Nighttime PA has significant effects on human circadian rhythm and the timing of PA should be considered. Previous studies have reported that PA at nighttime impacts neuroendocrine hormones, body temperature, and blood pressure. These changes further influence peripheral clocks, lead to the inconsistency between the main and the peripheral clocks, and disturb the circadian rhythm (9, 10). Abnormal circadian rhythm is associated with severe consequences, including metabolic disorders, sleep, psychiatric disorders, increased risk of heart attacks and cardiovascular events, and cancer (11–13). In addition, excessive PA at nighttime has adverse effects on sleep. Previous studies found that sleep was disturbed after nighttime exercise (14, 15). Furthermore, late-night activity may affect cardiac autonomy during the first sleeping hours (16). However, whether the excessive proportion of nighttime over all-day PA was associated with long-term survival remains unknown.

The National Health and Nutrition Examination Survey (NHANES) assesses the health and nutritional status of the civilian, non-institutionalized population in the US. During 2003–2006, the physical activity monitor (PAM) component was added to NHANES. The objective measurement of PA by accelerometry device is advantageous over self-report PA information for ameliorating respondents' perceptions bias. Furthermore, continuous 24-h PA records enable us to evaluate PA during daytime and nighttime. By NHANES, the US nationally representative sample, the present study aimed to explore the association between the proportion of nighttime over all-day PA with long-term survival.



Methods


Study design and population

The NHANES design and protocol have been described previously (17). The present study is a prospective cohort study that used a population of individuals from the 2003–2004 and 2005–2006 NHANES cycles (n = 20470) with physical activity monitor (PAM) data. Participants aged <20 years (n = 10450), with <4 valid PAM wearing days (n = 6325), or without mortality information (n = 5) were excluded, leaving a total of 3,690 participants for the present analysis (Supplementary Figure S1). This study was conducted and reported following the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) statement.



Physical activity measures and definition

Physical activity was objectively assessed with an ActiGraph Model 7,164 accelerometer (ActiGraph, Ft. Walton Beach, FL). The uniaxial monitor measures and records vertical acceleration as counts for successive 1-min intervals beginning at 12:01 a.m. the day after the health examination, and all data were recorded in a 24-hour clock. Details of the accelerometer monitor protocol have been described previously (18, 19). In brief, participants were required to wear the hip-worn monitor during all waking hours for seven consecutive days. The nighttime was defined as 8:00 p.m. to 5:59 a.m. and the daytime as 6:00 a.m. to 7:59 PM. Monitor non-wear time was defined as intervals of at least 60 consecutive minutes of zero counts, and the definition was consistent with previous studies (19, 20). Monitor wearing time was estimated by subtracting non-wearing time from the total time for the day. A valid PAM wearing day was defined as a day with over 10 h wearing time during the day and 2 h wearing time during the nighttime. Nighttime physical activity was quantified by the nighttime to all-day physical activity intensity ratio (NAPAIR). The NAPAIR was defined as nighttime total PA intensity counts divided by all-day total PA intensity counts over all valid PAM wearing days. The NAPAIR ranges from 0 to 1, and the value indicates the proportion of participants' nighttime PA intensity to the all-day PA intensity. We used the median of the study population NAPAIR (0.17) as the cut-off point and divided the population into two groups. Participants with the NAPAIR ≥ 0.17 were considered to have excessive nighttime PA and were defined as the night-time active population (NAP). Participants with NAPAIR < 0.17 were defined as the daytime active population (DAP).



Mortality outcome ascertainment

NCHS provided NHANES Public-Use Linked Mortality File, and it was linked to the National Death Index, an NCHS centralized database of all deaths in the United States, through December 31, 2015 (21). The underlying cause of death of participants was recorded by the definition of the International Statistical Classification of Diseases and Related Health Problems, Tenth Revision (ICD-10). Cardiovascular disease (CVD) mortality is death from heart disease (codes I00–I09, I11, I13, and I20–I51) (22). Mortality due to causes other than CVD was considered the competing risk event. The duration of follow-up was defined as the interval in months from the interview date to the date of death or through December 31, 2015, for participants without event.



Covariates assessment

Sociodemographic characteristics were collected by questionnaires, including sex, age, race/ethnicity, educational attainment, marital status, and family poverty income ratio (total family income divided by the poverty threshold). Participants' weight and height were measured during the physical examination, and body mass index (BMI) was calculated as weight in kilograms divided by height in meters squared. Self-reported smoking status was classified into 3 groups following the NCHS definition: current smoker, former smoker, and never smoker (23). Health status was self-reported by participants and was categorized into three groups (excellent or good, fair, and poor). Hypertension and hypercholesterolemia were both determined either self-reported by participants who had been diagnosed by a health professional or by the NHANES objective measurements (Systolic blood pressure ≥ 140 mmHg or diastolic blood pressure ≥ 90 mmHg for hypertension; cholesterol ≥ 6.2 mmol/L for hypercholesterolemia). Diabetes was self-reported by participants who had been diagnosed by a health professional or determined by a prescription history for medications used to treat the condition (24). Overall average physical activity intensity (OAPAI) was calculated by summing all 1-min intervals PA intensity counts and dividing by the total number of minutes over all valid PAM wearing days.



Statistical analysis

All analyses were conducted following the NHANES analytic guidelines. Sample weights, strata, and primary sampling units accounted for the unequal probability of selection, oversampling of specific subpopulations, and nonresponse adjustments were used to generate nationally representative estimates. Baseline characteristics were compared using the chi-square test for categorical variables. Survival curves were plotted with the Kaplan–Meier method. Cox proportional hazards regression models were applied to estimate hazard ratios (HRs) and 95% CIs for the associations between the NAPAIR and risk of all-cause and cardiovascular mortality. The proportional hazards assumption was examined by conducting the Schoenfeld test and creating a product term of follow-up time and NAPAIR group. To discriminate CVD-related deaths from non-CVD-related deaths, we also performed a competing risk analysis to evaluate the risk of CVD-related death using Fine-Gray proportional hazard models. Stratified and interaction analyses were performed to determine whether the association differed by age, sex, obesity and health status, and chronic comorbidities (hypertension, hypercholesterolemia, or diabetes). Finally, we conducted sensitivity analyses by excluding deaths that occurred during the first 2-year follow-up to reduce the possibility of reverse causation (25). We also conducted sensitivity analyses by changing the definition of nighttime to 7:00 p.m. to 6:59 a.m. and the daytime to 7:00 a.m. to 6:59 PM. Statistical tests were 2-sided, and statistical significance was set at P < 0.05. All statistical analyses were conducted using R software, version 4.0.5 (R Core Team, Vienna, Austria), and Python software, version 3.8.8 (G. van Rossum). Data analyses were conducted in February 2022.




Results


Baseline characteristics

This study included 3690 adults aged 20 years or older (weighted population, 85,953,737; weighted mean [SE] age, 48.1 [0.4] years; 1781 (weighted proportion [WP], 48.8% female). In the study cohort, 585 (WP, 5.7%) were Mexican American, 97 (WP, 3.0%) were other Hispanic, 2053 (WP, 75.1%) were non-Hispanic White, 782 (WP, 10.4%) were non-Hispanic Black, and 173 (WP, 5.8%) were individuals of “other” race or ethnicity (Table 1). One thousand eight hundred six (48.9%) participants were determined as the NAP and 1884 (51.1%) were classified as the DAP. More than half of the participants in the NAP group were aged 20 to 45 years (WP, 50.2%). The weighted proportion of participants over 65 years in the DAP group was higher than the NAP group (23.7 vs. 12.7%). The prevalence of moderate to severe obesity (BMI ≥ 30), current smoking, and diabetes was higher in the NAP group compared with the DAP group (BMI ≥ 30: WP 32.7 vs. 28.2%; current smoker: WP 24.8 vs. 18.0%; diabetes: WP 8.3 vs. 7.4%) while the prevalence of hypertension (40.8 vs. 33.8%) and hypercholesterolemia (36.7 vs. 29.7%) were higher in the DAP group (Table 1).


TABLE 1 Sample size and characteristics of the study population, according to the NAPAIR Levelsa.
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PA intensity and wearing time recorded by PAM

The average valid PAM wearing days was 5.52 in the total population, with the median overall average wearing time of 15.58 hours. The median of overall all-day average PA intensity was 362.54 counts/min (Table 2). The density plots demonstrated that both groups have similar overall all-day average wearing time and overall all-day average PA intensity. However, the NAP group has a 1.2 h longer wearing time during the nighttime, and this gap was mostly compensated during the daytime (1.1 h). Similar patterns were also demonstrated in overall average PA intensity in nighttime and daytime (Figure 1).


TABLE 2 Physical activity monitors recording information of the study population, according to the NAPAIR Levels.
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FIGURE 1
 Distribution of overall average physical activity intensity (A–C), and overall average wearing time (D–F), by the NAPAIR groups. NAPAIR, Nighttime to all-day physical activity intensity ratio; NAP, nighttime active population; DAP, daytime active population.




Survival analysis

During the 37,457 person-years follow-up (median follow-up was 10.7 years; maximum follow-up was 13.1 years), 639 deaths occurred, including 114 deaths from CVD. The NAP group participants were at a higher risk of death. In the age-adjusted model (model 1), participants in the NAP group had a 53% higher risk of all-cause mortality (hazard ratio (HR): 1.53, 95% confidence interval (CI): 1.31–1.80) and 77% higher risk of CVD mortality risk (HR: 1.77, 95% CI: 1.22–2.56). Each 0.1 increase in the NAPAIR was associated with 24 and 21% increased risks of death from all-cause and CVD, respectively. In model 2, we further adjusted sociodemographic characteristics, including sex, race/ethnicity, education attainment, marital status, and family poverty income ratio (FPIR). HRs for all-cause mortality and CVD mortality among the NAP group compared with the DAP group were 1.60 (95% CI: 1.35–1.89) and 1.87 (95% CI: 1.27–2.76), and each 0.1 increase in the NAPAIR was associated with 23 and 21% increased all-cause and CVD mortality risks. After additionally adjusted health behaviors and chronic conditions including BMI, health status, smoking status, diabetes, hypercholesterolemia, hypercholesterolemia, and overall average PA intensity in model 3, the NAP group remained a significant independent risk factor for all-cause mortality (HR: 1.46, 95% CI: 1.22–1.75) and CVD mortality (HR: 1.58, 95% CI: 1.03–2.41), and each 0.1 increase in the NAPAIR was associated with 15% increased all-cause mortality risks (Table 3). In competing risk analysis, the NAP group as a risk factor for CVD mortality was only significant in model 1 (HR: 1.58, 95% CI: 1.08–2.29) and model 2 (HR: 1.61, 95%CI: 1.09–2.34) while the NAPAIR was not significant in all three models (Supplementary Table S1).


TABLE 3 Association of the NAPAIR with all-cause and cardiovascular disease mortality in US adults.
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We further investigated the dose-response association, stratified, interaction, and sensitivity analyses between NAPAIR and all-cause mortality of model 3. A J-shaped relationship was observed in dose-response analysis, indicating that mortality risk substantially increased when NAPAIR was higher than 0.17 (with estimated HR = 1) (Figure 2). Stratified analyses suggest that the observed associations of the NAPAIR with all-cause mortality did not significantly differ by age, sex, obesity, health status, and chronic comorbidities, nor a significant interaction effect was observed (Supplementary Table S2). All results remained similar in sensitivity analyses, excluding deaths that occurred during the first 2-year follow-up (Supplementary Tables S3–S5). The Schoenfeld test and product term of follow-up time and the NAPAIR group were applied in the three models described above and with all tests p ≥ 0.05, indicating no apparent violation of the proportional hazards assumption.


[image: Figure 2]
FIGURE 2
 Dose-response association between the NAPAIR and all-cause mortality in US adults. NAPAIR, Nighttime to all-day physical activity intensity ratio.


Kaplan–Meier curves for survival showed that the NAP group had a worse prognosis than the DAP group in general. The DAP had a higher survival rate among participants aged 45 years or older than the NAP. While among younger adults (aged 20–45 years), the difference in survival rates between the two groups was not apparent (Figure 3).


[image: Figure 3]
FIGURE 3
 Kaplan-Meier curve analysis of all-cause mortality stratified by the NAPAIR and age group. NAPAIR, Nighttime to all-day physical activity intensity ratio; NAP, nighttime active population; DAP, daytime active population.





Discussion

In this national representative prospective cohort of US adults, we determined an increased risk of all-cause and CVD mortality in the NAP. This association remained significant after adjustment for confounders. In addition, the results suggest that younger adults were more likely to be the NAP and have a higher prevalence of poor socioeconomic status, obesity, current smoking and diabetes, and longer nighttime activity duration.

To our knowledge, this is the first study to investigate the associations of nighttime PA intensity with long-term mortality outcomes. Previous studies have shown some implications of this finding. Excessive night PA has various effects on the body; sleep is most apparent. The association between night PA and sleep was deeply researched. In Cauter's study, the author demonstrates that nighttime physical exercise can delay the onset of nocturnal melatonin secretion, a robust endocrine marker of the circadian phase (15). Youngstedt's study also found that profound sleep was disturbed after nighttime exercise (14). Based on these findings, experts have recommended not exercising at night as part of good sleep hygiene and suggest that one avoid exercising early as 4–6 h before bedtime (26, 27). Some published research obtained different results, they demonstrated that evening moderate or vigorous exercises were not associated with worse sleep, and evening exercise did not disrupt sleep (28, 29). In addition, research from Rusko et al. indicates that vigorous late-night exercise may affect the cardiac autonomy of the heart during the first sleeping hours (16). With adverse effects of excessive night PA on sleep and cardiac, it is reasonable to hypothesize that the population with excessive night PA is at increased mortality risk, while the direct evidence is lacking.

In stratified and interaction analysis, we found that the HR of the NAPAIR was marginal significantly higher (p = 0.06) in the poor health status group than in fair and better groups. This finding suggests that the dose-response effect of nighttime PA was not consistent in different health statuses people and nighttime PA could induce a higher risk in those who had worse health status. However, we also noticed that this effect might be the result of a reverse causation relationship. Patients had worse health status might be unable to conduct excessive PA in the daytime which “passively” caused higher NAPAIR. And the higher all-cause mortality might also be caused by their unmeasured comorbidities. Therefore, this result should be cautiously interpreted and further studies to elucidate this relationship were needed.

The present study demonstrated that the NAP was at increased risk of all-cause and CVD mortality. Possible reasons for these association are as follows: (1) Excessive nighttime PA disturb sleep rhythm, and it is proved that poor sleep was related to increased CVD and all-cause mortality risk (30); (2) Excessive nighttime PA affected glands activity and hormones production and the thyroid is one of the most affected glands (31). The abnormalities in thyroid hormones concentrations have profound effects on the cardiometabolic and hemodynamic systems (32), and it was reported to be associated with increased cardiovascular risk, especially risk of atrial fibrillation (33, 34) which could also increase the mortality risk; (3) Excessive nighttime PA have effects on cardiac autonomic of heart (16), which may have an impact on long-term survival.

Our findings may have some public health implications. In the NAP group of the study cohort, more than half of them aged <45, and the prevalence of moderate-to-severe obesity, smoking, and diabetes was higher than the DAP group. Nowadays, many young office workers tend to be sedentary during working hours and prefer to exercise off-duty time at night, which could incur a higher NAPAIR. According to the result of the present study, they might be exposed to increased mortality risk. However, NHANES PA measurement was not specified in the exercise. Future studies are needed to elucidate whether people should avoid exercise at night. In addition, the results of PAM recording information showed that the NAP and the DAP have comparable valid wearing duration throughout the day while the NAP has valid PAM wearing time 1.2 h shorter during the daytime and 1.1 h longer at night. According to the PAM protocol, participants were required to wear the PAM during all waking hours; we can infer that the NAP delayed bedtimes and wake-up times. Even if the delay of bedtimes were compensated in the daytime, the NAP still has increased mortality risk. The result may indicate the negative impacts of delayed bedtimes and wake-up times.

Another interesting finding of the study is that all-cause mortality risk substantially increased if NAPAIR exceeds 0.17. In the general population, it is reasonable to estimate the waking time at night as 4 h (from 8 p.m. to 24 p.m.), accounting for 22% of the total waking time of the whole day (18 h in total from 6 a.m. to 24 p.m.). The NAPAIR should be 0.22 if a person's activities are uniformly distributed throughout the day. With NAPAIR ≥ 0.17, the decrease rate of night PA intensity will be <23% compared with daytime PA intensity [(0.22–0.17) ÷ 0.22 = 23%]. Similar circadian rhythms were also observed in blood pressure (BP). The normal BP circadian rhythm was defined as the decreased rate of nighttime BP compared with daytime BP within 10–20%. The abnormal circadian rhythm of BP is an independent predictor of target organ damage, cardiovascular events, stroke, and death (35–38). Results in this study prove that PA-induced abnormal circadian rhythm was also associated with poor outcomes and emphasize maintaining the normal circadian rhythm.


Strengths and limitations

The strength of this study was using a nationally representative sample of US adults, which allows the findings to be generalized to a broader population. Additionally, the PAM device's sensitivity and reliable measurement properties enable the objective estimation of monitor wearing and daytime and nighttime PA intensity by scanning the minute-by-minute data. Several limitations should also be considered. Firstly, the PAM device only records uniaxial movement; activity information recorded for persons who use stationary bikes, elliptical trainers, or equipment that primarily involved upper-body training may not be recorded accurately. Therefore, our findings may not generalize to those who prefer these exercises. Secondly, the PA data were assessed at baseline, which may not reflect behavioral changes during the follow-up period. Studies employing repeated measures are needed to evaluate the longitudinal effects of PA day-night patterns on mortality. Finally, although we found an interaction between health status and the nighttime PA, the participant's general health status was self-reported, and NHANES did not provide an objective evaluation. In addition, this effect might be the result of an inverse causal relationship. However, after excluding deaths occurring during the first 2–year follow–up period, our results remain consistent, which reduces the possibility of reverse causation deduction.




Conclusion

In this prospective cohort study of a nationally representative sample of US adults, the higher nighttime to all-day PA intensity ratio was associated with increased all-cause and CVD mortality risks. This study has provided new evidence that day-night PA patterns should be considered in future observational, epidemiologic, and intervention studies.
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