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Summary

Over a quarter of the workforce in industrialized countries does shift work, which increases the 

risk for cardiometabolic disease. Yet shift workers are often excluded from lifestyle intervention 

studies to reduce this risk. In a randomized control trial with 137 firefighters who work 24-hour 

shifts completing (23-59 years old, 9% Female), 12 weeks of 10-h TRE was feasible, with TRE 

participants decreasing their eating window (baseline: mean 14.13 h, 95% CI 13.78 h to 14.47 

h, intervention: 11.13 h, 95% CI 10.73 h to 11.54 h, p =3.29E-17) with no adverse effects, and 

improved quality of life assessed via SF-36 (ClinicalTrials.gov: NCT03533023). Compared to the 

standard of care (SOC) arm, TRE significantly decreased VLDL particle size. In participants that 
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had elevated cardiometabolic risks at baseline, there were significant reductions in TRE compared 

to SOC in glycated Hemoglobin A1C and diastolic blood pressure. For individuals working a 

24-hour shift schedule, TRE is feasible and can improve cardiometabolic health, especially for 

individuals with increased risk.

Graphical Abstract

eTOC (In Brief)

Manoogian et al. assessed time-restricted eating (TRE) as a potential lifestyle intervention to 

improve the health of 24-hour shift workers. TRE was feasible and led to improvements in 

quality of life and cardiometabolic health, especially among participants that had abnormal 

cardiometabolic measures at baseline.
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Introduction

Nearly 27% of the US workforce work outside the regular work hours and are considered 

shift workers (CDC and NIOHS, 2015). They include essential frontline workers such as 
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physicians, nurses, police, pilots, and firefighters. These essential workers are the heroes 

of our society, hence the name The Healthy Heroes Study. Shift workers are frequently 

subject to erratic light-dark, sleep-activity, and eating-fasting patterns, leading to chronic 

circadian disruption (Boivin and Boudreau, 2014; Kosmadopoulos et al., 2020; Lunn et 

al., 2017; Yong et al., 2017). Shift work significantly increases the risk of cardiometabolic 

diseases (Kecklund and Axelsson, 2016; Kervezee et al., 2020; Sweeney et al., 2020). In 

addition to career shift workers, a large segment of the population also has a lifestyle that 

disrupts their circadian rhythms similar to a shift worker in which individuals have to stay 

awake for 2-3 h between 10 pm and 5 am for at least 50 days a year (IARC, 2010). 

Care responsibilities and social jet lag also contribute to circadian disruption (Vetter, 2018). 

Circadian disruption increases the risk for cardiometabolic disease as well as many other 

chronic diseases including cancer, infection, and autoimmune diseases (Hublin et al., 2010; 

Leclerc, 2010; Straif et al., 2007).

Despite the increased health risk of shift work, very little research has been done to identify 

lifestyle interventions to improve the health of this vulnerable population. Shift work or 

shift work-like lifestyle is frequently an exclusion criterion in lifestyle intervention studies 

because shift work can be a barrier to following the intervention, and/or be a potential 

confound to intervention outcomes due to circadian disruption. Due to the nature of the job, 

requiring wakefulness under light at night, lighting and sleeping opportunities are factors 

that are difficult to improve. Although access to a healthy diet is difficult, firefighter shift 

workers can improve diet quality and those who adopt a Mediterranean diet and lifestyle 

have reduced cardiometabolic disease risks (Romanidou et al., 2020), thus implying shift 

workers are receptive to pragmatic lifestyle interventions.

Ideal lifestyle intervention for shift workers should be (1) feasible to practice by people 

with a wide range of health conditions, (2) be compatible with their work schedule, (3) 

have minimal adverse effects which can impair their work, and (4) be both preventative and 

therapeutic for cardiometabolic risks. The timing of calorie intake (eating-fasting patterns) is 

a modifiable lifestyle factor that has the potential to lessen the burden of circadian disruption 

and support health in shift workers. Time-restricted eating (TRE) is a behavioral intervention 

that limits the time of daily caloric intake to a consistent window of 6-12 h, without overtly 

attempting to limit energy intake (Manoogian et al., 2019).

TRE imparts pleiotropic physiological benefits in both pre-clinical studies and pilot clinical 

trials on non-shift workers (Chaix et al., 2019b; Manoogian et al., 2021a; Rothschild et al., 

2014). Clinical trials have demonstrated the cardiometabolic benefits of TRE in adults with 

elevated weight, prediabetes, and metabolic syndrome (Chow et al., 2020; Cienfuegos et 

al., 2020; Hutchison et al., 2019; Sutton et al., 2018; Wilkinson et al., 2020), even when 

already on medications (Wilkinson et al., 2020). These benefits include moderate weight 

loss, improved beta-cell function, decreased blood pressure, insulin resistance, oxidative 

stress, and appetite (Chow et al., 2020; Cienfuegos et al., 2020; Hutchison et al., 2019; 

Sutton et al., 2018; Wilkinson et al., 2020). Although a reduction in energy intake often 

accompanies TRE intervention in humans, the metabolic benefits are disproportionately 

larger than what is expected from the modest reduction in energy intake (Wilkinson et al., 

2020) and improvements in glycemic regulation were seen without weight loss (Sutton et 
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al., 2018). Furthermore, in contrast to intentional calorie restriction interventions which have 

a low rate of adherence due to adverse effects and difficulties following a reduced-calorie 

diet (Trepanowski et al., 2017), TRE participants often report an improved sense of energy, 

and improved mood (Gill and Panda, 2015). However, as with all behavioral interventions, 

assessment at baseline and participant engagement are needed. An 8-h TRE (12 pm-8 pm) 

randomized control trial (RCT) in 116 adults with elevated BMI saw significant reductions 

in weight within the TRE group, but not within the control group or between groups (Lowe 

et al., 2020). Yet, there was no assessment of eating time at baseline and 66 of the 116 

participants were participating remotely with no contact with the research team. Although 

adherence was high (92.1% SOC, 83.5% TRE) when reported, it was only reported a 

fraction of days for both control (22.7%) and TRE arms (22.8%). On the other hand, daily 

participant engagement and coaching to sustain 25% calorie reduction with or without 

TRE found significant weight loss and health improvement in patients with obesity, but no 

difference between arms (Liu et al., 2022). While intentional CR for weight loss may not be 

an acceptable intervention for firefighters, these findings collectively suggest a need for an 

RCT with participant engagement to better understand the feasibility and impact of TRE on 

health outcomes among shift workers.

TRE can improve physical performance, which increases its acceptability for firefighters. 

Preclinical studies have reported improved endurance, motor coordination, and exercise 

capacity (Chaix et al., 2019a; Chaix et al., 2014; Hatori et al., 2012). Improved muscle 

performance and peak power/body weight results have been reported in clinical trials in 

healthy adults (Moro et al., 2020; Tinsley et al., 2017), whereas others reported weight loss 

and decreased energy intake with no change in performance (Brady et al., 2021; Tinsley et 

al., 2017; Tovar et al., 2021). Thus, TRE may potentially improve the health of shift workers 

without compromising their job performance. Yet, there is no RCT to assess TRE among 

shift workers.

In this RCT, we assess the feasibility and efficacy of 12 weeks of 10-h time-restricted eating 

(TRE) as a novel intervention to improve the health of firefighters who work 24-h shifts. 

We hypothesized that a self-selected 10-h TRE will be feasible among 24-h shift workers. 

This can be assessed by their ability to significantly reduce their habitual eating window 

to a level that is known to yield health benefits in published TRE studies on people with 

elevated cardiometabolic risks (Chow et al., 2020; Wilkinson et al., 2020). As the study 

cohort contains individuals with varying degrees of health status, we also hypothesized that 

TRE would result in a modest reduction in cardiometabolic risks between groups and a 

significant reduction among those with elevated risks.

Results

Time-restricted eating is feasible for firefighters on a 24-h shift

153 participants were screened from a volunteer sample of career first responders from the 

San Diego Fire-Rescue Department on 24-h shifts (4 excluded, Figure 1). 150 participants 

(136M/14F, age 21-59 y) were enrolled and randomized to either standard of care (SOC), 

or TRE (10-h TRE) (Table 1). Both arms were advised to follow a healthy Mediterranean 

diet, which is acceptable to firefighters (Yang et al., 2015). At baseline, the group averages 
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for various measures of health risk were within a healthy range and were not significantly 

different between SOC and TRE groups. However, 71% (97/137) of participants had at 

least one cardiometabolic risk factor including elevated BMI (≥30 kg/m2, n=36), high 

blood pressure (SBP ≥130 mmHg, n=25 or DBP ≥85 mmHg, n=15), elevated low-density 

lipoprotein (LDL, ≥ 130 mg/dL, n=49), low high-density lipoprotein (HDL) cholesterol 

(<40 mg/dl males or <50 mg/dL females, n=9), hyperglycemia (fasting glucose ≥100mg/dL, 

n=21), elevated triglycerides (≥150 mg/dL, n=17), or elevated CRP (≥2.0 mg/dL, n=27) 

(Cannon, 2007; Karakas and Koenig, 2009; Ueda et al., 2018) (Figure 2, Table 1).

All participants used the smartphone app myCircadianClock (Gill and Panda, 2015) to 

record all ingestion events during 2 weeks of baseline and 12 weeks of intervention. All 

participants also received study-related nudges and reminders through the app throughout 

the study. Participants were advised not to change any medication or supplements during 

the study. Medications are documented in Table 1. 137 participants completed the 12-week 

guided intervention (67 SOC: 65M/2F, 70 TRE: 59M/11F; 23-59 y) (Figure 1). Among 12 

participants who dropped out, 8 were SOC. 2 participants in each arm dropped out due to the 

burden of the intervention. There was no significant difference in baseline factors in those 

who dropped out (Table S1).

At baseline, both the SOC and TRE arms had a 95% eating window of approximately 14 

h (mean: 13.98 h, 95% CI 13.52 h to 14.40 h, and 14.19 h, 95% CI 13.78 h to 14.47 h 

respectively). The 95% eating window is the 95% interval of time that all caloric items were 

logged during a given study period. The earliest and latest 2.5% of entries are removed. At 

baseline, two SOC participants had an eating window of ≤10 h (8.19 h and 9.65 h), and all 

TRE participants had an eating window of ≥11.37 h. Upon randomization, participants in the 

TRE arm were advised to select a 10-hour eating window that best suited their work and 

social life. Participants self-selected a window that began at 9 am (9.01 h, 95% CI 8.85 h to 

9.18 h) and ended at 7 pm (18.99 h, 95% CI 18.82 h to 19.15 h). Thus, the TRE cohort chose 

to fast overnight, and maintain normal meal times, even though they were on 24-h shifts. 

None of the participants reported any adverse events.

By the end of the intervention, the SOC group maintained a long eating window of 13.35 

h (95% CI 12.89 h to 13.82 h). Whereas the TRE group significantly decreased their eating 

window to 11.13 h, 95% CI 10.73 h to 11.54 h, p=3.29E-17) (Figure 3, Table 2). The 

eating windows for both SOC and TRE were consistent throughout the intervention with 

assessments at weeks 5-7 of intervention (6-wk) and randomly sampled throughout the 

intervention (12-wk-RS) (Figure 3, Table S2).

To assess adherence to the self-selected 10-h eating window, a total of 27,982 food and 

beverage records and their time-stamps collected through the app (not including water or 

medication) were analyzed at baseline, 6-wk, 12-wk, and 12-wk-RS (Table S2). Participants 

in both groups logged 85% of days at baseline and 68-77% of days at all time points during 

the intervention (~5 days/week). Participants in the TRE group consumed a food or beverage 

item outside of the 10-hour eating window approximately 1-2 days/week throughout the 

intervention (Table S2).
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Glucose regulation

For all participants, parameters reporting glucose homeostasis was in a normal range at 

baseline and there were no significant changes within or between groups (Table 2). However, 

multiple factors of glucose homeostasis were improved in participants that started with 

elevated fasting glucose (≥100 mg/dL) of HbA1c (≥5.7%) at baseline (Table 3 and Table 

S3). A post hoc analysis of patients with elevated fasting glucose, fasting glucose was 

significantly decreased within both the SOC (−4.64 mg/dL, 95% CI −8.45 mg/dL to −0.82 

mg/dL, p=0.011) and TRE groups (−6.00 mg/dL, 95% CI −11.49 mg/dL to −0.51 mg/dL, 

p=0.002), but not between groups (Table 3). HbA1c was significantly decreased in the 

TRE group (n=10, −0.21 %, 95% CI −0.55 % to 0.13 %, p=0.033) and compared to SOC 

(n=11, 0.10 %, 95% CI −0.16 % to −0.36 %, p=0.170, between groups p=0.012). Fasting 

insulin was not significantly changed in either arm (Table 3). HOMA-IR (homeostasis model 

assessment-estimated insulin resistance) was significantly decreased within the TRE group 

(−0.49, 95% CI −1.12 to 0.15, p=0.013), but not within the SOC group (−0.12, 95% CI 

−0.48 to 0.25, p=0.300) or between groups (p=0.196) (Table 3).

A post hoc sub-analysis based on elevated HbA1c (≥ 5.7%) at baseline, also found a 

significant decrease in HbA1c within the TRE group (−0.51%, 95% CI −0.97 % to −0.06 

%, p=2.14E-7) and compared to the SOC group (−.010 %, 95% CI −0.19 % to −0.01 %, 

p=0.220; between groups, p=0.003) (Table S3, Figure 4).

A combined post hoc analysis of all SOC and TRE participants found that participants who 

started with elevated fasting glucose or HbA1c (SOC and TRE, n=21) had a significant 

decrease in fasting glucose, HbA1c, and HOMA-IR compared to those that had normal 

glucose levels at baseline (n= 115) (Table 3, Table S3).

Cardiometabolic disease risks

Lipids.—LDL cholesterol and triglycerides were within the respective normal range at 

baseline and showed no significant differences within or between SOC and TRE groups at 

the end of the 12-week intervention (Table 2). There were also no significant changes in 

LDL-particle number (LDL-P), small LDL-P, large HDL-P, large VLDL-P, LDL-P size, or 

HDL-P size (Table S4).

In all participants that completed the intervention, very-low-density lipoprotein (VLDL) 

particle size significantly decreased within the TRE group, and compared to SOC (TRE: 

n=69, −1.34 nm, 95% CI −2.20 nm to −0.49 nm, p=0.003, SOC: n=61, −0.25 nm, 95% CI 

−0.86 nm to 0.36 nm, p=0.419, between groups p=0.044) (Table 2, Figure 4, Table S4). HDL 

particle number (HDL-P) significantly decreased in the SOC group (−1.04 umol/L, 95% CI 

−1.82 umol/L to −.026 umol/L, p=0.010), but not in the TRE group (−0.01 umol/L, 95% CI 

−0.74 umol/L to 0.73 umol/L, p=0.987) or between groups (p=0.057) (Table 2, Table S4). 

However, the decrease in the SOC group was not clinically significant.

Blood pressure.—Both the SOC and TRE groups had normal systolic and diastolic blood 

pressure at baseline (Table 2). Despite being in a normal range before the intervention, 

diastolic blood pressure was significantly decreased within the TRE group (−2.00 mmHg, 
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95% CI −3.93 mmHg to −0.07 mmHg, p=0.043), but not within the SOC group or between 

groups (Table 2).

In a post hoc sub-analysis of participants that had elevated SBP (≥130 mmHg) at baseline, 

SBP significantly decreased within both the SOC (n=9, −8.38 mmHg, −14.16 mmHg to 

−2.51 mmHg, p=0.004) and TRE groups (n=16, −7.67 mmHg, −12.48 mmHg to −2.85 

mmHg, p=0.001), but not between groups (p=0.690) (Table 3, Figure 4).

Among participants who had a baseline DBP of ≥85 mmHg, a post hoc analysis found that 

DBP was significantly decreased within the TRE group (n=9, −12.15 mmHg, −17.56 mmHg 

to −6.73 mmHg, p=2.20E-5) and compared to SOC (p=0.033), but not within SOC (n=6, 

−3.77 mmHg, −13.27 mmHg to 5.74 mmHg, p=0.455).

In a post hoc sub-analysis of participants with elevated DBP at baseline based on a lower 

threshold of ≥80 mmHg (SOC, n=17; TRE, n=22), DBP was still significantly decreased 

within TRE (−7.24 mmHg, 95% CI −11.25 mmHg to −3.24 mmHg, p=1.35E-4), but not 

within SOC or between groups (Table S3).

Combined, a post hoc analysis of SOC and TRE participants with elevated SBP (≥130 

mmHg) or DBP (≥85 mmHg) at baseline displayed a significant decrease in blood pressure 

(SOC and TRE, SBP: n=25, −7.92 mmHg, 95% CI −11.37 mmHg to −4.47 mmHg; DBP, 

n=15, −8.80 mmHg, 95% CI −13.61 to −3.98 mmHg) compared to participants that had 

normal levels at baseline (SOC and TRE, SBP: n=112, +0.24 mmHg, 95% CI −1.24 mmHg 

to 1.73 mmHg; DBP: n=122, −0.86 mmHg, 95% CI −2.20 mmHg to 0.49 mmHg) (SBP: 

p=1.70E-5, DBP: p=9.72E-4) (Table 3).

Weight, BMI, and Body Composition.—TRE, but not SOC, had a significant decrease 

in body weight (TRE: −1.1%, −0.94 kg, −1.46 kg to −0.42 kg p=0.0006; SOC: −0.5%, 

−0.43kg, 95% CI −0.94 kg to 0.08 kg, p=0.098) (Table 2). Weight change was not 

significant between groups (p=0.163). BMI was also significantly decreased within the 

TRE group (−0.26 kg/m2, 95% CI −0.45 kg/m2 to −0.07 kg/m2, p=0.009), but not in the 

SOC group (−0.09 kg/m2, 95% CI −0.28 kg/m2 to 0.11 kg/m2, p=0.371) or between groups 

(p=0.219) (Table 2). There were no changes in percent body fat for TRE or SOC compared 

to baseline or between groups (Table 2).

C-Reactive Protein (CRP).—When all participants were included, CRP was within the 

normal range at baseline and did not change in either group (Table 2). In a post hoc 

analysis with participants that started with CRP ≥2.0 mg/dL at baseline, both SOC and TRE 

participants significantly decreased CRP within group (SOC, n=11, −2.02 mg/dL, 95% CI 

−4.07 mg/dL to 0.03 mg/dL, p=2.50E-4; TRE, n=15, −1.43 mg/dL, 95% CI −2.37 mg/dL 

to −0.50 mg/dL, p=3.51E-8) (Table 3). There was no significant change between groups 

(p=0.323) (Table 3). Combined, these SOC and TRE participants significantly decreased 

CRP compared to participants that started with normal levels (p=2.48E-9) (Table 3).
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Energy intake and activity

24-hour dietary recall.—Daily energy intake was assessed by 24-hour dietary recall with 

a dietician at baseline and week six of the intervention. Both the SOC (−318.69 kcal, 95% 

CI −531.05 kcal to −106.33 kcal, p=0.003) and TRE (−415.91 kcal, 95% CI −600.87 kcal to 

−230.94 kcal, p=1.27E-5) groups significantly decreased their daily calories, but there was 

no significant difference between groups (p=0.447) (Table 2).

Mediterranean Diet.—From the 24 h dietary recall data for each arm, we identified food 

names and descriptors for major components of a Mediterranean diet – fruits, vegetables, 

fish, and olive oil. At baseline in both groups, 34% of food descriptors represented these 

Mediterranean diet components, which increased to 38% for SOC and 42% for TRE arms at 

6 weeks (Table S6).

Alcohol.—The TRE group significantly reduced alcohol consumption at 6 weeks compared 

to baseline (−5.89 g, 95% CI −11.41 g to −0.37 g, p=0.037), but there was no significant 

change within SOC (−2.27 g, 95% CI −11.68 g to 7.14 g, p=0.632), or between groups 

(p=0.504) (Table 2). One alcoholic beverage is approximately 14 grams of alcohol. The TRE 

group decreased their alcohol intake by 48% from baseline, which was almost half of a 

drink for a given day. All participants who completed the dietary recall were included in the 

analysis, but a majority of participants did not have an alcoholic drink at either time point 

(39 of 66 SOC and 38 of 69 TRE).

Activity.—Daily activity, assessed via actiwatch, was significantly decreased at the 

end of the 3-month intervention within TRE participants (−16103.24 arbitrary units 

(A.U.), −23741.85 A.U. −8464.63 A.U., p=7.76E-5) but not within SOC (−9575.23 A.U., 

−22097.98 A.U. −2947.53 A.U., p=0.132) or between groups (p=0.373) (Table 2).

Sleep duration, efficiency, and self-reported sleep quality

Sleep.—There were no significant changes in daily sleep duration or sleep efficiency 

(assessed via actiwatch) within or between the SOC or TRE groups (Table 2).

Pittsburg Sleep Quality Index (PSQI).—There are seven categories to assess different 

aspects of sleep (duration, disturbance, latency, daytime dysfunction, efficiency, overall 

quality, need for medication, and a total score) with a lower score indicating better sleep 

(Buysse et al., 1989). The only significant change was a decrease in sleep disturbance at the 

end of intervention compared to baseline within the TRE group (−0.16, 95% CI −0.30 to 

−0.02, p=0.027), but not within the SOC group or between groups (Table S5).

Epworth Sleepiness Scale (ESS).—The ESS assesses sleepiness, with a lower score 

indicating less sleepiness. There were no significant changes in sleepiness, assessed via 

the ESS for all participants (Table S5). In a post hoc sub-analysis of participants with 

higher-than-normal daytime sleepiness at baseline (ESS score > 5; SOC: n=54, 10.43, 95% 

CI 9.49 to 11.36; TRE: n=52, 9.79 CI 8.94 to 10.63), both the SOC (−0.87, 95% CI −1.49 to 

−0.25, p=0.007) and TRE (−1.10, 95% CI −2.00 to −0.19, p=0.019) within group, and they 

were not significantly different between groups (p=0.442).
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Quality of life

The SF-36 (36-Item Short Form Survey) is a quality-of-life questionnaire with subcategories 

for both physical and mental health scores (Busija et al., 2011; Ware and Sherbourne, 1992). 

A higher score indicates better health. The TRE group significantly improved the view 

of their health at the end of intervention compared to the baseline (+8.46 A.U., 95% CI 

2.58 A.U. to 14.33 A.U., p=0.005), but there was no significant difference within SOC or 

between groups (Table S5). The SOC group had significantly worsened the measures of 

role limitations due to emotional problems (−12.50, 95% CI −19.84 to −5.16, p=0.001) and 

emotional well-being (−5.06, 95% CI −8.75 to −1.37, p=0.008) at the end of intervention 

compared to baseline and compared to TRE (role limitations due to emotional problems: 

−1.90, 95% CI −8.2 to 4.43, p=0.550; between groups p=0.030; emotional well-being: 

−0.60, 95% CI −2.80 to 1.60, p=0.588; between groups p=0.036) (Figure 4, Table S5). There 

were no other significant changes in the SF-36 within or between groups (Table S5).

Discussion

To our knowledge, this is the first RCT of TRE on individuals engaged in 24-h shift work. 

Shift workers, including firefighters, are at an elevated risk for cardiometabolic diseases 

(Donovan et al., 2009; Kales et al., 2009; Poston et al., 2011; Soteriades et al., 2011). 

Yet, shift work and the associated tasks are perceived barriers to the adoption of lifestyle 

interventions, such as calorie restrictions and sleep extension, that are known to reduce 

risks for cardiometabolic diseases (Fontana, 2018; Potter et al., 2016; Tobaldini et al., 

2018). The primary outcomes of this RCT were to (1) assess the feasibility of a 10-hour 

TRE intervention in firefighters on a 24-hour shift schedule, and (2) evaluate change in 

glucose homeostasis in response to the intervention. Secondary outcomes assessed other 

cardiometabolic health measures and quality of life.

The design and implementation of this study involved the adoption of innovative strategies 

to overcome the known barriers to shift workers’ participation in intervention studies. An 

independent advisory committee headed by representatives of the National Fire Protection 

Association (NFPA) and composed of representatives of San Diego and other national fire 

departments, the National Institute for Occupational Safety & Health (NIOSH), National 

Volunteer Fire Council (NVFC), International Association of Firefighters (IAFF), and local 

firefighter union advised on strategies for recruitment and retention. The study protocol was 

reviewed and approved by the Compliance Assurance Program Office of the Department 

of Homeland Security. The study staff did at least one 24-h ride-along at the busiest 

fire station in San Diego to gain participants’ confidence and to understand their shift 

work lifestyle. The inclusion/exclusion criteria were developed in consultation with the 

firefighters to ensure participation was open to most firefighters, including those who may 

have no cardiometabolic health risk so that participation in the study would not be viewed 

as a sign of underlying disease condition which could be perceived as compromising their 

work. Mediterranean diet was advised for all participants (SOC and TRE) because this diet 

is associated with improved cardiovascular health among firefighters (Romanidou et al., 

2020; Sotos-Prieto et al., 2020) and was favored by the independent advisory committee. 

Clinic visits were coordinated with their Kelly shift schedule and overtime so that the visits 
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did not occur immediately after a 24-h shift to reduce any inadvertent acute effect of the 

24-h shift on blood parameters. Instead of group- or individual-in-person sessions typically 

used to deliver lifestyle intervention, the mCC app was used to deliver health nudges to 

both SOC and TRE groups throughout the study. Both groups received the same number of 

messages.

Such study design resulted in participation by firefighters with a wide spectrum of health 

status with none to multiple risks for cardiometabolic diseases. Thus, it offered a unique 

opportunity to assess the feasibility of adherence to behavioral lifestyle interventions among 

participants with a continuum of disease risks.

The health status of dropout participants was not significantly different from the participants 

who completed the 3 months intervention, thus suggesting the baseline health status did not 

affect study participation. The dropout rate in the TRE arm was less than that in the SOC 

group and the participants did not report any adverse effects of 10-h TRE. There were also 

no reports of TRE compromising participants’ readiness or ability to do their work.

We found that a 10-hour TRE intervention was feasible in firefighters on 24-hour shifts. 

The TRE group decreased their eating window by 3 hours to 11.13 hours (Table 2). Of 

days logged, TRE participants only logged entries outside their 10-hour designated eating 

window approximately 1-2 days a week. Such occasional eating outside the self-selected 

window was permitted to enable firefighters to eat a late dinner or snack when they attended 

extended evening- or night-calls. Previous studies found metabolic benefits of TRE in 

participants with excess body weight or cardiometabolic risk factors with similar adherence. 

A preclinical mouse model of TRF with restricted feeding limited to 5 days a week (2 

days ad lib) (Chaix et al., 2014) and a pilot study in adults with metabolic syndrome 

with adherence to 10-h TRE 6 of 7 days (Wilkinson et al., 2020) demonstrated significant 

cardiometabolic benefits of TRE. Thus, we interpret that adherence to TRE for 5 days a 

week, as seen in our study, is likely sufficient to obtain the benefits of the intervention.

Both the SOC and TRE group received instruction to adhere to a Mediterranean diet which 

includes increased intake of fruits and vegetables, use of olive oil, and modest alcohol 

consumption. Analyses of dietary recall records of food descriptors revealed increased 

consumption of fruits, vegetables, fish, and olive oil. There was a significant decrease in 

alcohol intake (almost a half drink a day, −5.89 g, 1 drink=14 g) within the TRE group. This 

is important as decreased alcohol intake can be difficult to achieve and can have widespread 

health benefits (Haddock et al., 2015; Organization, 2018). Future studies are needed to 

determine if TRE could be used as a sustainable lifestyle to decrease alcohol consumption.

As seen in many dietary interventions, we also found remarkable changes in activity, sleep, 

and quality of life. There was a significant decrease in activity within the TRE group (−5%), 

but not within or compared to SOC (−3%). Similar decreases (−6%) in mean daily activity 

were seen in other TRE (Wilkinson et al., 2020) and intermittent fasting studies (Betts et 

al., 2014). However, the activity levels of this cohort of firefighters at both time points were 

>32% higher than the activity levels in a cohort of non-shift workers (Wilkinson et al., 
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2020) and there was no report of excessive fatigue or sense of “low-energy” underlying the 

observed decrease in activity.

There was a significant decrease in self-reported sleep disturbances in the TRE arm, but 

there were no significant changes to the quality of sleep assessed by the actiwatch. This 

discrepancy is likely because the actiwatch interprets wrist movement (or lack thereof) for 

sleep duration and quality, which may not be sensitive enough to assess changes in sleep 

disturbances or quality of sleep. Change in sleep duration did not change when assessed by 

self-report or actiwatch. This is not surprising as sleep opportunities are limited for shift 

workers. However, this demonstrates that health benefits can be achieved without significant 

increases in sleep duration.

We also found significant changes in quality-of-life scores assessed via the SF-36 

questionnaire. The SOC group significantly worsened emotional well-being and resulting 

role limitations compared to TRE and baseline, whereas the TRE group did not change 

from baseline (Figure 4, Table S5). This is consistent with findings in a preclinical shift 

work model that demonstrated that TRF prevented depressive and anxiety-like behaviors 

(Guerrero-Vargas et al., 2021). Improvements in subjective views of sleep and health are 

important findings as they improve quality of life and were achieved without altering the 

work schedule.

Preclinical animal models have shown the negative metabolic impacts of shift-work are 

due to the mistiming of food intake (Guerrero-Vargas et al., 2018), which, in turn, disrupts 

circadian regulation of metabolism. Aligning food intake to the habitual wakeful or active 

period and maintaining a consistent eating window as in TRE can prevent or reverse 

excessive weight gain and cardiometabolic disease risks in animals (Chaix et al., 2019a). 

Although the TRE arm could maintain a shorter daytime eating window relative to baseline 

and SOC, we did not observe significant weight loss and improvement in glucose regulation 

or cardiometabolic risk factors between groups. The TRE group significantly decreased 

VLDL size compared to SOC, however, the overall effects on dyslipidemia will require 

further studies. There was a significant reduction in body weight, BMI, and DBP in the 

TRE but not in SOC. Such modest changes may be due to group averages of the health 

parameters at baseline being in the healthy range. This is consistent with preclinical studies 

in which animals with normal weight and metabolic health see modest benefits, while 

those with excessive weight or dysmetabolism benefit the most from TRF (Chaix et al., 

2014). This preclinical observation prompted us to do subgroup analyses on participants 

with higher cardiometabolic disease risks. The finding that multiple measures of glucose 

regulation and cardiovascular health were improved in the subpopulation of participants that 

began with abnormal levels at baseline compared to those who started with normal levels 

suggests that TRE may have a greater immediate impact on individuals who are at risk for 

cardiometabolic disease.

Based on other lifestyle interventions, we predict that the results of the TRE intervention 

will translate well in the real world. These findings may not only apply to shift workers 

but would likely extend to a wider population of caretakers and other individuals who 

experience abnormal sleep-wake patterns. Participants that saw the greatest benefits of both 
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TRE and SOC were older and had at least one risk factor for cardiometabolic disease. Thus, 

individuals with chronic disease, and likely older, are most likely to see these benefits. There 

are currently no systematic comparisons for the efficacy of circadian lifestyle interventions 

to improve health in the real world. The current leading lifestyle intervention to improve 

cardiometabolic health is the Diabetes Prevention Program (DPP). Weight loss achieved in 

real-world application of the DPP was about half to one-third of the weight loss reported 

in the original clinical trials (Dunkley et al., 2014). However, weight, diabetes progression 

rates, and other cardiometabolic risks were still significantly decreased (Dunkley et al., 

2014). Furthermore, the use of mHealth technology (mCC app) in our study to deliver and 

monitor the intervention makes the TRE intervention both scalable and customizable for 

shift workers (this study) and non-shift workers (Chow et al., 2020; Hutchison et al., 2019; 

Phillips et al., 2021; Wilkinson et al., 2020).

Both SOC and TRE reduced their calorie intake by 14% and 18% respectively and 

improved their intake of fruits and vegetables, which may explain several health benefits 

relative to baseline shared between groups. Combined with a low dropout rate, the health 

improvements and lack of adverse events imply that a scalable lifestyle intervention 

program incorporating TRE and a Mediterranean diet for firefighters is feasible to improve 

cardiometabolic health and quality of life.

Strengths of Study

Unlike other TRE RCTs, this study used a real-world standard-of-care control 

(Mediterranean Diet) that is known to have health benefits (Sotos-Prieto et al., 2020). 

The participants were a representative sample (gender, ethnicity, age, and health status) 

of firefighters on a 24-hour shift in San Diego County who were generally healthy (BMI 

<30, normal blood pressure, and cardiometabolic biomarkers) at baseline. Even within 

this healthy population, cardiometabolic health benefits were observed. Additional benefits 

were seen in participants that have cardiometabolic abnormalities at baseline. Importantly, 

there were no adverse effects reported, regardless of health status at baseline. The study 

also demonstrated that 10-hour TRE is a feasible behavioral intervention for firefighters 

on a 24-hour schedule without modifying schedules. Another strength of this study is the 

combination of in-person visits and a mobile health app to implement the intervention and 

collect continuous assessment of food intake (in real-time).

Limitations of Study

One limitation of this study is that it is a short-term 12-week intervention. To determine 

if TRE can be both a preventative and treatment for cardiometabolic disease in 24-h shift 

workers, participants will need to be monitored over an extended period. Additionally, 

the study population was only 9% female. Although this is a good representation of 

firefighters (only 4% of 24-hour shift workers in SDFD are female), it is still a limitation 

of how the study findings can be translated to broader populations. As with many lifestyle 

interventions, the adherence measurements and some outcomes, such as sleep, were reliant 

on self-reporting. The participants’ health factors at baseline were heterogeneous with many 

participants starting with normal levels at baseline. This led to a post hoc sub-analysis of 

participants that had abnormal health factors at baseline which resulted in small n-values 
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(exploratory outcomes). Similarly, due to the rarity of research on shift workers and 

firefighters, in particular, we assessed many exploratory outcomes and did not perform 

corrections for multiple testing as we deemed it more likely to result in false negatives than 

false positives. This study was also restricted to one shift work schedule in one county in the 

United States. As shift work schedules can vary greatly across jobs and even between fire 

departments, additional studies will need to be done to assess the feasibility of TRE for other 

shift work schedules. There was no control group as both groups were advised to follow a 

Mediterranean diet. Although this is a limitation, it also shows that the observed benefits of 

TRE were beyond that of a Mediterranean diet.

Conclusion:

Time-restricted eating is feasible for 24-hour shift workers and may serve as a novel 

intervention to treat and potentially prevent cardiometabolic disease.

Star Methods

RESOURCES AVAILABILITY

Lead contact.—Further information and requests for resources and data should be 

directed to and will be fulfilled by the lead contact, Satchidananda Panda (panda@salk.edu).

Materials Availability.—This study did not generate new unique reagents. Specific 

requests for data sharing will require a Material Transfer Agreement and/or Data Use 

Agreement and will be managed by the Salk Institute UC San Diego. Both Institutes abide 

by the Uniform Biological Material Transfer Agreement (UBMTA).

Data and Code Availability—Deidentified participants’ source data “Data S1 – Source 

Data” has been deposited at Mendeley and made publicly available. Data S1. Unprocessed 

data reported and underlying the display item in the manuscript, related to Figures 2, 3, and 

4 and all health metrics reported. The DOI is listed in the key resources table. mCC app 

data will not be shared as it could indirectly identify individuals. This paper does not report 

an original code. Any additional information required to reanalyze the data reported in this 

paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human Subjects: This study was conducted with approvals from the institutional review 

boards at the Salk Institute for Biological Studies (IRB# 18-0001) and the University 

of California, San Diego (IRB # 172083). The trial was registered at ClinicalTrials.gov 

(NCT03533023). Methods are also detailed in the study protocol paper (Manoogian et al., 

2021b).

Participants and recruitment: All participants provided written informed consent. 

Participants were recruited from May 8, 2018, through December 18, 2019. To gain 

familiarity of the study staff with the work biography of 24-h firefighters for participant 

recruitment, better design study workflow, and improve study participation, the study staff 

did 24-h ride-along in busy fire stations before and during the recruitment phase. In 
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consultation with the worker union and fire department, participation in this study was not 

restricted to those with hyperglycemia and/or elevated cardiometabolic risk factors. This was 

done to avoid any potential perceived stigma of being in a behavior intervention study to 

address any existing disease condition. As a result, participants included both healthy adults 

and those with aspects of cardiometabolic risk factors.

All members of the San Diego Fire and Rescue Department (SDFD) who were career first 

responders and worked 24-hour shifts were invited to participate in the study. See exclusion 

criteria below. 24 hours shifts started at 8 am (transition to next shift between 7 am – 8 am) 

for up to 4 days in a row (96 hours). Transitions between shifts start at 7 am.

153 participants were screened and enrolled in the study, and 150 completed the baseline/

screening period and were randomized (136M/14F, age 21-59 yr). 137 participants 

completed the 3-month intervention (67 SOC: 65M/2F; 70 TRE: 59M/11F; 23-59yr) (Figure 

1A). No medication adjustments were allowed during the study.

Inclusion Criteria

• Firefighter or work a 24-hr shift schedule with San Diego Fire and Rescue

• Age: 21-65 years

• Own a smartphone (Apple or Android Operating System)

• If participants are on cardiovascular medications (HMG-CoA reductase 

inhibitors (statins), other lipid-modifying drugs (including over-the-counter 

drugs such as red yeast rice and fish oil), anti-hypertensive, anti-diabetes drugs), 

no dose adjustments will be allowed during the study period

Exclusion Criteria

• Insulin-dependent diabetes mellitus

• Presence of acute chronic inflammatory or autoimmune disease (defined by 

acute symptoms or C-reactive protein >10 mg/L), malabsorption syndromes, 

liver disease, or kidney disease (stage 3 or greater)

• Uncontrolled thyroid disease

• Intake of drugs likely to interfere with study endpoints, including corticosteroids, 

anabolic steroids, anti-psychotics, antiretroviral drugs, and immunosuppressive 

drugs (within 3 months of starting the study)

• Presence or recent history of anemia (hematocrit <33% within 3 months of 

starting the study)

• History of bariatric surgery

• Pregnant or breast-feeding women

• Current or recent (within 12 months of starting the study) pregnancy or 

breastfeeding, or intention of becoming pregnant in the next 6 months

• Any cancer other than non-melanoma skin cancer in the last 3 years
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• On a special or prescribed diet for other reasons (e.g., Celiac disease)

• Depression is determined by the Beck Depression Inventory (BDI)

• Planned international travel during the study period

• Insufficient logging on the mCC app (does not log at least 2 entries a day for 

10 of 14 days) during baseline will exclude from being randomized into the 

intervention period

METHOD DETAILS

Study Design—The Healthy Heroes study is a 1:1 RCT with 150 career firefighters 

on 24-hour shifts from San Diego Fire and Rescue. All participants completed a 2-week 

baseline/screening period during which they wore a continuous glucose monitor (CGM), and 

an actiwatch, and logged all food intake using the myCircadianClock (mCC) smartphone 

application. At the first visit, participants also completed a fasting blood draw, vitals, and 

questionnaires. At the end of the 2-week baseline/screening, participants were randomized 

to a 12-week intervention of either Standard of Care (SOC) or SOC and 10-h TRE (will be 

referred to as TRE). Randomization was done by the statistician, who did not interact with 

participants, via block randomization design. To avoid selection bias, two different block 

sizes of 4 and 8 were used at random to produce a randomization table prior to the start of 

the study (Efird, 2011). The SOC group received nutritional counseling and was instructed 

to follow a Mediterranean diet. The Mediterranean diet encourages eating meals with family 

or friends, uses olive oil as the main source of fat, and is comprised mainly of plant-based 

foods. Dairy, poultry, fish, and alcohol are allowed in moderation, and consumption of red 

meat and sweets are limited (Davis et al., 2015). The general goals for participants were 

60% carbohydrate (whole grain, fruits, vegetables, beans, and legumes), 15% protein (Fist 

and seafood at least twice a week; yogurt, cheese, poultry, and eggs), and 25% fat (olive 

oil, canola oils, tree nuts, peanuts, avocado, and seeds). The TRE group received the same 

nutritional counseling and additionally were instructed to select a consistent 10-h eating 

window for all days of the week to consume all food and beverages (except water) for the 

duration of the 3-month intervention. Participants were allowed to consume caffeine (no 

cream, sugar, or artificial sweeteners) outside of their eating window as needed to stay alert 

and carry out their tasks at work. Participants were not prohibited from any emergency 

deployment within or outside the San Diego area but were instructed to notify the study staff 

if they were deployed outside San Diego during the study period as changing time zones 

could impact outcomes. All baseline measures were repeated at the end of the 12-week 

intervention.

Outcomes—There are two primary outcomes: (1) feasibility and adherence to TRE and 

(2) the impact of TRE on glucose homeostasis. Feasibility and adherence are measured 

as a percentage of days logged in which participants did not eat outside of their 10-h 

eating window. Changes in glucose homeostasis are assessed by fasting blood work. 

Abnormal glucose parameters such as elevated fasting glucose or HbA1c were not an 

inclusion criterion and thus, significant changes in glucose regulation are only expected in 

participants that have compromised glucose homeostasis at baseline. Glucose regulation 

was evaluated via fasting blood measures of glucose, HbA1c, Insulin, and HOMA-IR 
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(Fasting Insulin*Fasting Glucose/405) (Rivas-Crespo, 2015). All participants were assessed 

for overall changes and any adverse events by speaking to the research team at each visit. 

Participants were also instructed to reach out to the research team if they experienced any 

adverse events. A post hoc sub-analysis was done among those who had compromised 

cardiometabolic health metrics at baseline.

Secondary outcomes include (1) changes in metabolic biomarkers in response to TRE 

including HDL cholesterol, LDL cholesterol, lipid sub particle numbers by NMR (Lipofit by 

NMR), Triglycerides, C-reactive Protein (CRP), (2) Systolic Blood Pressure, (3) Diastolic 

Blood Pressure, and (4) Body weight. Other outcomes include Body Mass Index (BMI), 

percent body fat (via Tanita Scale DC 430U; Tokyo, Japan), and questionnaires (quality 

of life, sleep, and health). For all outcomes, significant changes are only expected in 

participants that start with levels outside of the normal range at baseline.

In-Person Visits—Participants visited the Altman Clinic for Translational Research 

Institute (ACTRI) at the University of California San Diego Medical School for all 

clinic visits (CV1, 2, and 3). At CV1, participants had a fasting blood draw, completed 

questionnaires, and height, weight, blood pressure, waist, and hip circumference, and body 

composition (Tanita scale) were measured. They wore an actiwatch and CGM for two weeks 

and were trained to use the mCC app to log food. After 2 weeks, at CV2 participants were 

randomized to either SOC or TRE, completed questionnaires, and met with a dietician to 

complete a 24-hour dietary recall and receive nutritional counseling on the Mediterranean 

Diet. All participants were given a Mediterranean Diet cookbook. Participants in the TRE 

arm also self-selected a 10-h eating window with guidance from the research team. This 

initiated the 12-week monitored intervention. Six weeks into intervention (Study week 8). 

Participants had a phone call with the dietician to complete a second 24-hour dietary recall 

and received nutritional counseling. All food and beverage entries on the mCC app were 

provided to the dietician to aid in a 24-hour recall assessment. Two weeks prior to the end 

of the 12-week intervention (CV3), a member of the research team visited the fire station 

to provide an actiwatch and apply CGM to participants. Participants returned to the clinic 

at the end of the 12-week intervention to return the actiwatch and CGM and repeat all 

questionnaires and measures taken at CV1.

Due to the COVID-19 pandemic, a few of the clinic visits (3 out of 440) were moved from 

the ACTRI to the San Diego Fire Department Wellness center from April-July 2020. In 

place of fire station visits, participants were mailed the actiwatch and CGM, and zoom calls 

were used to help participants to apply the CGM themselves.

Blood Measurements—All blood samples were taken in a fasted state and performed 

by standard venipuncture. All participants were instructed to fast for at least 12 hours 

before blood draws. All blood samples were taken between 7 am – 11 am and taken at 

approximately the same time at baseline and the end of intervention for each participant. The 

following tests were performed at UCSD ACTRI: comprehensive metabolic panel, complete 

blood count, hemoglobin A1c (HbA1c), lipid panel, lipoprofile by nuclear magnetic 

resonance, insulin, and high-sensitivity C-reactive protein (hs-CRP or CRP).
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Body Composition—Body fat percentage was obtained from the Tanita Scale DC 430U 

(Tokyo, Japan).

Eating Pattern Monitoring: The myCircadianClock (mCC) app—All participants 

used the mCC app (Gill and Panda, 2015) throughout the 14 weeks of baseline/screening 

and monitored intervention to log all food and beverages (except water). Food entries could 

be logged as a photo with a short annotation or as an annotation only. Participants in the 

TRE arm set their daily eating window on the app and had the option to set alerts for the 

beginning and end of their eating window.

The mCC app was customized with push notifications (nudges) for the SOC and TRE 

groups to provide reminders and educational materials to help guide firefighters throughout 

the study and improve adherence and retention (ex. “Tracking new habits is an effective 

way to help you maintain it.” Or “The Mediterranean Diet has been shown to decrease 

inflammation and promote a healthy digestive tract.”). Both groups received the same 

number of push notifications and most were identical. Approximately a quarter of the 

notifications also included information about circadian rhythms or eating time for the TRE 

group only (ex. “Keeping a regular eating window of about 10 h provides a healthy daily 

fasting interval and allows your body to prepare for digestion.”). The mCC app is available 

for both iPhones and Android and uses HIPAA-compliant Amazon Web Server (AWS) for 

server-side operations.

Logging and intervention adherence was monitored 2-3 times per week throughout the 

study. If participants had insufficient logging (logging less than 2 items over a 5-hour 

interval or more for 2 or more days), they were contacted via push notification through the 

mCC app, email, text, or telephone.

Wrist-worn Actigraphy (Actiwatches)—The Phillips accelerometer, Spectrum Plus™, 

was used to passively measure sleep and activity. Participants wore the actiwatch on their 

non-dominant arm for two weeks at a time during the study period (baseline and the last 

2-weeks of the 12-week intervention). This data was used to measure sleep onset, sleep 

duration, sleep efficiency, and daily activity.

Questionnaires—Four questionnaires were used in this study. (1) Beck Depression 

Inventory-II (BDI-II), to screen for depression; (2) Short Form-36 Quality of Life (SF-36, 

developed at RAND as part of the Medical Outcomes Study (Busija et al., 2011; Ware and 

Sherbourne, 1992), to measure overall functional health score as well as separate physical 

and mental health dimension components; (3) Epworth Sleep Scale (ESS), to assess daytime 

sleepiness (Johns, 1991); and (4) Pittsburgh Sleep Quality Index (PSQI) (Buysse et al., 

1989) to evaluate sleep in seven major areas – subjective sleep quality, sleep latency, sleep 

duration, sleep disturbances, sleep efficiency, use of sleeping aids, and daytime dysfunction. 

The BDI-II and SF-36 were given at CV1 and CV3 and the ESS and PSQI were given at 

CV2 and CV3.

Actigraphy Analysis—Philips Respironics Actiwatch Plus (van Wouwe et al., 2011) was 

used to assess sleep and activity during baseline and the last 2-weeks of intervention. Data 
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were analyzed using Philips Actiware 6 software. Daily sleep duration and sleep efficiency 

were used to assess changes in sleep. Total activity counts were used to assess changes in 

activity.

Continuous Glucose Monitors—Participants wore an Abbott Freestyle LibrePro 

continuous glucose monitor (CGM) for 14 days during baseline and the last 14 days 

of the 12-week intervention (not reported in this manuscript). The CGM reading along 

with any self-report of lightheadedness or dizziness was intended to identify any potential 

hypoglycemia event.

QUANTIFICATION AND STATISTICAL ANALYSIS

Adherence Calculation—Adherence was assessed during baseline (B, 2 weeks leading 

up to CV2), weeks 5-7 of the intervention (6wk), the last 2 weeks of the 12-week 

intervention (12-wk), and randomly sampled 14 days throughout the 12-week intervention 

(12-wk-RS). For the TRE group, adherence to the self-selected 10-h eating window was 

assessed by the number of days in which a participant consumed a caloric item more than 15 

mins outside of their self-selected 10-h eating window.

Eating Window Calculation—The eating window was calculated as the time window in 

which 95% of all calorie-containing food and beverage entries were logged on the mCC app 

during a designated interval (Gill and Panda, 2015): baseline, 6-wk, 12-wk, and 12-wk-RS. 

The earliest and latest 2.5% of entries were removed. Of the remaining entries, the earliest 

entry marked the beginning of the eating window and the latest entry as the end of the eating 

window.

Nutrition analysis—Calorie and alcohol intake were captured during a 24-hour recall 

with a dietician at the end of baseline and between weeks 5-7 of the intervention.

Statistical analysis—Data was collected in a pre-post design. Data from all participants 

who completed the 12-week assessments were included in the analysis. Participants that 

dropped out of the study and only had data from baseline were not included in the analysis. 

Baseline characteristics of participants that dropped out were assessed for randomness, 

and participants with elevated cardiometabolic risk factors at baseline, using a chi-square 

test for categorical data (sex and ethnicity) and independent t-tests for nominal data. For 

Independent T-tests, Levene’s Test for Equality of Variances was used to determine if equal 

variance should be assumed.

A general linear model for mixed design (Mixed ANOVA) was used to analyze differences 

between groups when there were two or more between-subject factors. All Mixed ANOVAs 

were run with one within-group factor of Time with 2 levels (Baseline and 12-weeks) for 

all analyses. For comparison between intervention groups (Table 2), there was one between-

group factor of Intervention group (TRE or SOC). Differences were considered statistically 

significant provided a p-value of 0.05 or less was obtained. Post hoc sub-analyses were also 

performed with Mixed ANOVA to assess changes in participants who had health factors 

out of the normal range at baseline. For within intervention group analysis, there was one 

between-subjects factor of Elevated Value at Baseline (Elevated and Normal). For analysis 
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between intervention groups, there were two between-subject factors, Elevated Value at 

Baseline and Intervention Group (SOC and TRE). For analysis of combined groups (all 

participants), there was one between groups factor of Elevated Value at Baseline (Table 

3). Paired T-tests were used to compare within-group changes when there were no between-

group factors. No corrections were made for multiple comparisons of primary or secondary 

outcomes. Data were analyzed using SPSS version 26 (IBM, USA).

Sample Size Estimation: Due to a lack of TRE RCT of similar length and because there has 

been no TRE RCT in shift workers, weight was used as an outcome for calculating sample 

size rather than glycemic measures. G*Power software was used to calculate the required 

sample size for the mixed model approach using the RMASS program provided by Hedeker 

(http://tigger.uic.edu/~hedeker/ml.html). The sample size of 150 provides a minimum power 

of 80% to detect a medium effect size for the primary hypotheses. For the mixed model, 

the medium effect size (based on previous studies) is defined as a between-group difference 

increasing linearly from 0 at baseline to .5 SD units at the last time point. The minimum 

power estimation is based on sample size calculation for 10% and 20% attrition, correlations 

of 0.2, 0.5, and 0.8 between the repeated measures, and for medium and large effect sizes.

Missing Data: Missing data were examined for randomness. The pattern of missing data 

was examined by comparing group differences in the primary outcomes of subjects with 

versus without missing data as recommended by Little and Rubin (Little and Rubin, 2019). 

This allows the inclusion of subjects with missing data or those who terminated the study 

early, without relying on data imputation procedures.

Excluded Participants and Data

Excluded Participants.: Four participants were excluded from the study (3 during baseline/

screening and 1 after randomization).

1. Score on BDI-II.

2. Did not meet logging adherence during baseline/screening.

3. Skin irritation in response to CGM.

4. Unrelated medical issue (after randomization).

Category Participant Time Point Data missing/excluded Reason

Blood Test HH-007 V3 Fasting blood work.
Did not complete a blood draw 
because not fasting at V3.

Blood Test HH-096 V1 CRP

Excluded because the participant 
was recovering from flu at V1. Led 
to abnormally high CRP levels.

Blood Test HH-006 V1 and V3

LDL cholesterol (V1 and 
V3), HDL particle number 
(V1), Lipoprofile (V3) Lab error

Blood Test HH-010 V1 and V3 Lipoprofile Lab error

Blood Test HH-023 V3 Lipoprofile Lab error

Blood Test HH-036 V3 Lipoprofile Lab error
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Category Participant Time Point Data missing/excluded Reason

Blood Test HH-037 V1 and V3
Small LDL particle 
number interference

Blood Test HH-041 V1
Large VLDL Particle 
Number interference

Blood Test HH-053 V1 and V3
Large HDL Particle 
Number interference

Blood Test HH-066 V1 Lipoprofile interference

Blood Test HH-067 V1 Lipoprofile interference

Blood Test HH-086 V1 and V3
Small LDL particle 
number interference

Vitals HH-002 V3 Waist circumference Measure not taken at the visit.

Eating window HH-052 6-wk Eating Duration Excluded: not enough days logged

Eating window HH-140 6-wk Eating Duration Excluded: not enough days logged

Eating window HH-024 6-wk Eating Duration Excluded: not enough days logged

Eating window HH-129
6-wk and 12-
wk Eating Duration Excluded: not enough days logged

Eating window HH-078 12-wk Eating Duration Excluded: not enough days logged

Eating window HH-125 12-wk Eating Duration Excluded: not enough days logged

Eating window HH-110 12-wk Eating Duration Excluded: not enough days logged

Eating window HH-034 12-wk Eating Duration Excluded: not enough days logged

Dietician 
Recall HH-083 Baseline 24-hour Dietary Recall Did not complete.

Dietician 
Recall HH-112 6-wk 24-hour Dietary Recall Did not complete.

SF-36 HH-037 V1 SF-36 Health change did not answer the question

SF-36 HH-079 V1 SF-36 Health change did not answer the question

SF-36 HH-140 V1 SF-36 Health change did not answer the question

SF-36 HH-130 V3 SF-36

Excluded: broke their leg while 
surfing which led to limitations 
outside the experiment

SF-36 HH-009 V3 SF-36 Health change did not answer the question

SF-36 HH-131 V3 SF-36 Health change did not answer the question

SF-36 HH-077 V3 SF-36 did not complete

SF-36 HH-017 V3

SF-36: role limitations due 
to emotional problems and 
emotional well-being

Exclude: family member recently 
passed away

PSQI HH-032 V1 PSQI Sleep Quality didn't answer the question

PSQI HH-032 V1 PSQI total
could not calculate because of 
missing data

PSQI HH-048 V1 PSQI Disruption did not answer the question

PSQI HH-048 V1 PSQI total
could not calculate because of 
missing data

PSQI HH-072 V1 PSQI Disruption did not answer the question

PSQI HH-072 V1 PSQI total
could not calculate because of 
missing data

PSQI HH-109 V1 PSQI Days Dys didn't answer the question
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Category Participant Time Point Data missing/excluded Reason

PSQI HH-109 V1 PSQI total
could not calculate because of 
missing data

PSQI HH-130 V1 PSQI (all categories) did not complete

PSQI HH_105 V1 PSQI duration did not answer the question

PSQI HH_105 V1
PSQI HSE (sleep 
efficiency) did not answer the question

PSQI HH_105 V1 PSQI total
could not calculate because of 
missing data

PSQI HH-018 V1 PSQI duration did not answer the question

PSQI HH-018 V1
PSQI HSE (sleep 
efficiency) did not answer the question

PSQI HH-018 V1 PSQI total
could not calculate because of 
missing data

PSQI HH-024 V1 PSQI duration did not answer the question

PSQI HH-024 V1
PSQI HSE (sleep 
efficiency) did not answer the question

PSQI HH-024 V1 PSQI Latency did not answer the question

PSQI HH-024 V1 PSQI total
could not calculate because of 
missing data

PSQI HH-063 V1 PSQI duration did not answer the question

PSQI HH-063 V1
PSQI HSE (sleep 
efficiency) did not answer the question

PSQI HH-063 V1 PSQI total
could not calculate because of 
missing data

PSQI HH-131 V1 PSQI duration did not answer the question

PSQI HH-131 V1
PSQI HSE (sleep 
efficiency) did not answer the question

PSQI HH-131 V1 PSQI total
could not calculate because of 
missing data

PSQI HH-032 V3 PSQI Sleep Quality didn't answer the question

PSQI HH-032 V3 PSQI total
could not calculate because of 
missing data

PSQI HH-051 V3 PSQI Disruption did not answer the question

PSQI HH-051 V3 PSQI total
could not calculate because of 
missing data

PSQI HH-077 V3 PSQI (all categories) did not complete

PSQI HH-094 V3 PSQI (all categories) did not complete

PSQI HH-124 V3 PSQI duration did not answer the question

PSQI HH-124 V3
PSQI HSE (sleep 
efficiency) did not answer the question

PSQI HH-124 V3 PSQI total
could not calculate because of 
missing data

PSQI HH-133 V3 PSQI Disruption did not answer the question

PSQI HH-133 V3 PSQI total
could not calculate because of 
missing data

ESS HH-048 V1 ESS Lost

ESS HH-130 V1 ESS Lost
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• 10-hour time-restricted eating is feasible for shift workers on a 24-hour 

schedule.

• TRE improved very-low-density lipoprotein size and quality of life measures.

• TRE decreased HbA1c and blood pressure for participants with 

cardiometabolic risk.

• A consistent 10-hour eating window (TRE) had no adverse effects.
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Figure 1. Consort Diagram and study timeline.
(A) Consort diagram and participants from screening through completion of the 12-week 

intervention. (B) Timeline of study events during baseline and 12-week intervention. SOC 

= Standard of Care, TRE = Time-restricted Eating, BDI-II = Beck Depression Inventory-II, 

CGM = Continuous Glucose Monitor.
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Figure 2. Participants with cardiometabolic risk factors at baseline.
All values were taken in a fasted state. Elevated risk: Low-Density Lipoprotein Cholesterol 

(LDL-C) ≥ 130 mg/dL, BMI ≥ 30 mg/dL, C-Reactive Protein (CRP) ≥ 2.0 mg/dL, SBP 

≥ 130 mmHg, Glucose ≥ 100 mg/dL, Triglycerides (TG) ≥ 150 mg/dL, Diastolic Blood 

Pressure (DBP) ≥ 85 mmHg, Glycated Hemoglobin (HbA1c) ≥ 5.7 %, High-Density 

Lipoprotein Cholesterol (HDL-C) <40 mg/dL for males, <50 mg/dL for females. Mild Risk: 

LDL ≥ 100 mg/dL, BMI ≥ 25 mg/dL, SBP ≥ 120 mmHg, DBP ≥ 80 mmHg. Risk factors 

included elevated risks as described, but not mild risks. Reported for n=137 who completed 

the study. Also, see Table 3.
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Figure 3. Changes in temporal eating pattern.
(A) 24-hour plots of all caloric events (15,732 entries) for SOC (left) and TRE (right) 

during baseline (baseline, inner ring, light orange, and light blue) and the last 2 weeks of 

the 12-week intervention (outer ring, dark orange, and dark blue). Each participant's data is 

represented for both baseline and end of intervention. Colored bars represent the 25-75% 

range of the 95% eating widow in each condition. The green line indicated the median 95% 

eating window in each condition.

(B) Box plots of the 95% eating window for SOC and TRE at baseline and intervention. 

TRE (blue) group had a significant decrease in eating window in all conditions compared 

to baseline. SOC (orange) showed a small decrease in the eating window between V1 and 

V3. There was no significant difference in the eating window between 6-wk and 12-wk. 

Baseline=14 consecutive days before the start of intervention), 6-wk = halfway through 

intervention – 1st day of week 5 through last day of week 6, 12-wk=14 consecutive days 

before the 12-week follow-up visit, 12-wk-RS = Random sample of 14 days throughout the 

12-week intervention. * p<0.05, *** p<0.001. Box and Whisker– median, 25-75% (box) 

– whiskers 5-95%. Between-group differences were assessed by Mixed ANOVA (Also see 

Table S2).

(C) Histograms of caloric entries on the mCC app at baseline (Top) and the last 2 weeks 

of the 12-week intervention (bottom) for SOC (left, orange) and TRE (right, blue). Vertical 

black lines indicate 8 am to 8 pm for reference. TRE, but not SOC, participants decreased 

caloric events before 8 am and after 8 pm.

Manoogian et al. Page 30

Cell Metab. Author manuscript; available in PMC 2023 October 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Significant changes between TRE and SOC interventions.
Change in values (V3-V1) are shown as scatter plots with mean and 95% CI for SOC 

(orange) and TRE (blue). The significant difference between groups was assessed via Mixed 

ANOVA (* indicates p<0.05). (Also see Tables 2, 3, and Table S4 and S5).
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Table 1.

Baseline Characteristics (for 137 participants who completed the 12-week intervention)

Metric SOC (n=67) TRE (n=70) All (n=137)

Age, mean (SD), years 39.61 (9.39) 41.07 (8.71) 40.36 (90.4)

Male, n, (%) 65 (97%) 60 (84%) 125 (91%)

Female, n, (%) 2 (3%) 10 (15%) 12 (9%)

Race, n, (%)

White 42 (63%) 40 (60%) 82 (60%)

Black 2 (3%) 3 (4%) 5 (4%)

Asian 2 (3%) 3 (4%) 5 (4%)

Hispanic 9 (13%) 12 (17%) 21 (15%)

Mixed Race 2 (3%) 0 (0%) 2 (1%)

Unknown Race 10 (15%) 12 (17%) 22 (16%)

Outcome Measures

95% eating window, mean (SD), hours 13.98 (1.79) 14.19 (1.39) 14.09 (1.60)

Fasting Glucose, mean (SD), mg/dL 92.51 (7.45) 92.31 (7.96) 92.41 (7.69)

HbA1c, mean (SD), % 5.28 (0.31) 5.30 (0.40) 5.29 (0.36)

HOMA-IR, mean (SD) 1.09 (0.71) 1.13 (0.78) 1.11 (0.74)

Fasting Insulin, mean (SD), mIU/L 4.70 (2.87) 4.90 (3.13) 4.80 (3.00)

Prevalence of Cardiometabolic Risk Factors

BMI ≥ 30 kg/m2, n (%) 16 (24%) 20 (29%) 36 (26%)

Fasting Glucose ≥ 100 mg/dL, n (%) 11 (16%) 10 (14%) 21 (15%)

HbA1c ≥ 5.7 %, n (%) 7 (10%) 7 (10%) 14 (10%)

LDL Cholesterol ≥ 130 mg/dL, n (%) 25 (37%) 25 (36%) 50 (36%)

Triglycerides ≥ 150 mg/dL, n (%) 9 (13%) 8 (11%) 17 (12%)

HDL Cholesterol <40 mg/dL for males, <50 mg/dL for females, n (%) 3 (4%) 6 (9%) 9 (7%)

Systolic Blood Pressure ≥ 135 mmHg, n (%) 9 (13%) 16 (23%) 25 (18%)

Diastolic Blood Pressure ≥ 85 mmHg, n (%) 6 (9%) 9 (13%) 15 (11%)

CRP ≥ 2.0 mg/dL, n (%) 12 (18%) 15 (21%) 27 (20%)

Medications: Type (Drug Names)

Antihypertensive (Losartan, Olmesartan, Lisinopril, Lisinopril-Hydrochlorothiazide, 
Atenolol, Metoprolol, Atenolol, Timolol), n (%) 5 (7%) 6 (9%) 11 (8%)

Statin, (Crestor, Atorvastatin), n (%) 4 (6%) 5 (7%) 9 (7%)

Ezetimibe (Zetia), n (%) 0 (0%) 1 (1%) 1 (1%)

Omegas (Omega-3, Fish Oil, Omega-6), n (%) 14 (21%) 18 (26%) 32 (23%)

Antidiabetic (Metformin, Jardiance), n (%) 0 2 (3%) 2 (1%)

Melatonin, n (%) 1 (1%) 6 (9%) 7 (5%)

Prescription Sleep aid (Ambien), n (%) 1 (1%) 0 1 (1%)
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Table 2.

Changes in Health Metrics for All Participants

Outcome
Measure

SOC TRE Between Groups

N Baseline 12-wk Change P-
value N Baseline 12-wk Change P-value

Change
(V3-V1)

TRE-SOC

P-value
Time x
Group

95% eating 
window, 

hours
66

13.96 
(13.52 to 

14.40)

13.35 
(12.89 to 

13.82)

−0.60 
(−1.08 to 

−0.13)

0.013 
* 66

14.13 
(13.78 to 

14.47)

11.13 
(10.73 to 

11.54)

−2.99 
(−3.51 to 

−2.47)

3.29E-17 
***

−2.39 
(−3.08 to 

−1.69)

3.84E-10 
***

Fasting 
Glucose, 
mg/dL

66
92.47 

(90.62 to 
94.32)

92.61 
(90.83 to 

94.38)

0.14 (−1.56 
to 1.83) 0.873 70

92.31 
(90.42 to 

94.21)

92.50 
(90.95 to 

94.05)

0.19 (−1.47 
to 1.84) 0.824 0.05 (−2.30 

to 2.40) 0.967

HbA1c, % 66 5.28 (5.20 
to 5.36)

5.29 (5.20 
to 5.36)

0.01 (−0.05 
to 0.07) 0.802 70 5.30 (5.21 

to 5.40)
5.27 (5.20 
to 5.33)

−0.04 
(−0.1 to 

0.03)
0.290

−0.04 
(−0.13 to 

0.05)
0.340

Fasting 
Insulin, 
mIU/L

66 4.71 (4.00 
to 5.42)

4.85 (4.12 
to 5.58)

0.14 (−0.38 
to 0.65) 0.596 70 4.90 (4.15 

to 5.65)
4.84 (4.27 
to 5.41)

−0.06 
(−0.68 to 

0.57)
0.855

−0.19 
(−1.00 to 

0.61)
0.635

HOMA-IR 66 1.09 (0.92 
to 1.27)

1.13 (0.95 
to 1.31)

0.04 (−0.09 
to 0.17) 0.576 70 1.14 (0.95 

to 1.32)
1.12 (0.98 
to 1.25)

−0.02 
(−0.17 to 

0.14)
0.787

−0.06 
(−0.26 to 

0.14)
0.571

Weight, kg 66
89.29 

(85.66 to 
92.91)

88.86 
(85.27 to 

92.45)

−0.43 
(−0.94 to 

0.08)
0.098 70

87.25 
(84.03 to 

90.47)

86.31 
(83.08 to 

89.54)

−0.94 
(−1.46 to 

−0.42)

0.0006 
***

−0.51 
(−0.14 to 

0.21)
0.163

BMI, kg/m2 67
27.65 

(26.71 to 
28.59)

27.56 
(26.64 to 

28.48)

−0.09 
(−0.28 to 

0.11)
0.371 70

27.77 
(26.92 to 

28.63)

27.52 
(26.66 to 

28.38)

−0.26 
(−0.45 to 

−0.07)
0.009 **

−0.17 
(−0.44 to 

0.10)
0.219

Systolic 
Blood 

Pressure, 
mmHg

67
120.32 

(118.12 to 
122.52)

119.72 
(117.45 to 

121.99)

−0.60 
(−2.77 to 

1.58)
0.585 70

120.73 
(118.12 to 

123.35)

118.86 
(116.43 to 

121.30)

−1.87 
(−3.85 to 

0.11)
0.063

−1.27 
(−4.18 to 

1.63)
0.387

Diastolic 
Blood 

Pressure, 
mmHg

67
74.21 

(72.10 to 
76.33)

72.78 
(70.61 to 

74.94)

−1.44 
(−3.37 to 

0.50)
0.143 70

74.45 
(72.22 to 

76.68)

72.45 
(70.35 to 

74.58)

−2.00 
(−3.93 to 

−0.07)
0.043 *

−0.56 
(−3.27 to 

2.15)
0.682

HDL 
Cholesterol, 

mg/dL
66

55.48 
(52.96 to 

58.01)

56.76 
(53.83 to 

59.68)

1.27 (−0.70 
to 3.25) 0.203 70

59.53 
(55.17 to 

63.89)

59.66 
(55.66 to 

63.67)

0.13 (−1.51 
to 1.76) 0.876

−1.14 
(−3.67 to 

1.38)
0.373

LDL 
Cholesterol, 

mg/dL
66

121.47 
(113.71 to 

129.23)

118.86 
(110.92 to 

126.81)

−2.61 
(−7.32 to 

2.11)
0.274 69

122.36 
(115.21 to 

129.52)

123.12 
(116.15 to 

130.08)

0.75 (−3.54 
to 5.05) 0.727 3.36 (−2.95 

to 9.67) 0.294

VLDL 
Cholesterol 

Particle Size, 
nm

61
46.63 

(45.91 to 
47.35)

46.39 
(45.67 to 

47.10)

−0.25 
(−0.86 to 

0.36)
0.419 69

47.50 
(46.66 to 

48.33)

46.15 
(45.30 to 

47.01)

−1.34 
(−2.20 to 

−0.49)
0.003 **

−1.10 
(−2.16 to 

−0.03)
0.044 *

HDL particle 
number, 
umol/L

61
35.16 

(34.26 to 
36.07)

34.12 
(33.09 to 

35.16)

−1.04 
(−1.82 to 

−0.26)

0.010 
* 69

35.34 
(34.47 to 

36.22)

35.34 
(34.50 to 

36.18)

−0.01 
(−0.74 to 

0.73)
0.987 1.03 (−0.03 

to 2.10) 0.057

Triglycerides, 
mg/dL 66

86.67 
(72.37 to 
100.96)

83.55 
(71.58 to 

95.51)

−3.12 
(−12.15 to 

5.91)
0.493 70

94.24 
(80.91 to 
107.58)

92.53 
(77.04 to 
108.02)

−1.96 
(−10.89 to 

7.47)
0.711

1.41 
(−11.37 to 

14.19)
0.828

Body Fat, % 67
23.73 

(22.45 to 
25.02)

24.03 
(22.86 to 

25.21)

0.30 (−0.19 
to 0.80) 0.229 70

25.72 
(24.29 to 

27.16)

25.65 
(24.25 to 

27.04)

−0.08 
(−0.42 to 

0.27)
0.657

−0.38 
(−0.97 to 

0.21)
0.209

CRP, mg/L 65 1.14 (0.78 
to 1.50)

1.08 (0.72 
to 1.44)

−0.06 
(−0.56 to 

0.45)
0.821 70 1.21 (0.89 

to 1.53)
1.13 (0.86 
to 1.40)

−0.08 
(−0.36 to 

0.21)
0.597

−0.02 
(−0.58 to 

0.54)
0.949
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Outcome
Measure

SOC TRE Between Groups

N Baseline 12-wk Change P-
value N Baseline 12-wk Change P-value

Change
(V3-V1)

TRE-SOC

P-value
Time x
Group

Daily 
Calories, kcal 66

2268.41 
(2129.61 

to 
2407.21)

1949.72 
(1786.57 

to 
2112.87)

−318.69 
(−531.05 

to 
−106.33)

0.003 
** 69

2314.28 
(2136.09 

to 
2490.48)

1898.38 
(1720.84 

to 
2075.92)

−415.91 
(−600.87 

to 
−230.94)

1.27E-5 
***

−97.22 
(−375.52 
to 181.08)

0.447

Alcohol, g 66 11.77 (3.87 
to 19.67)

9.50 (4.91 
to 14.09)

−2.27 
(−11.68 to 

7.14)
0.632 69 12.23 (6.83 

to 17.62)
6.34 (3.17 
to 9.51)

−5.89 
(−11.41 to 

−0.37)
0.037 *

−3.62 
(−14.31 to 

7.07)
0.504

Sleep 
Duration, 

mins
67

472.45 
(461.61 to 

483.29)

471.65 
(460.48 to 

482.81)

−0.80 
(−10.66 to 

9.06)
0.871 69

480.70 
(469.44 to 

491.95)

478.08 
(466.30 to 

489.86)

−2.62 
(−13.61 to 

8.37)
0.636

−1.81 
(−16.47 to 

12.84)
0.807

Sleep 
efficiency, % 67

89.78 
(89.15 to 

90.41)

89.75 
(89.08 to 

90.43)

−0.03 
(−0.39 to 

0.34)
0.897 69

90.34 
(89.81 to 

90.88)

90.23 
(89.68 to 

90.82)

−0.07 
(−0.49 to 

0.29)
0.616

−0.04 
(−0.06 to 

0.05)
0.782

Daily 
Activity, 

A.U.
67

296531.02 
(278764.60 

to 
314297.44)

286955.79 
(269350.11 

to 
304561.48)

−9575.23 
(−22097.98 
to 2947.53)

0.132 69

295900.53 
(279582.45 

to 
312218.61)

279797.29 
(263712.34 

to 
295882.23)

−16103.24 
(−23741.85 

to 
−8464.63)

7.76E-5 
***

−6528.02 
(−20965.49 
to 7909.46)

0.373

Data presented as mean (95% Confidence Interval). Between-group differences were assessed by Mixed ANOVA. Within-group differences were 
assessed with paired t-tests. p<0.05 (*), p<0.01 (**), p<0.001 (***). Daily calories and alcohol were calculated from a 24-hour recall with a 
dietician at baseline and between weeks 5-7 of intervention, not the end of the intervention. A.U.= arbitrary units. See Table S4 for data on all 
lipoprofile measures.
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Table 3.

Changes in health metrics in participants that had abnormal values at baseline

Outcome
Measure

Value 
at

baseline

SOC TRE
Time x Group x
Elevated Value
(SOC vs TRE)

Time x
Elevated

Value
(Combined

groups,
elevated vs
normal at
baseline)

N Baseline 12-wk
Change
12-wk -
Baseline

P-value
Time x

Elevated
Value

N Baseline 12-wk
Change
12-wk -
Baseline

P-value
Time x

Elevated
Value

Change
(V3-
V1)

TRE-
SOC

P-
value P-value

Fasting 
Glucose, 
mg/dL

≥ 100 
mg/dL 11

104.82 
(103.07 

to 
106.57)

100.18 
(95.87 

to 
104.49)

−4.64 
(−8.45 

to 
−0.82)

0.011 * 10

107.10 
(101.75 

to 
112.45)

101.10 
(97.82 

to 
104.38)

−6.00 
(−11.49 

to 
−0.51)

0.002 **
−1.36 
(−7.49 
to 4.76)

0.633 5.80E-5 
***

HbA1c, %

Fasting 
Glucose 
≥ 100 
mg/dL

11
5.31 

(5.06 to 
5.55)

5.41 
(5.21 

to 
5.61)

0.10 
(−0.16 
to 0.36)

0.170 10
5.60 

(5.02 to 
6.18)

5.39 
(5.11 

to 
5.67)

−0.21 
(−0.55 
to 0.13)

0.033 *
−0.31 
(−0.70 
to 0.08)

0.012 
* 0.453

Fasting 
Insulin 
mIU/L

Fasting 
Glucose 
≥ 100 
mg/dL

11
5.91 

(2.81 to 
9.00)

5.63 
(3.05 

to 
8.23)

−0.27 
(−1.62 
to 1.07)

0.480 10
6.10 

(3.06 to 
9.14)

4.60 
(2.87 

to 
6.33)

−1.50 
(−3.77 
to 0.77)

0.059
−1.23 
(−3.63 
to 1.17)

0.287 0.053

HOMA-IR

Fasting 
Glucose 
≥ 100 
mg/dL

11
1.53 

(0.74 to 
2.33)

1.41 
(0.75 

to 
2.08)

−0.12 
(−0.48 
to 0.25)

0.300 10
1.64 

(0.79 to 
2.49)

1.15 
(0.71 

to 
1.60)

−0.49 
(−1.12 
to 0.15)

0.013 **
−0.37 
(−1.03 
to 0.30)

0.196 0.009 **

Weight, kg BMI ≥ 
30 16

108.07 
(100.80 

to 
115.35)

107.90 
(100.79 

t 
115.01)

−0.17 
(−1.73 
to 1.39)

0.576 20

103.57 
(99.71 

to 
107.43)

102.41 
(98.41 

to 
106.41)

−1.16 
(−2.51 
to 0.19)

0.601
−0.99 
(−2.97 
to 0.99)

0.444 0.971

Systolic 
Blood 

Pressure, 
mmHg

≥ 130 
mm Hg 9

136.30 
(132.00 

to 
140.60)

127.92 
(121.10 

t 
34.75)

−8.38 
(−14.16 

to 
−2.51)

0.004** 16

135.31 
(132.69 

to 
137.94)

127.64 
(122.67 

to 
132.62)

−7.67 
(−12.48 

to 
−2.85)

0.001 **
0.71 

(−6.65 
to 8.07)

0.690 1.70E-5 
***

Diastolic 
Blood 

Pressure, 
mmHg

≥ 85 
mm Hg 6

89.43 
(83.84 

to 
95.03)

85.67 
(76.48 

to 
94.86)

−3.77 
(−13.27 
to 5.74)

0.455 9

88.81 
(86.15 

to 
91.48)

76.67 
(70.66 

to 
82.67)

−12.15 
(−17.56 

to 
−6.73)

2.20E-5 
***

−8.38 
(−17.35 
to 0.59)

0.033 
*

9.72E-4 
***

LDL 
Cholesterol, 

mg/dL

≥ 130 
mg/dL 25

154.32 
(146.48 

to 
162.16)

148.52 
(140.06 

to 
156.98)

−5.80 
(−16.71 
to 5.11)

0.294 24

154.00 
(144.23 

to 
163.77)

149.08 
(138.30 

to 
159.87)

−4.92 
(−12.54 
to 2.70)

0.054

0.88 
(−12.12 

to 
13.88)

0.589 0.037 *

VLDL 
Particle 
Size, nm

LDL-C 
≥ 130 
mg/dL

23

45.64 
(44.27 

to 
47.02)

46.12 
(44.51 

to 
47.72)

0.48 
(−0.71 
to 1.67)

0.063 24

47.35 
(45.49 

to 
49.22)

45.59 
(44.14 

to 
47.04)

−1.77 
(−3.21 

to 
−0.32)

0.475
−2.24 
(−4.07 
to 0.42)

0.107 0.645

CRP, 
mg/dL

≥ 2 
mg/dL 11

3.57 
(2.15 to 

5.00)

1.55 
(0.47 

to 
2.64)

−2.02 
(−4.07 
to 0.03)

2.50E-4 
*** 15

3.50 
(2.90 to 

4.10)

2.07 
(1.01 

to 
3.12)

−1.43 
(−2.37 

to 
−0.50)

3.51E-8 
***

0.59 
(−1.34 
to 2.51)

0.323 2.48E-9 
***

Post hoc sub-analysis. Data presented as mean (95% Confidence Interval). All p-values were determined via Mixed ANOVA. p<0.05 (*), p<0.01 
(**), p<0.001 (***). See Table S3 for additional post hoc sub-analyses.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Biological Blood Samples

Human Blood Samples This study N/A

Critical Commercial Assays

Comprehensive Metabolic Panel Center for Advanced Laboratory 
Medicine (CALM) (La Jolla, 
CA)

Cat#Cobas8000 (Roche; Indianapolis, IN)

Lipoprofile by NMR ARUP (Salt Lake City, UT) Cat#2013716, CobasC702 (Roche; Indianapolis, IN)

Insulin ARUP (Salk Lad City, UT) Cat#00770022, chemiluminescent Immunoassays on an 
ADVIA Centaur (Siemens Corporation; Washington, DC)

Glycated hemoglobin UCSD Jacobs Medical Center 
(JMC) (La Jolla, CA)

Cat#Cobas8000 (Roche; Indianapolis, IN)

Complete Blood Count JMC/CALM (La Jolla, CA) Cat#XN-10 (Sysmex; Chuo-ku, Japan)

High sensitivity C-reactive protein CALM (La Jolla, CA) Cat#Cobas8000 (Roche; Indianapolis, IN)

Deposited Data

Data S1 - Source Data This paper Mendeley: DOI: 10.17632/b6h5kvn5pj.1

Software and Algorithms

SPSS Statistics IBM https://www.ibm.com/products/spss-statistics

Prism 8.1.2 GraphPad https://www.graphpad.com/scientific-software/prism/

Analyzing Actiwatch Data: Actiware 
Software v.6.0.9

Philips Respironics Cat#1104775

Other

Pittsburgh Sleep Quality Index Buysse et al., 1989 https://www.cmu.edu/ommon-cold-porject/measures-by-study/
health-practices/sleep-habits/psqirev.pdf

Epworth Sleepiness Scale Johns, 1991 https://epworthsleepinessscale.com/about-the-ess/

Beck Depression Inventory-II Pearson Assessments https://www.pearsonassessments.com/store/usassessments/en/
Store/Professional-Assessments/Personality-%26-
Biopsychosocial/Beck-Depression-Inventory/p/
100000159.html

36-Item Short Form Survey (SF-36) Rand Corporation https://www.rand.org/health-care/surveys_tools/mos/36-item-
short-form.html

Actiwatch Spectrum Plus Philips Respironics Cat#1101894

DC-430U Dual Frequency Total Body 
Composition Analyzer

Tanita (Tokyo, Japan) Cat#DC-430U
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