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Cardiovascular measures display robust phenotypic stability across long-duration intervals involving repeated sleep deprivation and recovery
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Introduction: We determined whether cardiovascular (CV) measures show trait-like responses after repeated total sleep deprivation (TSD), baseline (BL) and recovery (REC) exposures in two long-duration studies (total N = 11 adults).

Methods: A 5-day experiment was conducted twice at months 2 and 4 in a 4-month study (N = 6 healthy adults; 3 females; mean age ± SD, 34.3 ± 5.7 years; mean BMI ± SD, 22.5 ± 3.2 kg/m2), and three times at months 2, 4, and 8 in an 8-month study (N = 5 healthy adults; 2 females; mean age ± SD, 33.6 ± 5.17 years; mean BMI ± SD, 27.1 ± 4.9 kg/m2). Participants were not shift workers or exposed to TSD in their professions. During each experiment, various seated and standing CV measures were collected via echocardiography [stroke volume (SV), heart rate (HR), cardiac index (CI), left ventricular ejection time (LVET), and systemic vascular resistance index (SVRI)] or blood pressure monitor [systolic blood pressure (SBP)] after (1) two BL 8h time in bed (TIB) nights; (2) an acute TSD night; and (3) two REC 8–10 h TIB nights. Intraclass correlation coefficients (ICCs) assessed CV measure stability during BL, TSD, and REC and for the BL and REC average (BL + REC) across months 2, 4, and 8; Spearman’s rho assessed the relative rank of individuals’ CV responses across measures.

Results: Seated BL (0.693–0.944), TSD (0.643–0.962) and REC (0.735–0.960) CV ICCs showed substantial to almost perfect stability and seated BL + REC CV ICCs (0.552–0.965) showed moderate to almost perfect stability across months 2, 4, and 8. Individuals also exhibited significant, consistent responses within seated CV measures during BL, TSD, and REC. Standing CV measures showed similar ICCs for BL, TSD, and REC and similar response consistency.

Discussion: This is the first demonstration of remarkably robust phenotypic stability of a number of CV measures in healthy adults during repeated TSD, BL and REC exposures across 2, 4, and 8 months, with significant consistency of responses within CV measures. The cardiovascular measures examined in our studies, including SV, HR, CI, LVET, SVRI, and SBP, are useful biomarkers that effectively track physiology consistently across long durations and repeated sleep deprivation and recovery.
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1. Introduction

Chronic sleep deprivation is a prominent public health issue associated with numerous adverse health risks including cardiovascular (CV) disease, diabetes, cancer, obesity, morbidity, mortality, and Alzheimer’s disease (Ferrie et al., 2007; Gallicchio and Kalesan, 2009; Mullington et al., 2009; Niu et al., 2022). In response to total sleep deprivation (TSD) or sleep restriction (SR), CV measures such as cardiac index/cardiac output (CI/CO) (Sunbul et al., 2014; Papacocea et al., 2019; Yamazaki et al., 2022b), stroke volume (SV) (Lü et al., 2018; Papacocea et al., 2019; Yamazaki et al., 2022b), systemic vascular resistance index (SVRI) (Kato et al., 2000; Lü et al., 2018; Yamazaki et al., 2022b), systolic blood pressure (SBP) (Kato et al., 2000; Muenter et al., 2000; Meier-Ewert et al., 2004; Zhong et al., 2005; Mullington et al., 2009; Sauvet et al., 2010; Lü et al., 2018; Słomko et al., 2018; Kuetting et al., 2019; Papacocea et al., 2019; Bourdillon et al., 2021; Bozer et al., 2021; Cernych et al., 2021; Yamazaki et al., 2022b), heart rate (HR) (Kato et al., 2000; Meier-Ewert et al., 2004; Zhong et al., 2005; Mikulski et al., 2006; Sauvet et al., 2010; Sunbul et al., 2014; Keramidas et al., 2018; Lü et al., 2018; Kuetting et al., 2019; Bourdillon et al., 2021; Yamazaki et al., 2022b; Chamorro et al., 2023), and left ventricular ejection time (LVET) (Yamazaki et al., 2022b) have shown inconsistent findings, with some studies reporting alterations, while others show no changes. Although a number of studies have examined the effects of sleep loss on CV measures, only a few studies have assessed the stability of these measures with or without sleep loss.

Research has shown short-term and long-term stability in CV measures across repeated collections without sleep loss including HR (Woodward et al., 1995; Rowland et al., 1998; Goedhart et al., 2006), SV (Rowland et al., 1998; Goedhart et al., 2006; Legendre et al., 2018), CI/CO (Mier et al., 1997; Rowland et al., 1998; Goedhart et al., 2006), LVET (Goedhart et al., 2006), and SBP (Woodward et al., 1995; Mier et al., 1997; Hinderliter et al., 2013). Short-term stability of HR, SV, CO, LVET, and SBP, with intraclass correlation coefficients (ICCs) ranging from 0.030 to 0.930 across 2 h to 10 days, were demonstrated in healthy males and females (Woodward et al., 1995; Mier et al., 1997; Goedhart et al., 2006); SBP ICCs ranging from 0.420 to 0.630 were found across 3 weeks in males and females (Hinderliter et al., 2013). Long-term stability of SV, HR, LVET, and CI/CO with ICCs ranging from 0.290 to 0.920 across 2–40 months occurred in healthy males and females (Rowland et al., 1998; Goedhart et al., 2006; Legendre et al., 2018).

Although short-term and long-term stability of CV measures without sleep loss have been observed, only one study has examined CV stability during sleep loss: HR showed long-term stability (ICC: 0.790) after exposure to 26 h TSD twice across 2.5–15 months (Chua et al., 2014). To the best of our knowledge, both short-term and long-term stability in other cardiovascular measures including SBP, CO, SV, SVRI, and LVET have yet to be examined after exposure to TSD and no studies have examined the stability of CV measures during baseline and recovery phases surrounding sleep loss.

In this study, for the first time, we sought to address several important gaps in prior research with the following aims: (1) To determine the stability of various seated and standing CV measures across long-duration time points during acute TSD (2, 4 and 8 months); (2) To compare the long-term stability of various seated and standing CV measures across BL (2, 4, and 8 months) and across REC (2, 4, and 8 months); (3) To determine the stability of seated and standing CV measures across the average of BL and REC (BL + REC; 2, 4, and 8 months); and (4) To examine the relative rank of individuals across seated and standing CV measures at BL, TSD, and REC (2 and 4 months). We hypothesized CV measures would show high ICCs during BL, TSD, and REC phases across 2, 4, and 8 months. We also predicted that CV measures would show robust stability across BL + REC (2, 4, and 8 months). Finally, we hypothesized that in terms of relative rank, most CV measures would significantly relate to one another at BL, TSD, and REC.



2. Materials and methods


2.1. Participants

Nazemnyy Eksperimental’nyy Kompleks (NEK), located in the Institute of Biomedical Problems (IBMP) of the Russian Academy of Sciences, Moscow, Russia, is an isolation facility designed to conduct research studies examining the effects of spaceflight on behavioral health and performance (Cromwell et al., 2021; Anikushina et al., 2022; Le Roy et al., 2023). We conducted a 4-month study (N = 6 healthy adults; 3 females; mean age ± SD, 34.3 ± 5.7 years; mean BMI ± SD, 22.5 ± 3.2 kg/m2) from March 2019-July 2019, and a similar 8-month study (N = 5 healthy adults; 2 females; mean age ± SD, 33.6 ± 5.17 years; mean BMI ± SD, 27.1 ± 4.9 kg/m2) from November 2021-July 2022 in the IMBP NEK facility (Anikushina et al., 2022; Bell et al., 2023). Participants were not shift workers or exposed to TSD in their professions. They had strong technical and/or scientific backgrounds and human-support skills relevant for space exploration. Across the two studies, the nationalities of the participants were Russian (N = 6), American (N = 4), and Emirati (N = 1). Participants were screened thoroughly by the National Aeronautics and Space Administration (NASA). Inclusion/exclusion criteria required that the participants come from various cultures and nationalities, have no prior experience with space flight, and include both males and females; all participants passed a drug screen and a physical exam ensuring they were in excellent health with no history of neurological, CV, integumentary, musculoskeletal, or gastrointestinal problems, and passed a psychological assessment (Yamazaki et al., 2021, 2022b; Abeln et al., 2022; Saveko et al., 2022). The studies were approved by the Institutional Review Board of the NASA (4-month study and 8-month study) with primary oversight, and also by the Institutional Review Boards of the University of Pennsylvania (4-month study) and Rush University Medical Center (8-month study). All protocol methods were carried out according to approved regulations and guidelines. Participants provided written informed consent prior to inclusion in the study in accordance with the Declaration of Helsinki. Participants received compensation for their participation.



2.2. Procedures

During these NEK studies, a 5-day experimental protocol was conducted twice (at months 2 and 4) for the 4-month study, and a similar experimental protocol was conducted three times (at months 2, 4, and 8) for the 8-month study. The first two experiments (at months 2 and 4) occurred on the same days in the 4-month and 8-month studies. Participants received two nights of baseline sleep with 8-h time in bed (TIB) sleep opportunity (B1, B2; 2300 h–0700 h). Baseline CV measure collection occurred between approximately 0700 h–1200 h after the B2 night. Following B2 daytime, participants experienced continued wakefulness for approximately 39 h of TSD. During the TSD nights, participants were ambulatory. They engaged in a number of tasks to maintain wakefulness throughout the night during the TSD protocol, including completing various types of cognitive and operational performance tasks, team communications and decision-making tasks, and questionnaires and surveys. Participants also conducted various routine maintenance and resupply tasks in the facility. The last meal ended latest by 2200 h, to ensure a 9-h fasting period prior to CV collections the next morning (see below). During the TSD nights, participants were also monitored continuously by wrist actigraphy and by outside observers to ensure adherence. During TSD, CV measure collection occurred between approximately 0700 h–1200 h. Recovery sleep opportunities were 10 h TIB (R1; 2100 h–0700 h) and 8 h TIB (R2; 2300 h–0700 h). CV measure collection then occurred between approximately 0700 h–1200 h during R2, after the second recovery night of 8 h TIB. All assessments were conducted at the same time of day (in the morning before eating). All participants fasted for approximately 9 h or longer prior to all collections to maintain consistency across the study and among participants. Wrist actigraphy (Philips Respironics Healthcare, Bend, OR, USA) was used to measure and verify total sleep time during the 5-day experiments (Table 1). Actigraphic sleep data were analyzed as in our prior studies (e.g., Dennis et al., 2017; Moreno-Villanueva et al., 2018; Yamazaki and Goel, 2020; Brieva et al., 2021; Yamazaki et al., 2021, 2022a,b; Casale et al., 2022).


TABLE 1    Actigraphic total sleep time data during the 5-day experiments at month 2, at month 4, and at month 8 (mean ± SD).
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2.3. Cardiovascular measure collections

During these repeated experiments, CV measures were collected via echocardiography or blood pressure monitor (for SBP) at three assessment time points: (1) after two baseline 8h time in bed (TIB) nights (BL); (2) after a night of acute TSD; and (3) after two recovery nights of 8–10 h TIB (REC). SBP, SV, HR, CI, LVET, and SVRI were collected under highly controlled conditions. For the NEK 4-month study, echocardiography data were collected in both seated and standing positions, while SBP was only collected in the seated position. For the NEK 8-month study, echocardiography and SBP measures were collected in both seated and standing positions. As noted above, all collections were completed between 0700 and 1200 h.


2.3.1. Echocardiogram procedures

Due to strict isolation conditions, one participant collected all cardiac ultrasound images on the other four or five participants during each study, and a second participant collected all cardiac ultrasound images on the primary collector during each study. All ultrasound operators were trained to collect ultrasound images and Doppler prior to the study and repeated identical collection procedures across each time point (Yamazaki et al., 2022b).

Stroke volume was collected via ultrasound imaging [GE Vivid q ultrasound system (General Electric Medical Systems, Milwaukee, WI, USA)] in both seated and standing postures at all time points (Ihlen et al., 1984; Haites et al., 1985; McLennan et al., 1986; Arbeille and Herault, 1998; Yamazaki et al., 2022b). Two-dimensional images of the left ventricular outflow tract (LVOT) were collected from each participant using a 5S-RS transducer (Yamazaki et al., 2022b). The LVOT was imaged from the parasternal long-axis view while the participants were semi-supine in a left lateral decubitus posture (Yamazaki et al., 2022b). Three to four, 2-s cine-loops of dynamic motion of the LVOT were digitally saved. SV was collected utilizing a continuous wave (CW) pencil (Pedof) probe for Doppler interrogation (Yamazaki et al., 2022b). CW Doppler signals were taken from the ascending aorta at the suprasternal notch in a seated and standing posture (Yamazaki et al., 2022b). Three 5-s cine-loop sweeps of CW Doppler data were collected and digitally stored as proprietary raw data (Yamazaki et al., 2022b).

Analysis of the digital data was conducted using Echo PAC PC (BT12) software (General Electric Medical Systems, Milwaukee, WI, USA). LVOT diameters were measured just proximal to the aortic valve leaflet insertion from three consecutive cine-loops at the maximum opening of the aortic valve. Five consecutive CW Doppler waveform profiles were traced to calculate the velocity time integral (VTI). The interval between each maximum peak on the Doppler spectral from the ascending aorta was used to calculate HR. The duration of each beat was measured to determine LVET for each SV. The VTI and LVET were then transferred from the Echo PAC software to Excel to calculate SV, HR, and CI using the following formulas:

[image: image]

Any additional CW Doppler waveforms not included in the consecutive SV analysis were analyzed for HR in the seated and standing posture where available.



2.3.2. Blood pressure and systemic vascular resistance index

Systolic blood pressure was recorded using an Omron BP791IT 10 series Plus Automatic Blood Pressure Monitor with ComFitTM Cuff (Lake Forest, IL, USA) in a seated position (4-month and 8-month studies) and a standing position (8-month study only) on the non-dominant arm (Yamazaki et al., 2022b). Participants were seated (or standing) for 3 min before BP collection. The average value of three consecutive readings, taken 1 min apart, was used for analyses. SVRI was calculated by assuming that central venous pressure was zero and by using the following equation, whereby mean arterial pressure = (SBP + 2 × diastolic BP)/3 (Klabunde, 2012; Norsk et al., 2015; Yamazaki et al., 2022b):
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2.4. Statistical analyses

Data from the 4-month study (N = 6) and the 8-month study (N = 5) were pooled together for analysis across months 2 and 4 (N = 11). The additional 8-month time point data were collected in a subset of the N = 11 participants (N = 5). Intraclass correlation coefficients (ICCs) and their 95% confidence intervals (CIs) (two-way mixed, absolute agreement, average measures; SPSS v26, SPSS Inc., Chicago, IL, USA) assessed the interindividual differences and intraindividual stability of seated and standing CV measures (SBP, HR, SV, CI, LVET, and SVRI) at BL, TSD and REC across months 2, 4, and 8, and the average of BL and REC (BL + REC) across months 2, 4, and 8 (Tarokh et al., 2015). The following ranges characterize ICCs and reflect the stability of interindividual differences: 0.0–0.2 (slight); 0.2–0.4 (fair); 0.4–0.6 (moderate); 0.6–0.8 (substantial); and 0.8–1.0 (almost perfect) (Landis and Koch, 1977). As in prior studies (Spaeth et al., 2015; Dennis et al., 2017; Rusterholz et al., 2017; Yamazaki and Goel, 2020), Spearman’s rho (ρ) assessed the relative rank of individuals’ averaged BL-BL, TSD-TSD, and REC-REC responses across CV measures over 2 and 4 months (N = 11; SPSS v26, SPSS Inc., Chicago, IL, USA). Paired t-tests assessed differences in total sleep time (TST) for each BL and each REC night between months 2 and 4 in the combined sample (N = 11). Repeated measures (RM) ANOVAs compared TST for each BL and each REC night across months 2, 4, and 8 in the 8-month subset (N = 5). Post hoc analyses with Bonferroni corrections compared TST for a specific night across months 2, 4, and 8 when there was a significant time effect (e.g., TST during B1 at month 2 vs. TST during B1 at month 4 vs. TST during B1 at month 8). Any significant TST differences have been noted in Table 1. P < 0.05 was considered significant. SBP was collected in a standing position only in the 8-month study subset (N = 5). For the 8-month study subset, N = 1 participant was not included in the standing BL or BL + REC analyses due to incomplete standing data during month 8 at BL (N = 4). Additionally, because SBP was not taken in the standing position in the 4-month study, there are no data for standing SBP or SVRI in the combined 4-month study and 8-month study.




3. Results


3.1. Baseline (BL)

We examined the stability of seated CV measures at BL, TSD, and REC between months 2 and 4. Seated BL ICCs were almost perfect across months 2 and 4 for SV = 0.895 (95% CI, 0.628, 0.971; P = 0.001), HR = 0.853 (95% CI, 0.436, 0.961; P = 0.004), CI = 0.944 (95% CI, 0.801, 0.985; P = 0.000), LVET = 0.821 (95% CI, 0.307, 0.952; P = 0.008), SBP = 0.887 (95% CI, 0.596, 0.969; P = 0.001), and SVRI = 0.887 (95% CI, 0.576, 0.970; P = 0.001) (Figure 1). In exploratory analyses, we also examined ICCs for males and females separately for seated SV (male ICC = 0.830; female ICC = 0.920), HR (male ICC = 0.766; female ICC = 0.908), CI (male ICC = 0.920; female ICC = 0.959), LVET (male ICC = 0.838; female ICC = 0.858), SBP (male ICC = 0.826; female ICC = 0.904), and SVRI (male ICC = 0.805; female ICC = 0.929).
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FIGURE 1
Individual differences and phenotypic stability of seated cardiovascular measures during baseline (BL). Seated BL ICCs were almost perfect across months 2 and 4 for the following (N = 11): (A) stroke volume (SV) = 0.895 (95% CI, 0.628, 0.971; P = 0.001); (B) heart rate (HR) = 0.853 (95% CI, 0.436, 0.961; P = 0.004); (C) cardiac index (CI) = 0.944 (95% CI, 0.801, 0.985; P = 0.000); (D) left ventricular ejection time (LVET) = 0.821 (95% CI, 0.307, 0.952; P = 0.008); (E) systolic blood pressure (SBP) = 0.887 (95% CI, 0.596, 0.969; P = 0.001); and (F) systemic vascular resistance index (SVRI) = 0.887 (95% CI, 0.576, 0.970; P = 0.001). Participants A, B, C, E, F, and G were male; participants D, H, I, J, and K were female. ICC, intraclass correlation coefficient; CI, confidence interval.


Similarly, standing BL ICCs were substantial to almost perfect across months 2 and 4 for SV = 0.909 (95% CI, 0.655, 0.976; P = 0.001), HR = 0.767 (95% CI, 0.125, 0.938; P = 0.018), CI = 0.920 (95% CI, 0.703, 0.978; P = 0.000), and LVET = 0.891 (95% CI, 0.593, 0.971; P = 0.001). In exploratory analyses, we also examined ICCs for males and females separately for standing SV (male ICC = 0.759; female ICC = 0.973), HR (male ICC = 0.861; female ICC = 0.410), CI (male ICC = 0.577; female ICC = 0.972), and LVET (male ICC = 0.887; female ICC = 0.876).

In the 8-month study subset (N = 5), seated CV measures at BL showed substantial to almost perfect stability [except for SBP] while standing CV measures at BL (N = 4) demonstrated fair to almost perfect stability across months 2, 4, and 8 (Table 2).


TABLE 2    Seated and standing cardiovascular measures for BL, TSD, and REC across months 2, 4, and 8 (N = 5).
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3.2. Total Sleep Deprivation (TSD)

Seated TSD ICCs were substantial to almost perfect across months 2 and 4 for SV = 0.868 (95% CI, 0.513, 0.964; P = 0.002), HR = 0.962 (95% CI, 0.867, 0.990; P = 0.000), CI = 0.839 (95% CI, 0.420, 0.956; P = 0.002), LVET = 0.800 (95% CI, 0.300, 0.945; P = 0.008), SBP = 0.875 (95% CI, 0.520, 0.967; P = 0.002), and SVRI = 0.755 (95% CI, 0.166, 0.933; P = 0.010) (Figure 2). In exploratory analyses, we also examined ICCs for males and females separately for seated SV (male ICC = 0.816; female ICC = 0.894), HR (male ICC = 0.966; female ICC = 0.931), CI (male ICC = 0.618; female ICC = 0.879), LVET (male ICC = 0.895; female ICC = 0.667), SBP (male ICC = 0.660; female ICC = 0.962), and SVRI (male ICC = 0.663; female ICC = 0.805).
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FIGURE 2
Individual differences and phenotypic stability of seated cardiovascular measures during total sleep deprivation (TSD). Seated TSD ICCs were substantial to almost perfect across months 2 and 4 for the following (N = 11): (A) stroke volume (SV) = 0.868 (95% CI, 0.513, 0.964; P = 0.002); (B) heart rate (HR) = 0.962 (95% CI, 0.867, 0.990; P = 0.000); (C) cardiac index (CI) = 0.839 (95% CI, 0.420, 0.956; P = 0.002); (D) left ventricular ejection time (LVET) = 0.800 (95% CI, 0.300, 0.945; P = 0.008); (E) systolic blood pressure (SBP) = 0.875 (95% CI, 0.520, 0.967; P = 0.002); and (F) systemic vascular resistance index (SVRI) = 0.755 (95% CI, 0.166, 0.933; P = 0.010). Participants A, B, C, E, F, and G were male; participants D, H, I, J, and K were female. ICC, intraclass correlation coefficient; CI, confidence interval.


Likewise, standing TSD ICCs were almost perfect across months 2 and 4 for SV = 0.958 (95% CI, 0.842, 0.989; P = 0.000), HR = 0.878 (95% CI, 0.571, 0.967; P = 0.001), CI = 0.954 (95% CI, 0.835, 0.987; P = 0.000), and LVET = 0.852 (95% CI, 0.453, 0.960; P = 0.003). In exploratory analyses, we also examined ICCs for males and females separately for standing SV (male ICC = 0.911; female ICC = 0.993), HR (male ICC = 0.947; female ICC = 0.797), CI (male ICC = 0.882; female ICC = 0.973), and LVET (male ICC = 0.837; female ICC = 0.879).

In the 8-month study subset (N = 5), seated and standing CV measures at TSD showed substantial to almost perfect stability across months 2, 4, and 8 (Table 2).



3.3. Recovery (REC)

Seated REC ICCs were substantial to almost perfect across months 2 and 4 for SV = 0.869 (95% CI, 0.544, 0.964; P = 0.001), HR = 0.735 (95% CI, 0.101, 0.927; P = 0.012), CI = 0.806 (95% CI, 0.241, 0.949; P = 0.010), LVET = 0.869 (95% CI, 0.518, 0.965; P = 0.002), SBP = 0.881 (95% CI, 0.562, 0.968; P = 0.001), and SVRI = 0.810 (95% CI, 0.257, 0.950; P = 0.010) (Figure 3). In exploratory analyses, we also examined ICCs for males and females separately for seated SV (male ICC = 0.694; female ICC = 0.976), HR (male ICC = 0.799; female ICC = 0.379), CI (male ICC = 0.168; female ICC = 0.963), LVET (male ICC = 0.862; female ICC = 0.929), SBP (male ICC = 0.864; female ICC = 0.799), and SVRI (male ICC = 0.202; female ICC = 0.944).


[image: image]

FIGURE 3
Individual differences and phenotypic stability of seated cardiovascular measures during recovery (REC). Seated REC ICCs were substantial to almost perfect across months 2 and 4 for the following (N = 11): (A) stroke volume (SV) = 0.869 (95% CI, 0.544, 0.964; P = 0.001); (B) heart rate (HR) = 0.735 (95% CI, 0.101, 0.927; P = 0.012); (C) cardiac index (CI) = 0.806 (95% CI, 0.241, 0.949; P = 0.010); (D) left ventricular ejection time (LVET) = 0.869 (95% CI, 0.518, 0.965; P = 0.002); (E) systolic blood pressure (SBP) = 0.881 (95% CI, 0.562, 0.968; P = 0.001); and (F) systemic vascular resistance index (SVRI) = 0.810 (95% CI, 0.257, 0.950; P = 0.010). Participants A, B, C, E, F, and G were male; participants D, H, I, J, and K were female. ICC, intraclass correlation coefficient; CI, confidence interval.


Comparably, standing REC ICCs were almost perfect (except for LVET) across months 2 and 4 for SV = 0.952 (95% CI, 0.819, 0.987; P = 0.000), HR = 0.859 (95% CI, 0.507, 0.961; P = 0.002), CI = 0.918 (95% CI, 0.711, 0.978; P = 0.000), and LVET = 0.392 (95% CI, −1.679, 0.843; P = 0.239). In exploratory analyses, we also examined ICCs for males and females separately for standing SV (male ICC = 0.938; female ICC = 0.962), HR (male ICC = 0.915; female ICC = 0.739), CI (male ICC = 0.867; female ICC = 0.943), and LVET (male ICC = 0.331; female ICC = 0.502).

In the 8-month study subset (N = 5), seated and standing CV measures at REC showed substantial to almost perfect stability across months 2, 4, and 8 (Table 2).



3.4. Baseline + Recovery (BL + REC)

Seated BL + REC ICCs were almost perfect across months 2 and 4 for SV = 0.961 (95% CI, 0.856, 0.990; P = 0.000), HR = 0.883 (95% CI, 0.592, 0.968; P = 0.001), CI = 0.935 (95% CI, 0.759, 0.982; P = 0.000), LVET = 0.874 (95% CI, 0.517, 0.966; P = 0.002), SBP = 0.943 (95% CI, 0.786, 0.985; P = 0.000), and SVRI = 0.898 (95% CI, 0.614, 0.973; P = 0.001). In exploratory analyses, we also examined ICCs for males and females separately for seated SV (male ICC = 0.918; female ICC = 0.981), HR (male ICC = 0.856; female ICC = 0.861), CI (male ICC = 0.822; female ICC = 0.966), LVET (male ICC = 0.867; female ICC = 0.931), SBP (male ICC = 0.923; female ICC = 0.917), and SVRI (male ICC = 0.720; female ICC = 0.944).

Similarly, standing BL + REC ICCs were substantial to almost perfect across months 2 and 4 for SV = 0.965 (95% CI, 0.869, 0.991; P = 0.000), HR = 0.845 (95% CI, 0.400, 0.959; P = 0.005), CI = 0.955 (95% CI, 0.834, 0.988; P = 0.000), and LVET = 0.775 (95% CI, 0.111, 0.941; P = 0.017). In exploratory analyses, we also examined ICCs for males and females separately for standing SV (male ICC = 0.919; female ICC = 0.982), HR (male ICC = 0.913; female ICC = 0.650), CI (male ICC = 0.829; female ICC = 0.981), and LVET (male ICC = 0.779; female ICC = 0.782).

In the 8-month study subset (N = 5), seated BL + REC ICCs were moderate to almost perfect across months 2, 4, and 8 for SV = 0.952 (95% CI, 0.784, 0.995; P = 0.000), HR = 0.870 (95% CI, 0.435, 0.985; P = 0.003), CI = 0.948 (95% CI, 0.735, 0.994; P = 0.001), LVET = 0.552 (95% CI, −0.282, 0.940; P = 0.085), SBP = 0.712 (95% CI, −0.326, 0.968; P = 0.065), and SVRI = 0.965 (95% CI, 0.837, 0.996; P = 0.000). Standing BL + REC ICCs in the 8-month study subset (N = 4) were substantial to almost perfect across months 2, 4, and 8 for SV = 0.952 (95% CI, 0.740, 0.997; P = 0.001), HR = 0.899 (95% CI, 0.440, 0.993; P = 0.010), CI = 0.894 (95% CI, 0.448, 0.993; P = 0.009), LVET = 0.819 (95% CI, −0.203, 0.988; P = 0.047), SBP = 0.759 (95% CI, −0.179, 0.973; P = 0.047), and SVRI = 0.965 (95% CI, 0.784, 0.998; P = 0.000).



3.5. Cardiovascular measures: relative rank relationships

Individuals also exhibited significant consistency of responses within seated and standing CV measures across months 2 and 4 during BL, TSD, and REC. For seated measures during BL (Table 3), SV was positively correlated with CI (ρ = 0.682, P = 0.021) and LVET (ρ = 0.755, P = 0.007). HR was negatively correlated with LVET (ρ = −0.645, P = 0.032) and CI was negatively correlated with SVRI (ρ = −0.964, P = 0.000). There were no other significant correlations. For standing measures during BL, SV was positively correlated with CI (ρ = 0.764, P = 0.006). There were no other significant correlations.


TABLE 3    Spearman’s rank correlation coefficients for seated cardiovascular measures for baseline (BL).
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For seated measures during TSD (Table 4), SV was positively correlated with LVET (ρ = 0.791, P = 0.004). HR was negatively correlated with LVET (ρ = −0.627, P = 0.039) and CI was negatively correlated with SVRI (ρ = −0.936, P = 0.000). There were no other significant correlations. For standing measures during TSD, SV was negatively correlated with HR (ρ = −0.664, P = 0.026) and positively correlated with LVET (ρ = 0.827, P = 0.002), and HR was negatively correlated with LVET (ρ = −0.673, P = 0.023). There were no other significant correlations.


TABLE 4    Spearman’s rank correlation coefficients for seated cardiovascular measures for total sleep deprivation (TSD).
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For seated measures during REC (Table 5), SV was positively correlated with CI (ρ = 0.747, P = 0.008) and LVET (ρ = 0.738, P = 0.010), and negatively correlated with SVRI (ρ = −0.629, P = 0.038). CI was negatively correlated with SVRI (ρ = −0.973, P = 0.000). There were no other significant correlations. For standing measures during REC, SV was positively correlated with CI (ρ = 0.700, P = 0.016) and LVET (ρ = 0.682, P = 0.021) and CI was positively correlated with LVET (ρ = 0.736, P = 0.010). There were no other significant correlations.


TABLE 5    Spearman’s rank correlation coefficients for seated cardiovascular measures for recovery (REC).
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4. Discussion

We found robust phenotypic stability of a number of CV measures in healthy adults during BL, TSD, and REC across 2-month, 4-month, and 8-month time points. Seated CV measures showed substantial to almost perfect ICCs at BL, TSD, and REC across months 2, 4, and 8. Seated CV measures also showed moderate to almost perfect stability for the average of BL and REC (BL + REC) across months 2, 4, and 8. In addition, individuals demonstrated significant consistency of responses within seated CV measures across months 2 and 4 during BL, TSD, and REC: SV was positively correlated with CI and LVET while negatively correlated with SVRI, HR was negatively correlated with LVET, and CI was negatively correlated with SVRI. Standing CV measures showed similar ICCs and consistency of responses. For the first time, we demonstrate long-term robust phenotypic stability of CV measures in healthy adults during repeated BL, TSD, and REC exposures. Cardiovascular measures may serve as biomarkers given they can track cardiovascular physiology consistently across repeated acute sleep loss and recovery and across long duration. Our results demonstrated a higher seated HR ICC during TSD across 2 and 4 months (0.962) as well as across 2, 4, and 8 months (0.944) compared to a laboratory study of N = 12 adults, which found long-term HR stability (ICC = 0.790) after exposure to 26 h of TSD across 2.5–15 months (Chua et al., 2014). The higher HR ICCs during TSD in our results may be due to our studies’ isolated environment, longer acute TSD duration, or method of HR collection via echocardiography as compared to the previous study, which collected HR via electrocardiogram (ECG). In addition, our studies are the first to examine the stability of SBP, SV, CI, LVET, and SVRI after exposure to total sleep deprivation, which demonstrated substantial to almost perfect stability (0.643–0.962).

The stability of various CV measures at BL during fully rested conditions across months 2, 4, and 8 is also comparable to research on both short-term and long-term stability across repeated collections of CV measures that did not involve sleep deprivation (Woodward et al., 1995; Mier et al., 1997; Rowland et al., 1998; Goedhart et al., 2006; Hinderliter et al., 2013; Legendre et al., 2018). Our results at BL almost without exception showed higher seated ICCs for SV (0.895), HR (0.853), CI (0.944), LVET (0.821), and SBP (0.887) across 2 and 4 months compared to studies of short-term and long-term stability of CV measures including SV (0.290–0.800), HR (0.500–0.920), CO (0.330–0.930), LVET (0.520–0.770), and SBP (0.030–0.860), which used a span of 2 h to 40 months (Woodward et al., 1995; Mier et al., 1997; Rowland et al., 1998; Goedhart et al., 2006; Hinderliter et al., 2013; Legendre et al., 2018). Our higher ICCs may be due to our studies’ highly controlled environment as compared to past studies, which occurred in mostly outpatient settings. Other factors may have affected the lower stability reported in other studies such as exercise or CV measure collection methods including ECG, impedance cardiography, thoracic bioelectrical impedance, and the Collier re-breathing method, compared to our studies’ CV measure collection method via echocardiography and BP monitor.

Our findings are also comparable to past research that has examined the stability of various other measures across repeated exposures to sleep loss (Tucker et al., 2007; Tarokh et al., 2015; Dennis et al., 2017; Rusterholz et al., 2017; Hennecke et al., 2019; Ong et al., 2019; Yamazaki and Goel, 2020). Stable and trait-like interindividual differences have been observed in polysomnographic sleep and slow-wave energy responses to TSD across 2–3 days, as well as electroencephalogram power spectra responses to SR and 1-h naps (Tucker et al., 2007; Tarokh et al., 2015; Rusterholz et al., 2017; Ong et al., 2019). Research has also found robust stability across exposures and long-time intervals to SR and TSD in various neurobehavioral performance measures (Dennis et al., 2017; Yamazaki and Goel, 2020). In addition, robust stability of polysomnography has been shown across 3 nights of BL, across 3 nights of REC, as well as across BL and REC nights combined (BL + REC) after 36 h of TSD (Tarokh et al., 2015), and between one night of BL and REC after 58 h of TSD (Hennecke et al., 2019).

Of interest, the ICCs of the standing CV measures were within the ranges of the seated CV measures indicating that all participants were at equivalent baseline volume status in the two postural conditions. Standing ICCs at BL, TSD, and REC showed substantial to almost perfect stability for most CV measures, and BL + REC ICCs showed substantial to almost perfect stability across months 2, 4, and 8. Individuals also exhibited similar consistency of responses in both seated and standing CV measures, with a few minor exceptions across months 2 and 4 during BL, TSD, and REC, which may be due to sleep loss differentially affecting some variables and not others across postural positions. Of note, when comparing BL vs. REC, ICCs (not reported in the main results) for seated and standing CV measures maintained moderate to almost perfect stability at month 2, at month 4, and at month 8 (except for LVET). These results were within the ranges of seated and standing BL ICCs, REC ICCs, and BL + REC ICCs across months 2, 4, and 8.

In exploratory analyses, we examined the stability of CV responses by sex at BL, TSD, and REC. For many of the CV measures across these phases, males and females showed similar stability; however, males were more stable on certain measures such as HR at BL, REC, and BL + REC and females were more stable on other measures including CI at BL, TSD, and REC, SVRI at TSD and REC, and SBP at TSD. These differences in CV stability may be due to fluctuations within the menstrual cycle (Girdler et al., 1990, 1993) or other factors including our small sample size. In our other studies involving sleep deprivation and stability, we also observed sex differences in daily caloric intake and weight change (Spaeth et al., 2015; Dennis et al., 2016), but not in neurobehavioral performance and late-night eating (Spaeth et al., 2015; Yamazaki and Goel, 2020). Considering sex differences reported in many cardiovascular measures (Girdler et al., 1990, 1993), our results should be replicated in future larger studies examining sex differences in CV stability.

Individuals who are sleep deprived due to work obligations such as staying up late for shift work or lifestyle choices and who exhibit phenotypic vulnerability to the CV effects of sleep loss are at particularly heightened risk for developing CV and associated diseases. Examining the stability of CV indices after exposure to sleep deprivation is vital to the recommendation of mitigation strategies related to real-world settings such as transportation (Mahajan and Velaga, 2021) and emergency services (Jahnke et al., 2012), and the military (Seelig et al., 2016; Shattuck et al., 2018), among others, thus further adding to the criticality of such research.

While definitive CV biomarkers for the prediction of vulnerability in sleep deprivation have yet to be discovered, genetic and omics (e.g., transcriptomic, epigenomic, proteomic, and metabolomic) approaches have identified biomarkers to distinguish an individual’s response to TSD (Goel, 2015, 2017; Casale and Goel, 2021). This is the first evidence of phenotypic trait-like stability of CV responses to repeated exposure to sleep deprivation: our findings open the door for biomarker discovery and countermeasure development to mitigate and predict this vital health-related vulnerability in both fully rested and sleep deprivation conditions.

There are a few limitations to our studies. One limitation was the small sample size. In addition, because of the small sample size, the examination of potential sex differences in stability of CV measures can only be considered exploratory. Furthermore, it is difficult to generalize our findings to individuals with mood or sleep disorders, or with other medical conditions, since all participants in our studies were healthy adults who were not shift workers or exposed to TSD in their professions. We also note that physical and cognitive activity level, meal quality, quantity, and timing, as well as water intake were not strictly controlled. Our results may also not be generalizable to circumstances that do not involve isolation; notably, however, isolation was required for our experiments investigating hemodynamic changes in high-fidelity space analogs to simulate spaceflight conditions (Le Roy et al., 2023). Moreover, in our studies, VTI of the CW wave form of the ascending aorta was used as a surrogate measure for LVOT VTI.

For the first time, we demonstrate robust phenotypic stability of CV measures in healthy adults during BL, TSD, and REC across 2-month, 4-month, and 8-month time points in long-duration studies. We also demonstrate stability of other CV biomarkers in healthy adults never examined previously during sleep deprivation and recovery including SBP, SV, CI, LVET, and SVRI. In addition, individuals showed significant consistency of responses within CV measures in long-duration studies. Overall, our results herald the use of the CV biomarkers examined in our studies, including SV, HR, CI, LVET, SVRI, and SBP, and countermeasures for prediction and mitigation of this critical vulnerability in both fully rested and sleep deprivation conditions.



Data availability statement

The data generated and analyzed during the current study are available from the corresponding author upon reasonable request.



Ethics statement

The studies involving human participants were reviewed and approved by the Institutional Review Board of the NASA (4-month study and 8-month study) with primary oversight and also by the Institutional Review Boards of the University of Pennsylvania (4-month study) and Rush University Medical Center (8-month study). The participants provided their written informed consent to participate in this study.



Author contributions

NG designed the overall study and provided the financial support. LP conducted the statistical analyses of the data. KR-G extracted and analyzed the echocardiography data. All authors prepared the manuscript and reviewed and approved the final manuscript.



Funding

This research was funded by the National Aeronautics and Space Administration (NASA) [grant numbers NNX14AN49G and 80NSSC20K0243 (to NG)]. This work was also partially supported by the National Institutes of Health [grant number NIH R01DK117488 (to NG)]. None of the sponsors had any role in the following: design and conduct of the study; collection, management, analysis, and interpretation of the data; and preparation, review, or approval of the manuscript.



Acknowledgments

We would like to thank the volunteers participating in NEK for their consent and participation in these studies.



Conflict of interest

KR-G is currently employed by the Siemens Healthineers.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

Abeln, V., Fomina, E., Popova, J., Braunsmann, L., Koschate, J., Möller, F., et al. (2022). Chronic, acute and protocol-dependent effects of exercise on psycho-physiological health during long-term isolation and confinement. BMC Neurosci. 23:41. doi: 10.1186/s12868-022-00723-x

Anikushina, V., Fedyay, S., Kuznetsova, P., Vinokhodova, A., Shved, D., Taratukhin, V., et al. (2022). Effects of fatigue and long-term isolation on human behavior. Trans. Res. Proc. 66, 57–69. doi: 10.1016/j.trpro.2022.12.007

Arbeille, P., and Herault, S. (1998). Cardiovascular echographic and Doppler parameters for the assessment of orthostatic intolerance. Eur. J. Ultrasound. 7, 53–71. doi: 10.1016/s0929-8266(98)00019-6

Bell, S., Dev, S., Miller, J., Landon, L., Keller, B., Anderson, S., et al. (2023). “Human Factors and Behavioral Performance Exploration Measures in NEK-SIRIUS 21,” in Proceedings of the NASA Human Research Program Investigators’ Workshop, (Texas, USA).

Bourdillon, N., Jeanneret, F., Nilchian, M., Albertoni, P., Ha, P., and Millet, G. P. (2021). Sleep deprivation deteriorates heart rate variability and photoplethysmography. Front. Neurosci. 15:642548. doi: 10.3389/fnins.2021.642548

Bozer, Ö, Kaya, O., Öztürk, G., Bulut, E., Zorkun, C., and Öztürk, L. (2021). Blood pressure, autonomic stress, and inflammatory markers during sleep deprivation and recovery in healthy men. Anatol. J. Cardiol. 25, 407–413. doi: 10.14744/AnatolJCardiol.2020.42205

Brieva, T. E., Casale, C. E., Yamazaki, E. M., Antler, C. A., and Goel, N. (2021). Cognitive throughput and working memory raw scores consistently differentiate resilient and vulnerable groups to sleep loss. Sleep 44:zsab197. doi: 10.1093/sleep/zsab197

Casale, C. E., and Goel, N. (2021). Genetic markers of differential vulnerability to sleep loss in adults. Genes. 12:1317. doi: 10.3390/genes12091317

Casale, C. E., Yamazaki, E. M., Brieva, T. E., Antler, C. A., and Goel, N. (2022). Raw scores on subjective sleepiness, fatigue, and vigor metrics consistently define resilience and vulnerability to sleep loss. Sleep 45:zsab228. doi: 10.1093/sleep/zsab228

Cernych, M., Satas, A., Rapalis, A., Marozas, V., Malciene, L., Lukosevicius, A., et al. (2021). Exposure to total 36-hr sleep deprivation reduces physiological and psychological thermal strain to whole-body uncompensable passive heat stress in young adult men. J. Sleep Res. 30:e13055. doi: 10.1111/jsr.13055

Chamorro, R., Garrido, M., Algarín, C., Lozoff, B., and Peirano, P. (2023). A single night of moderate at-home sleep restriction increases hunger and food intake in overweight young adults. Nutrition 108:111962. doi: 10.1016/j.nut.2022.111962

Chua, E. C. P., Yeo, S. C., Lee, I. T. G., Tan, L. C., Lau, P., Tan, S. S., et al. (2014). Individual differences in physiologic measures are stable across repeated exposures to total sleep deprivation. Physiol. Rep. 2:e12129. doi: 10.14814/phy2.12129

Cromwell, R. L., Huff, J. L., Simonsen, L. C., and Patel, Z. S. (2021). Earth-based research analogs to investigate space-based health risks. New Space 9, 204–216. doi: 10.1089/space.2020.0048

Dennis, L. E., Spaeth, A. M., and Goel, N. (2016). Phenotypic stability of energy balance responses to experimental total sleep deprivation and sleep restriction in healthy adults. Nutrients 8:823. doi: 10.3390/nu8120823

Dennis, L. E., Wohl, R. J., Selame, L. A., and Goel, N. (2017). Healthy adults display long-term trait-like neurobehavioral resilience and vulnerability to sleep loss. Sci. Rep. 7:14889. doi: 10.1038/s41598-017-14006-7

Ferrie, J. E., Shipley, M. J., Cappuccio, F. P., Brunner, E., Miller, M. A., Kumari, M., et al. (2007). A prospective study of change in sleep duration: Associations with mortality in the Whitehall II cohort. Sleep 30, 1659–1666. doi: 10.1093/sleep/30.12.1659

Gallicchio, L., and Kalesan, B. (2009). Sleep duration and mortality: A systematic review and meta-analysis. J. Sleep Res. 18, 148–158. doi: 10.1111/j.1365-2869.2008.00732.x

Girdler, S. S., Pedersen, C. A., Stern, R. A., and Light, K. C. (1993). Menstrual cycle and premenstrual syndrome: Modifiers of cardiovascular reactivity in women. Health Psychol. 12, 180–192. doi: 10.1037//0278-6133.12.3.180

Girdler, S. S., Turner, J. R., Sherwood, A., and Light, K. C. (1990). Gender differences in blood pressure control during a variety of behavioral stressors. Psychosom. Med. 52, 571–591. doi: 10.1097/00006842-199009000-00009

Goedhart, A. D., Kupper, N., Willemsen, G., Boomsma, D. I., and de Geus, E. J. (2006). Temporal stability of ambulatory stroke volume and cardiac output measured by impedance cardiography. Biol. Psychol. 72, 110–117. doi: 10.1016/j.biopsycho.2005.08.004

Goel, N. (2015). “Omics” approaches for sleep and circadian rhythm research: Biomarkers for identifying differential vulnerability to sleep loss. Curr. Sleep Med. Rep. 1, 38–46. doi: 10.1007/s40675-014-0003-7

Goel, N. (2017). Neurobehavioral effects and biomarkers of sleep loss in healthy adults. Curr. Neurol. Neurosci. Rep. 17:89. doi: 10.1007/s11910-017-0799-x

Haites, N. E., McLennan, F. M., Mowat, D. H. R., and Rawles, J. M. (1985). Assessment of cardiac output by the Doppler ultrasound technique alone. Br. Heart J. 53, 123–129. doi: 10.1136/hrt.53.2.123

Hennecke, E., Elmenhorst, D., Mendolia, F., Putzke, M., Bauer, A., Aeschbach, D., et al. (2019). Reestablishment of individual sleep structure during a single 14-h recovery sleep episode after 58 h of wakefulness. J. Sleep Res. 28:e12641. doi: 10.1111/jsr.12641

Hinderliter, A. L., Routledge, F. S., Blumenthal, J. A., Koch, G., Hussey, M. A., Wohlgemuth, W. K., et al. (2013). Reproducibility of blood pressure dipping: Relation to day-to-day variability in sleep quality. J. Am. Soc. Hypertens. 7, 432–439. doi: 10.1016/j.jash.2013.06.001

Ihlen, H., Amlie, J. P., Dale, J., Forfang, K., Nitter-Hauge, S., Otterstad, J. E., et al. (1984). Determination of cardiac output by Doppler echocardiography. Br. Heart J. 51, 54–60. doi: 10.1136/hrt.51.1.54

Jahnke, S. A., Poston, W. S., Jitnarin, N., and Haddock, C. K. (2012). Health concerns of the U.S. fire service: Perspectives from the firehouse. Am. J. Health Promot. 27, 111–118. doi: 10.4278/ajhp.110311-QUAL-109

Kato, M., Phillips, B. G., Sigurdsson, G., Narkiewicz, K., Pesek, C. A., and Somers, V. K. (2000). Effects of sleep deprivation on neural circulatory control. Hypertens. 35, 1173–1175. doi: 10.1161/01.hyp.35.5.1173

Keramidas, M. E., Gadefors, M., Nilsson, L. O., and Eiken, O. (2018). Physiological and psychological determinants of whole-body endurance exercise following short-term sustained operations with partial sleep deprivation. Eur. J. Appl. Physiol. 118, 1373–1384. doi: 10.1007/s00421-018-3869-0

Klabunde, R. E. (2012). Cardiovascular physiology concepts. Philadelphia, PA: Wolters Kluwer Health/Lippincott Williams & Wilkins.

Kuetting, D. L., Feisst, A., Sprinkart, A. M., Homsi, R., Luetkens, J., Thomas, D., et al. (2019). Effects of a 24-hr-shift-related short-term sleep deprivation on cardiac function: A cardiac magnetic resonance-based study. J. Sleep Res. 28:e12665. doi: 10.1111/jsr.12665

Landis, J. R., and Koch, G. G. (1977). The measurement of observer agreement for categorical data. Biometrics 33, 159–174. doi: 10.2307/2529310

Le Roy, B., Martin-Krumm, C., Pinol, N., Dutheil, F., and Trousselard, M. (2023). Human challenges to adaptation to extreme professional environments: A systematic review. Neurosci. Biobehav. Rev. 146:105054. doi: 10.1016/j.neubiorev.2023.105054

Legendre, A., Bonnet, D., and Bosquet, L. (2018). Reliability of peak exercise stroke volume assessment by impedance cardiography in patients with residual right outflow tract lesions after congenital heart disease repair. Pediatr. Cardiol. 39, 45–50. doi: 10.1007/s00246-017-1725-3

Lü, W., Hughes, B. M., Howard, S., and James, J. E. (2018). Sleep restriction undermines cardiovascular adaptation during stress, contingent on emotional stability. Biol. Psychol. 132, 125–132. doi: 10.1016/j.biopsycho.2017.11.013

Mahajan, K., and Velaga, N. R. (2021). Sleep-deprived car-following: Indicators of rear-end crash potential. Accid. Anal. Prev. 156:106123. doi: 10.1016/j.aap.2021.106123

McLennan, F. M., Haites, N. E., Mackenzie, J. D., Daniel, M. K., and Rawles, J. M. (1986). Reproducibility of linear cardiac output measurement by Doppler ultrasound alone. Br. Heart J. 55, 25–31. doi: 10.1136/hrt.55.1.25

Meier-Ewert, H. K., Ridker, P. M., Rifai, N., Regan, M. M., Price, N. J., Dinges, D. F., et al. (2004). Effect of sleep loss on C-reactive protein, an inflammatory marker of cardiovascular risk. J. Am. Coll. Cardiol. 43, 678–683. doi: 10.1016/j.jacc.2003.07.050

Mier, C. M., Domenick, M. A., and Wilmore, J. H. (1997). Changes in stroke volume with β-blockade before and after 10 days of exercise training in men and women. J. Appl. Physiol. 83, 1660–1665. doi: 10.1152/jappl.1997.83.5.1660

Mikulski, T., Tomczak, A., Lejk, P., and Klukowski, K. (2006). Influence of ultra long exercise and sleep deprivation on physical performance of healthy men. Med. Sport. 10, 98–101.

Moreno-Villanueva, M., von Scheven, G., Feiveson, A., Bürkle, A., Wu, H., and Goel, N. (2018). The degree of radiation-induced DNA strand breaks is altered by acute sleep deprivation and psychological stress and is associated with cognitive performance in humans. Sleep 41:zsy067. doi: 10.1093/sleep/zsy067

Muenter, N. K., Watenpaugh, D. E., Wasmund, W. L., Wasmund, S. L., Maxwell, S. A., and Smith, M. L. (2000). Effect of sleep restriction on orthostatic cardiovascular control in humans. J. Appl. Physiol. 88, 966–972. doi: 10.1152/jappl.2000.88.3.966

Mullington, J. M., Haack, M., Toth, M., Serrador, J. M., and Meier-Ewert, H. K. (2009). Cardiovascular, inflammatory, and metabolic consequences of sleep deprivation. Prog. Cardiovasc. Dis. 51, 294–302. doi: 10.1016/j.pcad.2008.10.003

Niu, L., Zhang, F., Xu, X., Yang, Y., Li, S., Liu, H., et al. (2022). Chronic sleep deprivation altered the expression of circadian clock genes and aggravated Alzheimer’s disease neuropathology. Brain Pathol. 32:e13028. doi: 10.1111/bpa.13028

Norsk, P., Asmar, A., Damgaard, M., and Christensen, N. J. (2015). Fluid shifts, vasodilation and ambulatory blood pressure reduction during long duration spaceflight. J. Physiol. 593, 573–584. doi: 10.1113/jphysiol.2014.284869

Ong, J. L., Lo, J. C., Patanaik, A., and Chee, M. W. L. (2019). Trait-like characteristics of sleep EEG power spectra in adolescents across sleep opportunity manipulations. J. Sleep Res. 28:e12824. doi: 10.1111/jsr.12824

Papacocea, I. R., Badarau, I. A., Ciornei, M. C., Burciulescu, S. L., and Papacocea, M. T. (2019). The effects of caffeine intake on cardiovascular parameters in sleep deprived medical residents. Rev. Chim. Buchar. 70, 1445–1448. doi: 10.37358/RC.19.4.7146

Rowland, T. W., Melanson, E. L., Popowski, B. E., and Ferrone, L. C. (1998). Test-retest reproducibility of maximum cardiac output by Doppler echocardiography. Am. J. Cardiol. 81, 1228–1230. doi: 10.1016/s0002-9149(98)00099-x

Rusterholz, T., Tarokh, L., Van Dongen, H., and Achermann, P. (2017). Interindividual differences in the dynamics of the homeostatic process are trait-like and distinct for sleep versus wakefulness. J. Sleep Res. 26, 171–178. doi: 10.1111/jsr.12483

Sauvet, F., Leftheriotis, G., Gomez-Merino, D., Langrume, C., Drogou, C., Van Beers, P., et al. (2010). Effect of acute sleep deprivation on vascular function in healthy subjects. J. Appl. Physiol. 108, 68–75. doi: 10.1152/japplphysiol.00851.2009

Saveko, A., Brykov, V., Kitov, V., Shpakov, A., and Tomilovskaya, E. (2022). Adaptation in gait to lunar and Martian gravity unloading during long-term isolation in the ground-based space station model. Front. Hum. Neurosci. 15:742664. doi: 10.3389/fnhum.2021.742664

Seelig, A. D., Jacobson, I. G., Donoho, C. J., Trone, D. W., Crum-Cianflone, N. F., and Balkin, T. J. (2016). Sleep and health resilience metrics in a large military cohort. Sleep 39, 1111–1120. doi: 10.5665/sleep.5766

Shattuck, N. L., Matsangas, P., and Dahlman, A. S. (2018). “Sleep and fatigue issues in military operations,” in Sleep and combat-related post traumatic stress disorder, eds E. Vermetten, A. Germain, and T. C. Neylan (New York, NY: Springer), 69–76. doi: 10.1007/978-1-4939-7148-0_7

Słomko, J., Zawadka-Kunikowska, M., Kujawski, S., Klawe, J. J., Tafil-Klawe, M., Newton, J. L., et al. (2018). Do changes in hemodynamic parameters depend upon length of sleep deprivation? Comparison between subjects with normal blood pressure, prehypertension, and hypertension. Front. Physiol. 9:1374. doi: 10.3389/fphys.2018.01374

Spaeth, A. M., Dinges, D. F., and Goel, N. (2015). Phenotypic vulnerability of energy balance responses to sleep loss in healthy adults. Sci. Rep. 5:14920. doi: 10.1038/srep14920

Sunbul, M., Kanar, B. G., Durmus, E., Kivrak, T., and Sari, I. (2014). Acute sleep deprivation is associated with increased aortic stiffness in healthy young adults. Sleep Breath 18, 215–220. doi: 10.1007/s11325-013-0873-9

Tarokh, L., Rusterholz, T., Achermann, P., and Van Dongen, H. (2015). The spectrum of the non-rapid eye movement sleep electroencephalogram following total sleep deprivation is trait-like. J. Sleep Res. 24, 360–363. doi: 10.1111/jsr.12279

Tucker, A. M., Dinges, D. F., and Van Dongen, H. P. (2007). Trait interindividual differences in the sleep physiology of healthy young adults. J. Sleep Res. 16, 170–180. doi: 10.1111/j.1365-2869.2007.00594.x

Woodward, D. K., Clifton, G. D., McCoy, R. A., Smith, M. D., and Harrison, M. R. (1995). Reliability of blood pressure, heart rate, and Doppler-derived hemodynamic measurements during exercise. J. Am. Soc. Echocardiogr. 8, 21–28. doi: 10.1016/s0894-7317(05)80354-2

Yamazaki, E. M., Antler, C. A., Lasek, C. R., and Goel, N. (2021). Residual, differential neurobehavioral deficits linger after multiple recovery nights following chronic sleep restriction or acute total sleep deprivation. Sleep 44:zsaa224. doi: 10.1093/sleep/zsaa224

Yamazaki, E. M., Casale, C. E., Brieva, T. E., Antler, C. A., and Goel, N. (2022a). Concordance of multiple methods to define resiliency and vulnerability to sleep loss depends on psychomotor vigilance test metric. Sleep 45:zsab249. doi: 10.1093/sleep/zsab249

Yamazaki, E. M., and Goel, N. (2020). Robust stability of trait-like vulnerability or resilience to common types of sleep deprivation in a large sample of adults. Sleep 43:zsz292. doi: 10.1093/sleep/zsz292

Yamazaki, E. M., Rosendahl-Garcia, K. M., Casale, C. E., MacMullen, L. E., Ecker, A. J., Kirkpatrick, J. N., et al. (2022b). Left ventricular ejection time measured by echocardiography differentiates neurobehavioral resilience and vulnerability to sleep loss and stress. Front. Physiol. 12:795321. doi: 10.3389/fphys.2021.795321

Zhong, Z., Hilton, H. J., Gates, G. J., Jelic, S., Stern, Y., Bartels, M. N., et al. (2005). Increased sympathetic and decreased parasympathetic cardiovascular modulation in normal humans with acute sleep deprivation. J. Appl. Physiol. 98, 2024–2032. doi: 10.1152/japplphysiol.00620.2004


OPS/xhtml/Nav.xhtml




Contents





		Cover



		Cardiovascular measures display robust phenotypic stability across long-duration intervals involving repeated sleep deprivation and recovery



		1. Introduction



		2. Materials and methods



		2.1. Participants



		2.2. Procedures



		2.3. Cardiovascular measure collections



		2.3.1. Echocardiogram procedures



		2.3.2. Blood pressure and systemic vascular resistance index







		2.4. Statistical analyses







		3. Results



		3.1. Baseline (BL)



		3.2. Total Sleep Deprivation (TSD)



		3.3. Recovery (REC)



		3.4. Baseline + Recovery (BL + REC)



		3.5. Cardiovascular measures: relative rank relationships







		4. Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		References

















OPS/images/fnins-17-1201637-t005.jpg
SV HR Cl LVET | SBP = SVRI
SV —0.305 | 0747 | 0.738* | 0.351 | —0.629*
HR —0.305 0.191 | —0.509 | —0.591 | —0.345
CI 0.747%% | 0.191 0.500 | —0.018 | —0.973**
LVET | 0.738* | —0.509 | 0.500 0.073 | —0.418
SBP 0351 | —0.591 | —0.018 0.073 0.218
SVRI | —0.629* | —0.345 | —0.973* | —0.418 0.218

N = 11; **P < 0.01, *P < 0.05; SV, stroke volume; HR, heart rate; CI, cardiac index;
LVET, left ventricular ejection time; SBP, systolic blood pressure; SVRI, systemic vascular
resistance index.





OPS/images/fnins-17-1201637-t004.jpg
Y HR Cl LVET | SBP | SVRI
Y —0.573 0.391 0791 | 0.182 | —0.455
HR | —0.573 0209 | —0.627* | —0.436 | —0.145
CI 0.391 0.209 0355 | —0.382 | —0.936**
LVET | 0.791* | —0.627% | 0.355 —0.209 | —0.509
SBP 0182 | —0.436 | —0.382 | —0.209 0.545
SVRI | —0.455 | —0.145 | —0.936** | —0.509 0.545

N = 11; **P < 0.01, *P < 0.05; SV, stroke volume; HR, heart

rate; CI, cardiac index;

LVET, left ventricular ejection time; SBP, systolic blood pressure; SVRI, systemic vascular

resistance index.





OPS/images/fnins-17-1201637-t003.jpg
SV HR Cl LVET | SBP | SVRI
Y —0.336 0.682* | 0.755** | 0.064 | —0.600
HR —0.336 0.164 | —0.645* | —0.282 | —0.227
CI 0.682% | 0.164 0391 | —0.136 | —0.964**
LVET 0.755%* | —0.645* | 0.391 —0.191 | —0.345
SBP 0.064 | —0.282 | —0.136 | —0.191 0.309
SVRI | —0.600 | —0.227 | —0.964** | —0.345 0.309

N = 11; **P < 0.01, *P < 0.05; SV, stroke volume; HR, heart

rate; CI, cardiac index;

LVET, left ventricular ejection time; SBP, systolic blood pressure; SVRI, systemic vascular

resistance index.





OPS/images/fnins-17-1201637-t002.jpg
CVv ICC 95% Confidence P-value
measure interval

N

Seated BL 0.932 0.698, 0.992 0.001
Standing BL 0.887* 0.299, 0.992 0.017
Seated TSD 0.863 0.417, 0.984 0.005
Standing TSD 0.962 0.825, 0.996 0.000
Seated REC 0.960 0.821, 0.996 0.000
Standing REC 0.920 0.616, 0.991 0.002
HR

Seated BL 0.897 0.549, 0.988 0.003
Standing BL 0.579* —1.258,0.971 0.166
Seated TSD 0.944 0.707, 0.994 0.000
Standing TSD 0.851 0.308, 0.983 0.013
Seated REC 0.770 0.122, 0.972 0.014
Standing REC 0.932 0.700, 0.992 0.001
Cl

Seated BL 0.892 0.475, 0.988 0.006
Standing BL 0.906* 0.378, 0.994 0.013
Seated TSD 0.643 —0.247, 0.956 0.068
Standing TSD 0.899 0.559, 0.988 0.002
Seated REC 0.914 0.603, 0.990 0.002
Standing REC 0.671 —0.154, 0.960 0.052
LVET

Seated BL 0.693 —0.659, 0.967 0.086
Standing BL 0.570* —2.368,0.972 0.191
Seated TSD 0.809 0.230, 0.977 0.009
Standing TSD 0.741 —0.203,0.971 0.052
Seated REC 0.918 0.637, 0.991 0.002
Standing REC 0.894 0.481, 0.988 0.006
SBP

Seated BL 0.198 —1.151, 0.890 0.338
Standing BL 0.376* —1.789,0.929 0.261
Seated TSD 0.670 —1.367, 0.965 0.112
Standing TSD 0.644 —1.138,0.962 0.119
Seated REC 0.792 —0.207,0.978 0.041
Standing REC 0.835 0.011, 0.982 0.025
SVRI

Seated BL 0.939 0.715, 0.993 0.001
Standing BL 0.916* 0.451, 0.994 0.010
Seated TSD 0.649 —0.306, 0.958 0.075
Standing TSD 0.838 0.275, 0.982 0.014
Seated REC 0.922 0.639, 0.991 0.002
Standing REC 0.810 0.223,0.978 0.015

*N = 4; BL, baseline; TSD, total sleep deprivation; REC, recovery; ICC, intraclass correlation

coeflicient; SV, stroke volume; HR, heart rate; CI, cardiac index; LVET, left ventricular ejection

time; SBP, systolic blood pressure; SVRI, systemic vascular resistance index.





OPS/images/fnins-17-1201637-t001.jpg
Month 2

11

Month 4

11

Mont

5

Baseline 1 TST (min) |406.77 4 33.98 | 421.68 £ 46.31 |394.25 + 37.87°
Baseline 2 TST (min) |398.61 & 74.51 | 425.80 £ 44.51 |424.00 £ 20.14
Total Sleep

Deprivation TST (min) - - -
Recovery 1 TST (min) |534.36 + 48.43*| 568.18 + 45.23% | 535.80 + 47.82
Recovery 2 TST (min) | 354.39 +79.42 | 397.36 4 34.90 | 355.20 & 21.37

TST, total sleep time; *N = 10; N = 4. *Month 2 TST was significantly shorter than month 4
TST (£(9) = ~2.741, P = 0.023).





OPS/images/cover.jpg
, frontiers ‘ Frontiers in Neuroscience

Cardiovascular measures
display robust phenotypic
stability across long-duration
intervals involving repeated
sleep deprivation and recovery











OPS/images/fnins-17-1201637-g003.jpg
Seated SV (mL)

Seated CI (L/min/m3)

Seated SBP (mmHg)

140 -
O REC Month 2
on ICC: 0.869
120 1 QREC Month 4
O O
100 - 2 o U
@)
80 -
o o 8
60 o o o © 0
40 A I
Q
20 -
o > - ™ T T v »
J K G H C D F B S
Participant
5 -
O REC Month 2 ICC: 0.806
O REC Month 4
i g
O
5 O
O
o B 5
2 8 O
5 o -
i1 B
0 . . y ' : ' :
) 6 K B D C F E e 9
Participant
160
O REC Month 2
ICC: 0.881
140 1 REC Month 4 O
120 - 6 O O 6 =
10041 0 Q@ 8 8 e .
O
80 -
60 -
40 A
20 -
0 . : . r - ' '
H K 1 66 ¢ E J D S
Participant

Seated HR (beats/minute)
— N w H v n ~
o o o o o o o o

O REC Month 2
O REC Month 4

O
S

- 0

O

ICC: 0.735

o0

450 -

400 -

350
300
250
200
150

Seated LVET (msec)

100

50

Seated SVRI (mmHg*L/min/m?)
—_ N w o wv (<2} ~ (22} o
o o o o o o o o o o

O REC Month 2
O REC Month 4

O
o B g

oo

G

-

A
Participant

K

ICC: 0.869

o B8
O

s

S

oad

'l

O REC Month 2
OREC Month 4

K

H

D

Participant

ICC: 0.810

o

C

F
Participant

D





OPS/images/fnins-17-1201637-e000.jpg
SV = (LVOT cross sectional area) x VTI

CI = [(SV x HR)/1000]/body surface area






OPS/images/fnins-17-1201637-g002.jpg
>

Seated SV (mL)

Seated CI (L/min/m?)

Seated SBP (mm/Hg)

140 -
OTSD Month 2
ICC: 0.868
120 1 oTsD Month 4 0
100 A H O
O o
80 - O
o © © ©
60 - 0 O
@)
40 4 O 0O
20 -
o - T T T v v
) K H G C F A D
Participant
5
OTSD Month 2 ICC: 0.839
: OTSD Month 4
4 g O O 0O
O O
, o B8 ¢
2 - @)
@ 0 O
O
1 -
6 ' _ , , : .
] G B K A c E D
Participant
08 O TSD Month 2
on ICC: 0.875
140 1 OTSD Month 4
120 -
g 8 a B O 8
100 1 g Q
80 -
60 .
40 -4
20 A
2 ' . . ; . :
H | K E D ) G c

Participant

Seated HR (beats/minute)
— N w H w N ~ ® (Vo)
o o o o o o o o o

o

Seated LVET (msec)
— e N N w w o S
o o o o o o o o

Seated SVRI (mmHg*L/min/m?)
— N w oS W o ~ (o] (Ve
o o o o o o o o o o

OTSD Month 2
OTSD Month 4

8 8

@)

ICC: 0.962

J

a 8

o

oa

OTSD Month 2
OTSD Month 4

A F H
Participant

ICC: 0.800

O = 8

oo

OTSD Month 2
O7TSD Month 4

G A H
Participant

ICC: 0.755

F C A
Participant





OPS/images/fnins-17-1201637-e001.jpg
SVRI = mean arterial pressure/CI





OPS/images/logo.jpg
’frontiers ‘ Frontiers in Neuroscience







OPS/images/fnins-17-1201637-g001.jpg
Seated SV (mL)

Seated Cl (L/min/m?)

Seated SBP (mmHg)

140

120

100

80

60

40

20

O BL Month 2
ICC: 0.895
7 OBLMonth4 0
O
UJ 0 O
O
l =
(@) 0O O
I . 8 o © o
@]
J K C G H D A F E I
Participant
OBL Month 2
ICC: 0.944 6
OBL Month 4

0o

o0
a
@)

160

140

120

100

80

60

40

20

=

K B D

C E A

Participant
BL Month 2
e ICC: 0.887
OBL Month 4

8

8006088

| K G E

D
Participant

C J

Seated HR (beats/minute)
— N w o w N ~
o o o o o o o o

O

450 -
400 -

350
300
250
200
150

Seated LVET (msec)

100
50

Seated SVRI (mmHg*L/min/m?2)
P N w =y W N ~ [+
o o o o o o o o

o

O BL Month 2
ICC: 0.853
O BL Month 4 0
@) S O
8 @)
= B
g o
B E G D A H F K J
Participant
O BL Month 2
ICC: 0.821
O BL Month 4
O @)
O 8 O
O O
O B
O O O
8 O
) C K A G F | H B
Participant
O BL Month 2
ICC: 0.887
0O BL Month 4
o O
O
g © ° o
Q O
o O
H O
B
| F H E A C D G B

Participant





OPS/images/cross.jpg
@ Check for updates.





