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Cortisol and C-Reactive Protein Vary During Sleep Loss and Recovery but Are Not Markers of Neurobehavioral Resilience
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Cortisol and C-reactive protein (CRP) typically change during total sleep deprivation (TSD) and psychological stress; however, it remains unknown whether these biological markers can differentiate robust individual differences in neurobehavioral performance and self-rated sleepiness resulting from these stressors. Additionally, little is known about cortisol and CRP recovery after TSD. In our study, 32 healthy adults (ages 27–53; mean ± SD, 35.1 ± 7.1 years; 14 females) participated in a highly controlled 5-day experiment in the Human Exploration Research Analog (HERA), a high-fidelity National Aeronautics and Space Administration (NASA) space analog isolation facility, consisting of two baseline nights, 39 h TSD, and two recovery nights. Psychological stress was induced by a modified Trier Social Stress Test (TSST) on the afternoon of TSD. Salivary cortisol and plasma CRP were obtained at six time points, before (pre-study), during [baseline, the morning of TSD (TSD AM), the afternoon of TSD (TSD PM), and recovery], and after (post-study) the experiment. A neurobehavioral test battery, including measures of behavioral attention and cognitive throughput, and a self-report measure of sleepiness, was administered 11 times. Resilient and vulnerable groups were defined by a median split on the average TSD performance or sleepiness score. Low and high pre-study cortisol and CRP were defined by a median split on respective values at pre-study. Cortisol and CRP both changed significantly across the study, with cortisol, but not CRP, increasing during TSD. During recovery, cortisol levels did not return to pre-TSD levels, whereas CRP levels did not differ from baseline. When sex was added as a between-subject factor, the time × sex interaction was significant for cortisol. Resilient and vulnerable groups did not differ in cortisol and CRP, and low and high pre-study cortisol/CRP groups did not differ on performance tasks or self-reported sleepiness. Thus, both cortisol and CRP reliably changed in a normal, healthy population as a result of sleep loss; however, cortisol and CRP were not markers of neurobehavioral resilience to TSD and stress in this study.
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INTRODUCTION

Chronic sleep deprivation is an important public health concern associated with many adverse health outcomes and clinical disorders such as anxiety, depression, immune dysfunction, Alzheimer’s disease, cardiovascular disease, obesity, cancer, and overall morbidity and mortality (Ferrie et al., 2007; Gallicchio and Kalesan, 2009; Mullington et al., 2009; Phan and Malkani, 2019; Al-Rashed et al., 2021). Sleep deprivation is a potent stressor generally resulting in marked increases in physiological sleepiness (e.g., the Maintenance of Wakefulness Test and the Multiple Sleep Latency Test) and subjective sleepiness [e.g., the Karolinska Sleepiness Scale (KSS)] and significant deficits in cognitive performance (Banks and Dinges, 2007; Goel et al., 2009; Casale et al., 2021a,b; Yamazaki et al., 2021a,b). However, a number of studies show there are robust and highly replicable phenotypic individual differences in response to repeated exposure to sleep deprivation: some individuals are resilient, and others are vulnerable to total sleep deprivation (TSD) and chronic sleep restriction (SR), both commonly experienced types of sleep loss (Van Dongen et al., 2004; Goel et al., 2009; Dennis et al., 2017; Yamazaki and Goel, 2020). Moreover, these inter-individual differences persist across months and years when exposed to repeated sleep loss (Dennis et al., 2017), and do not differ within various key subgroups, such as sex, age, race, and body mass index (Yamazaki and Goel, 2020).

Although well investigated, the effects of sleep deprivation on cortisol, a hypothalamic–pituitary–adrenal (HPA) axis marker, and C-reactive protein (CRP), an inflammatory marker, remain inconsistent: some studies report no change in cortisol (Vgontzas et al., 2004; Frey et al., 2007; van Leeuwen et al., 2009; Pejovic et al., 2013; Honma et al., 2020) or CRP (Faraut et al., 2011; Irwin et al., 2016; Choshen-Hillel et al., 2021), while others report decreases in cortisol (Åkerstedt et al., 1980) or CRP (Frey et al., 2007; Baek et al., 2020), or increases in cortisol (Leproult et al., 1997; Wright et al., 2015; Baek et al., 2020; Choshen-Hillel et al., 2021; Lamon et al., 2021) or CRP (Meier-Ewert et al., 2004; van Leeuwen et al., 2009). Similarly, studies have found that both acute and prolonged stress increase cortisol (Jönsson et al., 2010; Allen et al., 2014) and CRP (Eraly et al., 2014; Kennedy et al., 2014), although other studies reported no change in CRP (La Fratta et al., 2018; Szabo et al., 2020).

The Trier Social Stress Test (TSST) (Kirschbaum et al., 1993), a well-validated experimental acute psychological stressor, has been shown to increase cortisol (Jönsson et al., 2010; Kennedy et al., 2014; Allen et al., 2017) and CRP (Campisi et al., 2012; Kennedy et al., 2014) in healthy individuals. Notably, cortisol has shown varied responses to the combination of sleep loss and the TSST in the few studies that have investigated this combination; cortisol was blunted (Vargas and Lopez-Duran, 2017), increased (Minkel et al., 2014), or not significantly different (Schwarz et al., 2018) in those who experienced TSD and the TSST compared to those who experienced the TSST alone. To our knowledge, the CRP response to the combination of sleep loss and TSST has not yet been investigated.

Cortisol and CRP are associated with responses to stress (Eraly et al., 2014; Henckens et al., 2016), cardiovascular disease risk (Li et al., 2017; Crawford et al., 2019; Iob and Steptoe, 2019), and performance on multiple cognitive dimensions in dementia (Wersching et al., 2010; Hajjar et al., 2018; Ouanes et al., 2020). Moreover, low salivary cortisol is generally recognized as a marker for Posttraumatic Stress Disorder (PTSD) (Pan et al., 2018). However, to our knowledge, neither cortisol or CRP have been investigated as biomarkers for individual differences in cognitive performance or self-reported sleepiness responses to sleep loss or the combination of sleep loss and psychological stress.

Given the relationships of sleep deprivation and psychological stress with cortisol and CRP, these are novel, uninvestigated, candidate biomarkers that may identify individuals who are resilient or vulnerable to the combination of these stressors. We evaluated whether sleep loss, psychological stress and recovery affect cortisol and CRP levels and whether these biological markers could discern resilient and vulnerable individuals before and in response to TSD and psychological stress, which would have particularly important implications in applied settings, where both are commonly experienced (Barger et al., 2014; Cromwell et al., 2021). We hypothesized the following: (1) cognitive performance and self-rated sleepiness would be adversely impacted during TSD and psychological stress; (2) cortisol and CRP levels would increase during TSD and psychological stress and decrease with recovery; (3) resilient and vulnerable individuals (defined by each cognitive performance measure or by self-rated sleepiness) would show differential patterns of change in cortisol and CRP levels across the study; and (4) pre-study cortisol and pre-study CRP levels would distinguish cognitive performance and self-rated sleepiness during subsequent TSD and psychological stress.



MATERIALS AND METHODS


Participants

We studied 32 healthy adults (ages 27–53; mean age ± SD, 35.1 ± 7.1 years, 14 females) in the Human Research Program Human Exploration Research Analog (HERA), a high-fidelity National Aeronautics and Space Administration (NASA) space analog isolation facility in Johnson Space Center in Houston, TX, United States. Groups of four participants at a time participated in one of the four 14-day studies or one of the four 30-day studies. Participants were thoroughly screened by NASA to ensure they had astronaut-like characteristics, including suitable educational or military experience (Nasrini et al., 2020; Smith et al., 2021). Participants were required to pass a drug screen and a physical exam, including an eye exam, ensuring they were in good health with no history of cardiovascular, neurological, gastrointestinal, or musculoskeletal problems, and underwent psychological assessment (Moreno-Villanueva et al., 2018; Nasrini et al., 2020; Smith et al., 2021). The study was approved by the Institutional Review Boards of NASA and of the University of Pennsylvania, and all protocol methods were carried out in accordance with approved guidelines and regulations. Participants provided written informed consent in accordance with the Declaration of Helsinki and received compensation for their participation.



Procedures

During each HERA study, participants engaged in pre-study data collection, a 5-day experiment designed to induce sleep deprivation and psychological stress (Figure 1), and post-study data collection. The 5-day experiment consisted of 2 baseline nights [B1 and B2; 8-h time-in-bed (TIB), 2300–0700 h], followed by 39-h acute TSD (during which participants remained awake) that included a modified TSST conducted between 1500 and 1730 h after the TSD night to induce psychological stress (described below). TSD was followed by a 10-h TIB night of recovery (R1; 2200–0800 h), and a second 8-h TIB night of recovery (R2; 2300–0700 h). Fitness levels were not explicitly measured; however, all participants were in comparable good health, endured similar amounts of limited activity during the study, and were confined to engaging in prescribed activities at specific times. Napping was prohibited during the experiment. Sleep-wake episodes were verified objectively by wrist actigraphy (Philips Respironics Healthcare, Bend, OR, United States). Actigraphic sleep data were analyzed as in our prior studies (Dennis et al., 2017; Moreno-Villanueva et al., 2018; Yamazaki and Goel, 2020; Brieva et al., 2021; Casale et al., 2021b; Yamazaki et al., 2021a).
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FIGURE 1. Five-day experimental protocol. The experimental protocol consisted of 2 days of baseline with 8-h time in bed (TIB) sleep opportunity (B1, B2; 2300–0700 h). Baseline cortisol and CRP collection (white arrows) occurred at 0700 h after the B2 sleep opportunity, followed by the neurobehavioral test battery (NTB) at 1130 and 1730 h (black arrows). After the B2 day, participants began 39 h of total sleep deprivation (TSD, blue block). During TSD, NTB administration occurred at 0400 h, cortisol and CRP collection at 0800 h, and NTB administration at 1130 h. A modified Trier Social Stress Test (TSST, orange arrow) was administered starting at 1500 h during the TSD day, with cortisol and CRP collection at 1700 h and NTB administration after TSST completion at 1730 h. Recovery followed TSD, including 10 and 8 h TIB sleep opportunities (R1 and R2, respectively). The NTB was administered at 1130 and 1730 h during R1 and R2, and cortisol and CRP collection occurred at 0700 h of R2.




Biomarker Collection

Salivary cortisol and CRP were collected at the following six time points: pre-study, B2, the morning of TSD (TSD AM), the afternoon of TSD (TSD PM), R2, and post-study (Figure 1). All collections were completed at the same time each day (0800 h before eating), except for the TSD post-stress assessment, which was collected at 1730 h. Pre- and post-study collections occurred 1 day before and 4 or 5 days after the study, respectively, in the same location as those collections during the 5-day experiment. All participants fasted for 10 h prior to all five AM collections and for 5 h prior to the one PM collection for consistency across the study and among participants.


Salivary Cortisol Collection and Processing

At each biomarker collection point, 1 mL of saliva was collected using Salivettes (Sarstedt, NC, United States). Following collection, these tubes were kept on ice until storage at −80°C for assay. Salivary cortisol levels were measured in duplicate using the Salimetrics cortisol ELISA kit (Salimetrics, PA, United States). Intra-assay and inter-assay coefficients of variation were 2.37 and 3.95%, respectively, and the minimum detectable value was 0.012 μg/dL. All samples from the same participant were measured in the same assay.



High-Sensitivity C-Reactive Protein Collection and Processing

At each biomarker collection time point, 4 mL of whole blood was collected in pre-cooled vacutainer tubes containing sodium heparin (BD, NJ, United States) and kept on ice until centrifugation at 4°C. After centrifugation, samples were immediately frozen at −80°C and stored until assay. Determination of high-sensitivity CRP concentrations were performed using an Immulite 1000 High Sensitivity CRP kit (Siemens Healthineers, PA, United States). Intra-assay and inter-assay coefficients of variation were 5 and 6.75%, respectively, and the minimum detectable value was 0.3 mg/L. Undetectable samples were assigned half of the minimum detectable value (0.15 mg/L) (Meier-Ewert et al., 2004; Ferrie et al., 2013; Szabo et al., 2020). All samples from the same participant were measured in the same assay.




Neurobehavioral Performance

A precise computer-based neurobehavioral test battery (NTB) was administered 11 times during the study [Dell Latitude E5420 Laptops; Software: Windows XP; NTB custom reaction time (RT) testing software (Pulsar Informatics, Inc., Philadelphia, PA, United States)]: every day of the 5-day experiment at 1130 and 1730 h, and an additional test at 0400 h after the TSD night (Figure 1). The NTB included the following objective performance measures: the 3-min Psychomotor Vigilance Test (PVT), a behavioral attention test that is practical and applicable to real-world settings (Basner and Rubinstein, 2011; Basner et al., 2011, 2018; Hilditch et al., 2016; Grant et al., 2017; Behrens et al., 2019; Hansen et al., 2019; Benderoth et al., 2021), which measures the total number of lapses (RT > 355 ms) and errors (RT < 100 ms); and the Digit Symbol Substitution Test (DSST) (Hartman, 2009), a cognitive throughput task, which measures the number correct. The KSS (Åkerstedt and Gillberg, 1990) measures self-reported sleepiness. All tests are well-validated measures to examine sleep loss and they show stable, robust individual differences in healthy populations (Dennis et al., 2017; Yamazaki and Goel, 2020; Brieva et al., 2021; Casale et al., 2021b; Yamazaki et al., 2021a), and were administered in the following order during all test bouts: DSST, KSS, 3-min PVT. As such, resilient and vulnerable individuals were determined by a median split on average values from the three NTB sessions during TSD (Patanaik et al., 2015; Moreno-Villanueva et al., 2018; Caldwell et al., 2020) for 3-min PVT total lapses and errors, DSST performance, and KSS scores. We dichotomized participants as such given that, for initial examination and categorization of novel biomarkers, it is more suitable and applicable to create resilient and vulnerable groups in healthy adult samples, as per convention in the field (Chuah et al., 2009; Rocklage et al., 2009; Chee and Tan, 2010; Diekelmann et al., 2010; Patanaik et al., 2015; Yeo et al., 2015; Xu et al., 2016; Moreno-Villanueva et al., 2018; Caldwell et al., 2020; Salfi et al., 2020; Brieva et al., 2021; Casale et al., 2021b; Yamazaki et al., 2021b), especially given our sample size. Importantly, systematic examination of multiple approaches and thresholds for evaluating differential neurobehavioral vulnerability to sleep loss has demonstrated that median splits on averaged performance scores, rather than change from baseline or variance in scores, are consistent indicators of resilience and vulnerability during sleep deprived and well-rested periods (Brieva et al., 2021; Casale et al., 2021b; Yamazaki et al., 2021b), thus further justifying our methods.



Trier Social Stress Test

The TSST is a well-validated and commonly used test to experimentally induce psychological stress (Allen et al., 2014, 2017). A modified 30-min TSST was conducted with participants remotely via audio and a one-way video camera (Moreno-Villanueva et al., 2018). Notably, remote implementation of the TSST is a validated virtual alternative to the traditional in-person method (Kelly et al., 2007; Ruiz et al., 2010; Helminen et al., 2021). The TSST consisted of several challenging interview questions regarding responses to TSD, including those related to motivation, performance, aptitude, and interactions with others, and several difficult cognitive tests, including a 3-min Stroop task and a 5-min calculation task involving counting backward aloud in 13-step sequences (Moreno-Villanueva et al., 2018). The TSST was followed by debriefing following the afternoon biomarker collection.



Statistical Analyses

All statistical analyses were performed using SPSS v26 (SPSS Inc., IL, United States) with p < 0.05 considered statistically significant and all statistical tests were two-tailed. Descriptive statistics characterizing the sample and outcome measures, including the mean, standard deviation (SD), and standard error of the mean (SEM), are indicated in the results, tables, and figures.

A median split on average performance during TSD and psychological stress for each NTB measure defined the NTB resilient and vulnerable groups (Patanaik et al., 2015; Moreno-Villanueva et al., 2018; Caldwell et al., 2020). A median split on pre-study cortisol values and on CRP values defined low and high pre-study cortisol and CRP groups. One-way ANOVAs determined differences between NTB resilient and vulnerable groups as well as, separately, between the high and low cortisol and CRP groups for age (Wener et al., 2000; Yan et al., 2021), body surface area [BSA; a commonly used biometric unit for normalizing physiologic parameters in applied medical settings (Verbraecken et al., 2006)], and actigraphic sleep characteristics across the study. Chi-square tests determined differences between NTB resilient/vulnerable groups and the low/high pre-study cortisol and CRP groups for sex (Allen et al., 2017; Vargas and Lopez-Duran, 2017). Repeated measures (RM) ANOVA tests were conducted with the within-subject factor “time” [biomarkers (cortisol or CRP) across the study at time points: pre-study, baseline, TSD AM, TSD PM, recovery, and post-study], between-subject factor “NTB group” [NTB (3-min PVT, DSST, or KSS) resilient and vulnerable groups], and the interaction “time × NTB group.” Post hoc analyses with Bonferroni corrections were used to evaluate significant time effects. Sex, as a between-subject factor, as well as age and BSA, as continuous covariates, were independently added to the statistical model to determine the influence of these factors on the change in cortisol and CRP across the study. RMANOVAs with the within-subject factor “time” [NTB performance/scores (3-min PVT, DSST, or KSS) across the experiment: B2 1730 h, TSD 1730 h, and R1 1730 h], between-subject factor “pre-study group” [pre-study (cortisol or CRP) low or high group], and interaction “time × pre-study group.” Post hoc analyses with Bonferroni corrections were used to evaluate significant time effects. Bonferroni-corrected p-values are reported for all post hoc analyses. Spearman’s relative rank correlations evaluated the relationships between NTB measures, and Pearson correlation coefficients evaluated the relationships between cortisol and CRP across the study.

Studentized residuals beyond ± 3 SD were used to identify outliers for 3-min PVT lapses and errors and KSS scores. Analyses without the outliers were conducted and the results were unchanged; thus, we retained the outliers in the analyses to maximize statistical power. The distribution of cortisol and CRP were skewed according to the Shapiro–Wilk test of normality; thus, we added 0.15 to the undetectable CRP values (to allow for log transformation) and natural log transformed CRP and cortisol data before analysis to improve fit to normal distributions (average W = 0.960 and kurtosis = 0.089 for cortisol; average W = 0.879 and kurtosis = −0.114 for CRP) (Meier-Ewert et al., 2004; Frey et al., 2007; Minkel et al., 2014; Wright et al., 2015). The Greenhouse–Geisser correction for degrees of freedom was applied for all RMANOVAs to account for sphericity assumption violations indicated by significant Mauchly’s tests for all main analyses [χ2(2–14) = 6.44–79.70, p = 0.000–0.045], excluding the pre-study low/high cortisol and CRP for KSS RMANOVAs, χ2(2) = 0.50–0.59, p = 0.746–0.779, as well as cortisol for the sex RMANOVA, χ2(14) = 20.755, p = 0.109. To account for multiplicity, the false discovery rate correction of Benjamini and Hochberg (1995) [conducted in the R software environment (R Core Team, 2020)] was applied to all p-values derived from the sets of RMANOVAs evaluating cortisol and CRP changes across the study and NTB performance/scores across the experiment including covariate analyses. FDR corrected p-values are presented. One participant was withdrawn from the study during R1 but returned for post-study data collection. All RMANOVAs and all recovery post hoc comparisons did not include this individual’s data (N = 31). An error that occurred during blood collection resulted in another participant’s loss of data during post-study. This individual was excluded from all post-study averages of CRP (N = 31), as well as from CRP RMANOVAs, in addition to the aforementioned individual who was removed from the study during recovery (N = 30). Otherwise, both individuals’ data points were included in analyses to maximize statistical power (N = 32).




RESULTS


Participant Characteristics

There were no significant differences between NTB resilient and vulnerable groups, F(1) = 0.000–2.638, p = 0.115–1.000, or between pre-study high and low cortisol or pre-study high and low CRP groups, F(1) = 0.000–2.034, p = 0.164–1.000, defined by sex, age, or BSA, except for by sex distribution for the 3-min PVT, for which there were significantly more males (males, N = 12) in the resilient than vulnerable group, χ2(1) = 4.571, p = 0.033 (Table 1). However, when 3-min PVT performance during TSD was compared by sex, the group difference was not significant, F(1) = 4.031, p = 0.054; other NTB measures also did not show significant sex differences in performance, F(1) = 0.013–0.993, p = 0.327–0.910. During the 5-day experiment (Figure 1), NTB resilient and vulnerable groups did not differ in actigraphic sleep onset latency, wake after sleep onset, or total sleep time, F(1) = 0.000–3.755, p = 0.062–0.992 (Table 1 shows actigraphic data divided by the 3-min PVT resilient-vulnerable grouping), except that the DSST resilient and the KSS vulnerable groups had significantly shorter onset latencies at B1 than the DSST vulnerable and KSS resilient groups, F(1) = 4.380–4.588, p = 0.041–0.045, and the DSST vulnerable group had a significantly shorter onset latency at R1 than the DSST resilient group, F(1) = 6.491, p = 0.016.


TABLE 1. Participant characteristics and actigraphic sleep data during the 5-day experiment (mean ± SD).
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Cortisol and CRP values were within normal, healthy adult ranges as reported in previous literature (Laudat et al., 1988; Broekhuizen et al., 2006; Hellhammer et al., 2009), except for in two participants. One participant had a pre-study CRP level of 27 mg/L (z-score = 4.63); however, for the remaining five time points, this individual’s CRP ranged between 1.22 and 1.37 mg/L. Another participant had CRP levels between 9.17 and 14 mg/L (z-scores = 2.17–4.86) throughout the study; however, the results did not change when this participant’s data points were removed. Thus, all data were retained to maximize the number of data points in the analyses. Pearson correlation coefficients between cortisol and CRP were significant at pre-study (r = −0.50, p = 0.004), recovery (r = −0.36, p = 0.046), and post-study (r = −0.42, p = 0.017), but not significant at any other time point (r = −0.045 to −0.311, p = 0.083–0.809).



Cortisol


Cortisol Profile Between Neurobehavioral Test Battery Resilient and Vulnerable Groups

The 3-min PVT, DSST, and KSS did not show significant time × group interactions, F(3.447–3.551, 99.964–102.972) = 0.479–0.902, p = 0.609–0.793, ηp2 = 0.016–0.030, or significant overall between-subjects effects, F(1) = 0.020–2.408, p = 0.264–0.889, ηp2 = 0.001–0.077, for cortisol across the study (Figures 2A–C).
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FIGURE 2. Cortisol and C-reactive protein (CRP) changes across the study defined by a median split on 3-min Psychomotor Vigilance Test (PVT) lapses and errors, Digit Symbol Substitution Test (DSST) total number correct, and Karolinska Sleepiness Scale (KSS) scores. The left panel of graphs shows the pattern of change in cortisol across the study and the right panel of graphs shows the pattern of change in CRP across the study for neurobehavioral measures. Resilient and vulnerable groups were defined by a median split on (A,D) 3-min PVT lapses and errors; (B,E) DSST total number correct; and (C,F) KSS scores. There were no significant findings for the 3-min PVT, DSST, or KSS analyses. N = 15 in the recovery resilient points in (A,B,D,E) and in the recovery vulnerable points in (C,F) due to one participant withdrawn from the study during recovery night 1; N = 15 in the post-study resilient points in (D–F) due to a blood collection error; all other data points are N = 16. Data are not transformed and are presented as mean ± SEM.




Main Effect of Time for Cortisol Across Study

Cortisol showed a significant time effect across the study, F(3.590, 107.714) = 9.563, p < 0.001, ηp2 = 0.242 (Figure 3A). Post hoc analyses showed that post-study cortisol was significantly higher than pre-study (p = 0.003), baseline (p < 0.001), and TSD PM cortisol (p = 0.001). Baseline cortisol was significantly lower than recovery cortisol (p = 0.025), and TSD PM cortisol was significantly lower than TSD AM cortisol (p = 0.020) and recovery cortisol (p = 0.025).
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FIGURE 3. Cortisol and C-reactive protein (CRP) changes across the study. (A) Cortisol showed a significant change across the study. Post hoc analyses showed that post-study cortisol was significantly higher than pre-study, baseline, and TSD PM cortisol. Cortisol at TSD AM was significantly higher than at TSD PM. Recovery cortisol was also significantly higher than at baseline and TSD PM. (B) CRP showed a significant time effect across the study. Post hoc analyses showed that pre-study CRP was significantly higher than CRP at all other time points except for post-study. N = 31 for the recovery point in (A) due to one participant withdrawn from the study during recovery night 1 and for the post-study point in (B) due to one participant’s loss of data due to a blood collection error; all other points are N = 32. *p < 0.05, **p < 0.01. Data are not transformed and are presented as mean ± SEM.


We also examined demographic covariates in the statistical model. When sex was added to the model as a between-subject factor, the time × sex interaction was significant, F(3.879, 112.505) = 3.429, p = 0.036, ηp2 = 0.106. The time effect was significant in both females, F(4.070–52.904) = 12.103, p < 0.001, ηp2 = 0.482, and males, F(3.297, 52.747) = 2.769, p = 0.046, ηp2 = 0.148. In females, cortisol was significantly lower at baseline than at post-study, p = 0.047, and TSD PM cortisol was significantly lower than at baseline, TSD AM, recovery, and post-study, p ≤ 0.001–0.012. In males, cortisol was significantly lower at baseline than at post-study, p = 0.002. Females also had significantly lower cortisol than males at TSD PM, F(1) = 4.363, p = 0.045, ηp2 = 0.127. There were no significant differences between females and males at any other time point, F(1) = 0.044–0.889, p = 0.353–0.835, ηp2 = 0.001–0.030. When age was added to the model, the time × age interaction was not significant, F(3.682, 106.767) = 2.142, p = 0.219, ηp2 = 0.069, and the overall time effect was significant, F(3.682, 106.767) = 3.889, p = 0.022, ηp2 = 0.118. Lastly, when BSA was added to the model, the time × BSA interaction was not significant, F(3.591, 104.147) = 0.922, p = 0.607, ηp2 = 0.031, and the overall time effect was not significant, F(3.591, 104.147) = 1.301, p = 0.454, ηp2 = 0.043.



Neurobehavioral Test Battery Profiles in High vs. Low Pre-study Cortisol Groups

The high vs. low pre-study cortisol groups did not show a significant time × group interaction, F(1.612–1.959, 46.759–56.824) = 0.418–3.630, p = 0.116–0.767, ηp2 = 0.014–0.111, or significant between-subject effects, F(1) = 1.407–4.455, p = 0.116–0.396, ηp2 = 0.046–0.133, for 3-min PVT and DSST performance, or KSS scores across the study (Figures 4A–C).
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FIGURE 4. Changes in 3-min Psychomotor Vigilance Test (PVT) lapses and errors, Digit Symbol Substitution Test (DSST) total number correct, and Karolinska Sleepiness Scale (KSS) scores across the 5-day experiment defined by a median split on pre-study cortisol and pre-study C-reactive protein (CRP) values. The graphs show the changes in (A,D) 3-min PVT lapses and errors; (B,E) DSST total number correct; and (C,F) KSS scores by a median split on (A–C) pre-study cortisol values and (D–F) pre-study CRP values. Three-minute PVT and DSST performance and KSS scores did not show any significant findings for these analyses. N = 15 in the recovery points of the high pre-study cortisol group in (A–F) due to one participant withdrawn from the study during recovery night 1; all other data points are N = 16. Data are mean ± SEM.





C-Reactive Protein


C-Reactive Protein Profile Between Neurobehavioral Test Battery Resilient and Vulnerable Groups

The 3-min PVT, DSST, and KSS did not show significant time × group interactions, F(2.939–2.998, 82.303–83.944) = 0.135–1.264, p = 0.681–0.938, ηp2 = 0.005–0.043, or significant overall between-subject effects, F(1) = 0.350–1.262, p = 0.670–0.812, ηp2 = 0.012–0.043, for CRP across the study (Figures 2D–F).



Main Effect of Time for C-Reactive Protein Across the Study and With Covariates

C-reactive protein also showed a significant time effect across the study, F(3.007, 87.213) = 10.09, p < 0.001, ηp2 = 0.258 (Figure 3B). Post hoc analyses showed that pre-study CRP was significantly higher than baseline, TSD AM, TSD PM, and recovery CRP (p = 0.001–0.014).

We also examined demographic covariates in the statistical model. When sex was added to the model as a between-subject factor, the time × sex interaction was not significant, F(3.033, 84.936) = 2.692, p = 0.162, ηp2 = 0.088, and the between-subject effect was not significant, F(1) = 3.367, p = 0.218, ηp2 = 0.107. When age was added to the model as a covariate, the time × age interaction was not significant, F(3.014, 84.398) = 1.262, p = 0.650, ηp2 = 0.043, and the overall time effect was not significant, F(3.014, 84.398) = 0.448, p = 0.910, ηp2 = 0.016. Lastly, when BSA was added to the model as a covariate, the time × BSA interaction was not significant, F(2.967, 83.071) = 0.334, p = 0.910, ηp2 = 0.012, and the overall time effect was not significant, F(2.967, 83.071) = 0.328, p = 0.910, ηp2 = 0.012.



Neurobehavioral Test Battery Profiles in High vs. Low Pre-study C-Reactive Protein Groups

The high vs. low pre-study CRP groups did not show a significant time × group interaction, F(1.580–1.965, 45.827–56.994) = 0.110–1.675, p = 0.566–0.908, ηp2 = 0.004–0.055, or between-subject difference, F(1) = 0.030–0.572, p = 0.812–0.908, ηp2 = 0.001–0.019, for 3-min PVT and DSST performance, or KSS scores across the study (Figures 4D–F).




Neurobehavioral Deficits Induced by Sleep Loss and Psychological Stress

Three-minute PVT performance, DSST performance, and KSS scores were all significantly, negatively affected by TSD and psychological stress, F(1.580–1.965, 45.827–56.994) = 17.878–90.551, all p’s < 0.001, ηp2 = 0.381–0.757. Table 2 presents the mean and SD for participants on each NTB measure during averaged study periods [baseline, TSD, recovery (averaged from R1 and R2)] and by NTB resilient and vulnerable groups. Performance and self-report scores all returned to baseline levels (all p’s ≤ 0.001) except for the KSS, in which recovery sleepiness scores were significantly lower than at baseline (p = 0.013).


TABLE 2. Neurobehavioral measures during baseline, total sleep deprivation (TSD), and recoveryA during the 5-day experiment (mean ± SD).

[image: Table 2]
During sleep deprivation and psychological stress, the range of the Spearman relative rank correlations between the two objective performance measures (3-min PVT and DSST) was ρ = −0.579, p = 0.001, and the range between the objective performance measures and the KSS was ρ = −0.142–0.371, p = 0.036–0.439. The profiles of change in NTB performance and self-report scores with sleep loss and psychological stress are comparable to results obtained in laboratory studies (Dennis et al., 2017; Yamazaki and Goel, 2020; Brieva et al., 2021; Casale et al., 2021b; Yamazaki et al., 2021a,b).




DISCUSSION

Cortisol and CRP levels significantly changed across our study, which included two commonly experienced stressors, TSD and psychological stress. Cortisol, but not CRP, increased after a night of TSD. Furthermore, during recovery, cortisol levels did not return to pre-TSD levels, but CRP levels did not differ from those during baseline. As expected, cognitive performance and self-reported sleepiness worsened with TSD and stress. However, cortisol and CRP did not show significant differences between resilient vs. vulnerable groups, and pre-study low vs. high cortisol/CRP groups did not significantly differ in performance or sleepiness. Thus, using our design, both biological markers are not reliable discriminators of cognitive performance or self-reported sleepiness during TSD and psychological stress in our healthy population.

Cortisol increased after a night of TSD in all participants, consistent with some prior studies using healthy samples (Leproult et al., 1997; Wright et al., 2015; Choshen-Hillel et al., 2021; Lamon et al., 2021), but not with others (Åkerstedt et al., 1980; Vgontzas et al., 2004; Frey et al., 2007; van Leeuwen et al., 2009; Pejovic et al., 2013; Honma et al., 2020). Cortisol also decreased from TSD AM to TSD PM, reflecting its well-established, time-of-day profile (Krieger et al., 1971; Czeisler et al., 1999). However, one prior study in a healthy sample (Vargas and Lopez-Duran, 2017) found a blunted cortisol response to the TSST when it was administered in the late morning/early afternoon (similar timing to that in our protocol) during acute TSD. These results are consistent with our findings, since the TSST in our study occurred shortly before the TSD PM biomarker collection, and in which we detected a decrease in cortisol. Nevertheless, due to our study design, we are not able to parse the time-of-day effect of cortisol from a blunted cortisol response. Additionally, we found a significant time × sex effect, whereby females showed lower cortisol at TSD PM compared to all other time points except at pre-study, while in males the TSD PM cortisol did not differ from any other study time point. This finding is interesting in the context of prior literature suggesting that sex differences exist in cortisol responses to sleep loss (Vargas and Lopez-Duran, 2017) and stress (Allen et al., 2017). Our results underscore the importance of considering such demographic variables as covariates when evaluating cortisol under sleep loss and stress and warrant further investigation.

During recovery, cortisol was greater than both at pre-study and baseline in our overall sample. Only a few studies have reported how cortisol levels after recovery from sleep deprivation compare to levels during baseline before sleep deprivation. Notably, our results contrast with a prior study comparing baseline cortisol to recovery cortisol after 48 h of TSD (Åkerstedt et al., 1980), and with studies comparing baseline cortisol to recovery cortisol after SR or acute TSD, which showed no significant difference (van Leeuwen et al., 2009; Honma et al., 2020) or a decrease (Pejovic et al., 2013) in cortisol between baseline and recovery. The discrepancies between our results and those of other studies may be due to the severity of the sleep loss condition, differences in the time elapsed between the end of the sleep loss and recovery cortisol sample acquisition, or the addition of the TSST stressor, which was not implemented in prior studies (Åkerstedt et al., 1980; van Leeuwen et al., 2009; Pejovic et al., 2013; Honma et al., 2020). The combination of sleep loss and the TSST was an important component of our study since it simulated stressors commonly experienced in applied settings (Barger et al., 2014; Cromwell et al., 2021). Of note, the timeline of neurobehavioral recovery for some measures differs after SR compared to TSD (Yamazaki et al., 2021a); thus, perhaps the timeline of physiological recovery after SR vs. TSD also varies. More research investigating recovery profiles of cortisol after sleep loss is warranted.

We found a significant change in CRP throughout our study. The significant decrease in CRP from pre-study to both TSD AM and TSD PM is consistent with one previous study (Frey et al., 2007), but differs from other studies that showed increases (Meier-Ewert et al., 2004; van Leeuwen et al., 2009) or no changes in CRP (Faraut et al., 2011; Irwin et al., 2016; Choshen-Hillel et al., 2021) during sleep loss. We also found that recovery levels were similar to those at baseline, in contrast to another study that found recovery CRP after TSD was significantly higher than baseline CRP (Meier-Ewert et al., 2004). Two studies compared recovery CRP after SR to baseline CRP and found no difference (Faraut et al., 2011) or an increase (van Leeuwen et al., 2009) in CRP from baseline to recovery. Similar to cortisol, possible explanations for the discrepancies in changes in CRP in the present study and in the prior literature include differences in sleep loss protocol/severity of sleep loss (hours of sleep deprivation, TSD vs. SR), time elapsed between the end of sleep loss and recovery CRP sample acquisition, or the addition of the TSST in our study. However, it is notable that in our study, CRP levels did return to baseline levels, thus suggesting that two nights of recovery sleep following TSD may mitigate the sleep-loss related decrements. Additionally, when age and BSA were independently added to the analysis model as covariates, the time effect was no longer significant. Given the literature on the relationship between age and CRP (Wener et al., 2000; Yan et al., 2021), as well as body weight and CRP (Choi et al., 2013; Cohen et al., 2021), future research should investigate the influence of age and BSA on CRP across sleep loss and stress using larger sample sizes.

Interestingly, there were significant negative correlations between cortisol and CRP at pre-study, recovery, and post-study, but not at baseline, TSD AM, or TSD PM. This suggests that although cortisol and CRP tap into different biological dimensions as part of discrete neurobiological systems (cortisol is an HPA axis marker and CRP is an inflammatory marker), the two metabolites may be related at certain non-sleep loss/stress time points. Indeed, while cortisol demonstrates diurnal variability and rapidly changes in response to stressors, CRP does not appear to vary by time of day in our results and in those from a different study (Meier-Ewert et al., 2001), nor does it seem to change rapidly in response to stressors.

For the first time, we investigated whether cortisol and CRP could discriminate cognitive performance and subjective sleepiness resilience during the combination of TSD and psychological stress. Our results indicate that cortisol and CRP are not markers of neurobehavioral resilience to TSD and stress, at least using our study design. Our findings have important implications for applied settings, including space flight (Barger et al., 2014; Cromwell et al., 2021). We conducted our study in NASA’s HERA missions, which is useful for examining the behavioral health impacts of various stressors, such as sleep loss and isolation experienced during spaceflight (Barger et al., 2014; Cromwell et al., 2021); our results demonstrate the criticality of considering differential vulnerability to sleep loss and stress of astronauts enduring short and long duration missions. Additionally, they have potential implications and applications beyond sleep deprivation and psychological stress. Higher cortisol is associated with obsessive compulsive disorder (Sousa-Lima et al., 2019), depression (Nandam et al., 2020), cardiovascular risk factors (Kelly et al., 1998; Iob and Steptoe, 2019), and declining cognitive performance in older individuals (Ouanes and Popp, 2019). The increase in cortisol that we observed in the entire sample during TSD AM and the sustained increased levels during recovery, may indicate that repeated exposure to TSD could cause repeated increased and sustained cortisol levels, which may lead to greater risk of the aforementioned adverse health outcomes, though further research is needed in studies involving a control group.

Further research is also needed concerning the underlying neural correlates of differential resilience and vulnerability to sleep deprivation in relation to various neurobehavioral metrics and biomarkers. While prior studies have reported which brain regions are primarily recruited by specific neurobehavioral tasks and how these associations are impacted by sleep deprivation – the PVT recruits regions responsible for vigilant attention (i.e., the prefrontal cortex, the motor cortex, the inferior parietal cortex, and the visual cortex) (Nasrini et al., 2020; Smith et al., 2021), the DSST recruits regions associated with complex scanning and visual tracking (i.e., the temporal cortex, the prefrontal cortex, and the motor cortex) (Nasrini et al., 2020; Smith et al., 2021), and the KSS recruits regions related to attention and sensory transmission (i.e., the thalamus and the right middle frontal gyrus) (Sun et al., 2020; Motomura et al., 2021) – more work is still needed in this area. Particularly, identifying neural signatures of neurobehavioral resilience and vulnerability to sleep deprivation via neural imaging techniques would provide additional methods for determining such individual differences. To our knowledge, very few studies have investigated this concept (Chee and Tan, 2010; Li et al., 2020; Zhu et al., 2020), thus warranting the need for future work.

There are a few limitations to this study. All participants were healthy adults; thus, our data may not be generalizable to clinical populations, such as individuals with PTSD, since these individuals generally have lower basal cortisol (Pan et al., 2018). Similarly, our participants were young to middle aged adults. Adolescents and older individuals may show different changes in response to sleep deprivation and psychological stress, although this contrasts one finding showing cortisol responses during the TSST while sleep deprived did not differ in older adults (60–72 years old) compared to healthy, younger adults (18–30 years old) (Schwarz et al., 2018). Thus, future studies should investigate the possibility that other populations may respond differently to sleep loss and psychological stress. Additionally, the fasting period before biomarker collection may have slightly impacted cortisol and CRP levels, though previous studies have shown no significant effect of fasting on baseline levels of these biomarkers (Kirschbaum et al., 1997; Dumanovic et al., 2021). Similarly, neurobehavioral test bouts were not performed during the fasted state (other than the TSD 0400 h test bout), so fasting also likely had no influence on performance metrics. Due to protocol restrictions, we were unable to collect cortisol samples immediately following exposure to the TSST and therefore, we could not capture peak cortisol occurring in response to the TSST. We also could not systematically assess potential effects of psychological stress and/or TSD on circadian phase, since biomarkers were only collected at one time point each day (except on the afternoon of TSD). In addition, the lack of a control group consisting of the TSST without TSD limits differentiation of the impact of sleep loss separately from that of stress in this study. However, it is plausible that in high-pressure applied settings, such as space flight, individuals will likely experience both sleep loss and stress (Barger et al., 2014; Cromwell et al., 2021), thus retaining the usefulness of our results, despite the lack of a control group. Our results are also limited in generalizability to the tests administered and administration environment, since use of other neurobehavioral measures or testing in real-world situations may yield different results.

In conclusion, both cortisol and CRP levels significantly changed across our study, with cortisol, but not CRP, increasing with TSD. In addition, cortisol levels did not return to pre-TSD levels during recovery, but CRP levels did not differ from those during baseline. Although cognitive performance and self-reported sleepiness worsened with TSD and stress, cortisol and CRP did not show significant differences between resilient vs. vulnerable groups, and pre-study low vs. high cortisol/CRP groups did not significantly differ in performance or sleepiness. Thus, cortisol and CRP are not reliable discriminators of neurobehavioral performance during TSD and psychological stress in our healthy population using our study design.



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 Boards of NASA and of the University of Pennsylvania. The participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

NG designed the overall study and provided the financial support. EY and CA conducted statistical analyses of the data. EY, CA, CC, LM, AE, and NG prepared the manuscript. All authors reviewed and approved the final manuscript.



FUNDING

This work was supported by the National Aeronautics and Space Administration (NASA) [grant numbers NNX14AN49G and 80NSSC20K0243 (to NG)]. This work was also partially supported from 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 the study in HERA for their consent and participation in this study.



REFERENCES

Åkerstedt, T., and Gillberg, M. (1990). Subjective and objective sleepiness in the active individual. Int. J. Neurosci. 52, 29–37. doi: 10.3109/00207459008994241

Åkerstedt, T., Palmblad, J., de la Torre, B., Marana, R., and Gillberg, M. (1980). Adrenocortical and gonadal steroids during sleep deprivation. Sleep 3, 23–30. doi: 10.1093/sleep/3.1.23

Allen, A. P., Kennedy, P. J., Cryan, J. F., Dinan, T. G., and Clarke, G. (2014). Biological and psychological markers of stress in humans: focus on the trier social stress test. Neurosci. Biobehav. Rev. 38, 94–124. doi: 10.1016/j.neubiorev.2013.11.005

Allen, A. P., Kennedy, P. J., Dockray, S., Cryan, J. F., Dinan, T. G., and Clarke, G. (2017). The trier social stress test: principles and practice. Neurobiol. Stress 6, 113–126. doi: 10.1016/j.ynstr.2016.11.001

Al-Rashed, F., Sindhu, S., Al Madhoun, A., Alghaith, A., Azim, R., Al-Mulla, F., et al. (2021). Short sleep duration and its association with obesity and other metabolic risk factors in Kuwaiti urban adults. Nat. Sci. Sleep 13, 1225–1241. doi: 10.2147/NSS.S311415

Baek, Y., Jung, K., and Lee, S. (2020). Effects of sleep restriction on subjective and physiological variables in middle-aged Korean adults: an intervention study. Sleep Med. 70, 60–65. doi: 10.1016/j.sleep.2020.02.006

Banks, S., and Dinges, D. F. (2007). Behavioral and physiological consequences of sleep restriction. J. Clin. Sleep. Med. 3, 519–528. doi: 10.5664/jcsm.26918

Barger, L. K., Flynn-Evans, E. E., Kubey, A., Walsh, L., Ronda, J. M., Wang, W., et al. (2014). Prevalence of sleep deficiency and use of hypnotic drugs in astronauts before, during, and after spaceflight: an observational study. Lancet. Neurol. 13, 904–912. doi: 10.1016/S1474-4422(14)70122-X

Basner, M., Hermosillo, E., Nasrini, J., McGuire, S., Saxena, S., Moore, T. M., et al. (2018). Repeated administration effects on psychomotor vigilance test performance. Sleep 41:zsx187. doi: 10.1093/sleep/zsx187

Basner, M., Mollicone, D., and Dinges, D. F. (2011). Validity and sensitivity of a brief psychomotor vigilance test (PVT-B) to total and partial sleep deprivation. Acta Astronaut 69, 949–959. doi: 10.1016/j.actaastro.2011.07.015

Basner, M., and Rubinstein, J. (2011). Fitness for duty: a 3-minute version of the psychomotor vigilance test predicts fatigue related declines in luggage screening performance. J. Occup. Environ. Med. 53, 1146–1154. doi: 10.1097/JOM.0b013e31822b8356

Behrens, T., Burek, K., Pallapies, D., Kösters, L., Lehnert, M., Beine, A., et al. (2019). Decreased psychomotor vigilance of female shift workers after working night shifts. PLoS One 14:e0219087. doi: 10.1371/journal.pone.0219087

Benderoth, S., Hörmann, H. J., Schießl, C., and Elmenhorst, E. M. (2021). Reliability and validity of a 3-minute psychomotor vigilance task (PVT) in assessing sensitivity to sleep loss and alcohol: fitness for duty in aviation and transportation. Sleep [Online ahead of print] zsab151. doi: 10.1093/sleep/zsab151

Benjamini, Y., and Hochberg, Y. (1995). Controlling the false discovery rate: a practical and powerful approach to multiple testing. J. R. Stat. Soc. Series B Stat. Methodol. 57, 289–300. doi: 10.1111/j.2517-6161.1995.tb02031.x

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 [Online ahead of print] zsab197. doi: 10.1093/sleep/zsab197

Broekhuizen, R., Wouters, E. F. M., Creutzberg, E. C., and Scholas, A. M. W. J. (2006). Raised CRP levels mark metabolic and functional impairment in advanced COPD. Thorax 61, 17–22. doi: 10.1136/thx.2005.041996

Caldwell, J. L., Schroeder, V. M., Kunkle, C. L., and Stephenson, H. G. (2020). Differential effects of modafinil on performance of low-performing and high-performing individuals during total sleep deprivation. Pharmacol. Biochem. Behav. 196:172968. doi: 10.1016/j.pbb.2020.172968

Campisi, J., Bravo, Y., Cole, J., and Gobeil, K. (2012). Acute psychosocial stress differentially influences salivary endocrine and immune measures in undergraduate students. Physiol. Behav. 107, 317–321. doi: 10.1016/j.physbeh.2012.09.003

Casale, C. E., Brieva, T. E., Yamazaki, E. M., Antler, C. A., and Goel, N. (2021a). “Acute sleep deprivation in humans,” in Reference Module in Neuroscience and Biobehavioral Psychology, (Amsterdam: Elsevier).

Casale, C. E., Yamazaki, E. M., Brieva, T. E., Antler, C. A., and Goel, N. (2021b). Raw scores on subjective sleepiness, fatigue, and vigor metrics consistently define resilience and vulnerability to sleep loss. Sleep [Online ahead of print] zsab228. doi: 10.1093/sleep/zsab228

Chee, M. W. L., and Tan, J. C. (2010). Lapsing when sleep deprived: neural activation characteristics of resistant and vulnerable individuals. Neuroimage 51, 835–843. doi: 10.1016/j.neuroimage.2010.02.031

Choi, J., Joseph, L., and Pilote, L. (2013). Obesity and C-Reactive protein in various populations: a systematic review and meta-analysis. Obesity Rev. 14, 232–244. doi: 10.1111/obr.12003

Choshen-Hillel, S., Ishqer, A., Mahameed, F., Reiter, J., Gozal, D., Gileles-Hillel, A., et al. (2021). Acute and chronic sleep deprivation in residents: cognition and stress biomarkers. Med. Educ. 55, 174–184. doi: 10.1111/medu.14296

Chuah, L. Y. M., Chong, D. L., Chen, A. K., Rekshan, W. R. 3rd., Tan, J. C., Zheng, H., et al. (2009). Donepezil improved episodic memory in young individuals vulnerable to the effects of sleep deprivation. Sleep 32, 999–1010. doi: 10.1093/sleep/32.8.999

Cohen, E., Margalit, I., Shochat, T., Goldberg, E., and Krause, I. (2021). Markers of chronic inflammation in overweight and obese individuals and the role of gender: a cross-sectional study of a large cohort. J. Inflamm. Res. 14, 567–573. doi: 10.2147/JIR.S294368

Crawford, A. A., Soderberg, S., Kirschbaum, C., Murphy, L., Eliasson, M., Ebrahim, S., et al. (2019). Morning plasma cortisol as a cardiovascular risk factor: findings from prospective cohort and mendelian randomization studies. Eur. J. Endocrinol. 181, 429–438. doi: 10.1530/EJE-19-0161

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 [Online ahead of print] doi: 10.1089/space.2020.0048

Czeisler, C. A., Duffy, J. F., Shanahan, T. L., Brown, E. N., Mitchell, J. F., Rimmer, D. W., et al. (1999). Stability, precision, and Near-24-Hour period of the human circadian pacemaker. Science 284, 2177–2180. doi: 10.1126/science.284.5423.2177

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

Diekelmann, S., Born, J., and Wagner, U. (2010). Sleep enhances false memories depending on general memory performance. Behav. Brain Res. 208, 425–429. doi: 10.1016/j.bbr.2009.12.021

Dumanovic, M. S., Micic, D., Pejkovic, D. S., Jeremic, D., Cvijovic, G., Stefanovic, D., et al. (2021). The effects of short-term fasting on insulin sensitivity and inflammation in healthy subjects. Endocrine Abstracts 22:312.

Eraly, S. A., Nievergelt, C. M., Maihofer, A. X., Barkauskas, D. A., Biswas, N., Agorastos, A., et al. (2014). Assessment of plasma C-reactive protein as a biomarker of posttraumatic stress disorder risk. JAMA Psychiatry 71, 423–431. doi: 10.1001/jamapsychiatry.2013.4374

Faraut, B., Boudjeltia, K. Z., Dyzma, M., Rousseau, A., David, E., Stenuit, P., et al. (2011). Benefits of napping and an extended duration of recovery sleep on alertness and immune cells after acute sleep restriction. Brain Behav. Immun. 25, 16–24. doi: 10.1016/j.bbi.2010.08.001

Ferrie, J. E., Kivimäki, M., Akbaraly, T. N., Singh-Manoux, A., Miller, M. A., Gimeno, D., et al. (2013). Associations between change in sleep duration and inflammation: findings on c-reactive protein and interleukin 6 in the whitehall II study. Am. J. Epidemiol. 178, 956–961. doi: 10.1093/aje/kwt072

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

Frey, D. J., Fleshner, M., and Wright, K. P. Jr. (2007). The effects of 40 hours of total sleep deprivation on inflammatory markers in healthy young adults. Brain Beh. Immun. 21, 1050–1057. doi: 10.1016/j.bbi.2007.04.003

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

Goel, N., Rao, H., Durmer, J. S., and Dinges, D. F. (2009). Neurocognitive consequences of sleep deprivation. Semin. Neurol. 29, 320–339. doi: 10.1055/s-0029-1237117

Grant, D. A., Honn, K. A., Layton, M. E., Riedy, S. M., and Van Dongen, H. P. A. (2017). 3-Minute smartphone-based and tablet-based psychomotor vigilance tests for the assessment of reduced alertness due to sleep deprivation. Behav. Res. Methods 49, 1020–1029. doi: 10.3758/s13428-016-0763-8

Hajjar, I., Hayek, S. S., Goldstein, F. C., Martin, G., Jones, D. P., and Quyyumi, A. (2018). Oxidative stress predicts cognitive decline with aging in healthy adults: an observational study. J. Neuroinflamm. 15:17. doi: 10.1186/s12974-017-1026-z

Hansen, D. A., Layton, M. E., Riedy, S. M., and Van Dongen, H. P. (2019). Psychomotor vigilance impairment during total sleep deprivation is exacerbated in sleep-onset insomnia. Nat. Sci. Sleep 11, 401–410. doi: 10.2147/NSS.S224641

Hartman, D. E. (2009). Wechsler Adult Intelligence Scale IV (WAIS IV): return of the gold standard. Appl. Neuropsychol. 16, 85–87. doi: 10.1080/09084280802644466

Hellhammer, D. H., Wüst, S., and Kudielka, B. M. (2009). Salivary cortisol as a biomarker in stress research. Psychoneuroendocrinology 34, 163–171. doi: 10.1016/j.psyneuen.2008.10.026

Helminen, E. C., Morton, M. L., Wang, Q., and Felver, J. C. (2021). Stress reactivity to the trier social stress test in traditional and virtual environments: a meta-analytic comparison. Psychosom. Med. 83, 200–211. doi: 10.1097/PSY.0000000000000918

Henckens, M. J. A. G., Klumpers, F., Everaerd, D., Kooijman, S. C., van Wingen, G. A., and Fernández, G. (2016). Interindividual differences in stress sensitivity: basal and stress-induced cortisol levels differentially predict neural vigilance processing under stress. Soc. Cogn. Affect. Neurosci. 11, 663–673. doi: 10.1093/scan/nsv149

Hilditch, C. J., Centofanti, S. A., Dorrian, J., and Banks, S. (2016). A 30-minute, but not a 10-minute nighttime nap is associated with sleep inertia. Sleep 39, 675–685. doi: 10.5665/sleep.5550

Honma, A., Revell, V. L., Gunn, P. J., Davies, S. K., Middleton, B., Raynaud, F. I., et al. (2020). Effect of acute total sleep deprivation on plasma melatonin, cortisol and metabolite rhythms in females. Eur. J. Neurosci. 51, 366–378. doi: 10.1111/ejn.14411

Iob, E., and Steptoe, A. (2019). Cardiovascular disease and hair cortisol: a novel biomarker of chronic stress. Curr. Cardiol. Rep. 21:116. doi: 10.1007/s11886-019-1208-7

Irwin, M. R., Olmstead, R., and Carroll, J. E. (2016). Sleep disturbance, sleep duration, and inflammation: a systematic review and meta-analysis of cohort studies and experimental sleep deprivation. Biol. Psychiatry 80, 40–52. doi: 10.1016/j.biopsych.2015.05.014

Jönsson, P., Wallergård, M., Osterberg, K., Hansen, A. M., Johansson, G., and Karlson, B. (2010). Cardiovascular and cortisol reactivity and habituation to a virtual reality version of the trier social stress test: a pilot study. Psychoneuroendocrinology 35, 1397–1403. doi: 10.1016/j.psyneuen.2010.04.003

Kelly, J. J., Mangos, G., Williamson, P. M., and Whitworth, J. A. (1998). Cortisol and hypertension. Clin. Exp. Pharmacol. Physiol. 25, S51–S56. doi: 10.1111/j.1440-1681.1998.tb02301.x

Kelly, O., Matheson, K., Martinez, A., Merali, Z., and Anisman, H. (2007). Psychosocial stress evoked by a virtual audience: relation to neuroendocrine activity. Cyberpsychol. Behav. 10, 655–662. doi: 10.1089/cpb.2007.9973

Kennedy, P. J., Cryan, J. F., Quigley, E. M. M., Dinan, T. G., and Clarke, G. (2014). A sustained hypothalamic-pituitary-adrenal axis response to acute psychosocial stress in irritable bowel syndrome. Psychol. Med. 44, 3123–3134. doi: 10.1017/S003329171400052X

Kirschbaum, C., Bono, E. G., Rohleder, N., Gessner, C., Pirke, K. M., Salvador, A., et al. (1997). Effects of fasting and glucose load on free cortisol responses to stress and nicotine. J. Clin. Endocrinol. Metab. 82, 1101–1105. doi: 10.1210/jcem.82.4.3882

Kirschbaum, C., Pirke, K. M., and Hellhammer, D. H. (1993). The ‘Trier Social Stress Test’ – a tool for investigating psychobiological stress responses in a laboratory setting. Neuropsychobiology 28, 76–81. doi: 10.1159/000119004

Krieger, D. T., Allen, W., Rizzo, F., and Krieger, H. P. (1971). Characterization of the normal temporal pattern of plasma corticosteroid levels. J. Clin. Endocrinol. Metab. 32, 266–284. doi: 10.1210/jcem-32-2-266

La Fratta, I., Tatangelo, R., Campagna, G., Rizzuto, A., Franceschelli, S., Ferrone, A., et al. (2018). The plasmatic and salivary levels of IL-1β, IL-18 and IL-6 are associated to emotional difference during stress in young male. Sci. Rep. 8:3031. doi: 10.1038/s41598-018-21474-y

Lamon, S., Morabito, A., Arentson-Lantz, E., Knowles, O., Vincent, G. E., Condo, D., et al. (2021). The effect of acute sleep deprivation on skeletal muscle protein synthesis and the hormonal environment. Physiol. Rep. 9:e14660. doi: 10.14814/phy2.14660

Laudat, M. H., Cerdas, S., Fournier, C., Guiban, D., Guilhaume, B., and Luton, J. P. (1988). Salivary cortisol measurement: a practical approach to assess pituitary-adrenal function. J. Clin. Endocrinol. Metab. 66, 343–348. doi: 10.1210/jcem-66-2-343

Leproult, R., Copinschi, G., Buxton, O., and Van Cauter, E. (1997). Sleep loss results in an elevation of cortisol levels the next evening. Sleep 20, 865–870.

Li, B., Zhang, L., Zhang, Y., Chen, Y., Peng, J., Shao, Y., et al. (2020). Decreased functional connectivity between the right precuneus and middle frontal gyrus is related to attentional decline following acute sleep deprivation. Front. Neurosci. 14:530257. doi: 10.3389/fnins.2020.530257

Li, Y., Zhong, X., Cheng, G., Zhao, C., Zhang, L., Hong, Y., et al. (2017). Hs-CRP and all-cause, cardiovascular, and cancer mortality risk: a meta-analysis. Atherosclerosis 259, 75–82. doi: 10.1016/j.atherosclerosis.2017.02.003

Meier-Ewert, H. K., Ridker, P. M., Rifai, N., Price, N., Dinges, D. F., and Mullington, J. M. (2001). Absence of diurnal variation of C-reactive protein concentrations in healthy human subjects. Clin. Chem. 47, 426–430. doi: 10.1093/clinchem/47.3.426

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

Minkel, J., Moreta, M., Muto, J., Htaik, O., Jones, C., Basner, M., et al. (2014). Sleep deprivation potentiates HPA axis stress reactivity in healthy adults. Health Psychol. 33, 1430–1434. doi: 10.1037/a0034219

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

Motomura, Y., Kitamura, S., Nakazaki, K., Oba, K., Katsunuma, R., Terasawa, Y., et al. (2021). The role of the thalamus in the neurological mechanism of subjective sleepiness: an fMRI study. Nat. Sci. Sleep 13, 899–921. doi: 10.2147/NSS.S297309

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

Nandam, L. S., Brazel, M., Zhou, M., and Jhaveri, D. J. (2020). Cortisol and major depressive disorder – translating findings from humans to animal models and back. Front. Psychiatry 10:974. doi: 10.3389/fpsyt.2019.00974

Nasrini, J., Hermosillo, E., Dinges, D. F., Moore, T. M., Gur, R. C., and Basner, M. (2020). Cognitive performance during confinement and sleep restriction in NASA’s Human Exploration Research Analog (HERA). Front. Physiol. 11:394. doi: 10.3389/fphys.2020.00394

Ouanes, S., Castelao, E., von Gunten, A., Kuehner, C., Preisig, M., and Popp, J. (2020). Salivary cortisol and five-year change in cognitive performance in non-demented elderly subjects: a population-based study. Neurobiol. Aging 94, 34–37. doi: 10.1016/j.neurobiolaging.2020.05.006

Ouanes, S., and Popp, J. (2019). High cortisol and risk of dementia and Alzheimer’s disease: a review of the literature. Front. Aging Neurosci. 11:43. doi: 10.3389/fnagi.2019.00043

Pan, X., Wang, Z., Wu, X., Wen, S. W., and Liu, A. (2018). Salivary cortisol in post-traumatic stress disorder: a systematic review and meta-analysis. BMC Psychiatry 18:324. doi: 10.1186/s12888-018-1910-9

Patanaik, A., Kwoh, C. K., Chua, E. C. P., Gooley, J. J., and Chee, M. W. L. (2015). Classifying vulnerability to sleep depirvation using baseline measures of psychomotor vigilance. Sleep 38, 723–734. doi: 10.5665/sleep.4664

Pejovic, S., Basta, M., Vgontzas, A. N., Kritikou, I., Shaffer, M. L., Tsaoussoglou, M., et al. (2013). Effects of recovery sleep after one work week of mild sleep restriction on interleukin-6 and cortisol secretion and daytime sleepiness and performance. Am. J. Physiol. Endocrinol. Metab. 305, E890–E896. doi: 10.1152/ajpendo.00301.2013

Phan, T. X., and Malkani, R. G. (2019). Sleep and circadian rhythm disruption and stress intersect in Alzheimer’s disease. Neurobiol. Stress 10:100133. doi: 10.1016/j.ynstr.2018.10.001

R Core Team (2020). R: A Language and Environment for Statistical Computing. Available online at: https://www.R-project.org/ (accessed September 24, 2021).

Rocklage, M., Williams, V., Pacheco, J., and Schnyer, D. M. (2009). White matter differences predict cognitive vulnerability to sleep deprivation. Sleep 32, 1100–1103. doi: 10.1093/sleep/32.8.1100

Ruiz, A. S., Peralta-Ramirez, M. I., Garcia-Rios, M. C., Muñoz, M. A., Navarrete-Navarrete, N., and Blazquez-Ortiz, A. (2010). Adaptation of the trier social stress test to virtual reality: psycho-physiological and neuroendocrine modulation. J. Cyber Ther. Rehabil. 3, 405–415.

Salfi, F., Lauriola, M., Tempesta, D., Calanna, P., Socci, V., De Gennaro, L., et al. (2020). Effects of total and partial sleep deprivation on reflection impulsivity and risk-taking in deliberative decision-making. Nat. Sci. Sleep 12, 309–324. doi: 10.2147/NSS.S250586

Schwarz, J., Gerhardsson, A., van Leeuwen, W., Lekander, M., Ericson, M., Fischer, H., et al. (2018). Does sleep deprivation increase the vulnerability to acute psychosocial stress in young and older adults? Psychoneuroendocrinology 96, 155–165. doi: 10.1016/j.psyneuen.2018.06.003

Smith, M. G., Wusk, G. C., Nasrini, J., Baskin, P., Dinges, D. F., Roma, P. G., et al. (2021). Effects of six weeks of chronic sleep restriction with weekend recovery on cognitive performance and wellbeing in high-performing adults. Sleep 44:zsab051. doi: 10.1093/sleep/zsab051

Sousa-Lima, J., Moreira, P. S., Raposo-Lima, C., Sousa, N., and Morgado, P. (2019). Relationship between obsessive compulsive disorder and cortisol: systematic review and meta-analysis. Eur. Neuropsychopharmacol. 29, 1185–1198. doi: 10.1016/j.euroneuro.2019.09.001

Sun, J., Zhao, R., Yang, X., Deng, H., Zhu, Y., Chen, Y., et al. (2020). Alteration of brain gray matter density after 24 h of sleep deprivation in healthy adults. Front. Neurosci. 14:754. doi: 10.3389/fnins.2020.00754

Szabo, Y. Z., Slavish, D. C., and Graham-Engeland, J. E. (2020). The effect of acute stress on salivary markers of inflammation: a systematic review and meta-analysis. Brain Behav. Immun. 88, 887–900. doi: 10.1016/j.bbi.2020.04.078

Van Dongen, H. P. A., Maislin, G., and Dinges, D. F. (2004). Dealing with inter-individual differences in the temporal dynamics of fatigue and performance: importance and techniques. Aviat. Space Environ. Med. 75(Suppl. 3), A147–A154.

van Leeuwen, W. M. A., Lehto, M., Karisola, P., Lindholm, H., Luukkonen, R., Sallinen, M., et al. (2009). Sleep restriction increases the risk of developing cardiovascular diseases by augmenting proinflammatory responses through IL-17 and CRP. PLoS One 4:e4589. doi: 10.1371/journal.pone.0004589

Vargas, I., and Lopez-Duran, N. (2017). Investigating the effect of acute sleep deprivation on hypothalamic-pituitary-adrenal-axis response to a psychosocial stressor. Psychoneuroendocrinology 79, 1–8. doi: 10.1016/j.psyneuen.2017.01.030

Verbraecken, J., Van de Heyning, P., De Backer, W., and Van Gall, L. (2006). Body surface area in normal-weight, overweight, and obese adults. a comparison study. Metabolism 55, 515–524. doi: 10.1016/j.metabol.2005.11.004

Vgontzas, A. N., Zoumakis, E., Bixler, E. O., Lin, H. M., Follett, H., Kales, A., et al. (2004). Adverse effects of modest sleep restriction on sleepiness, performance, and inflammatory cytokines. J. Clin. Endocrinol. Metab. 89, 2119–2126. doi: 10.1210/jc.2003-031562

Wener, M. H., Daum, P. R., and McQuillan, G. M. (2000). The influence of age, sex, and race on the upper reference limit of serum C-Reactive protein concentration. J. Rheumatol. 27, 2351–2359.

Wersching, H., Duning, T., Lohmann, H., Mohammadi, S., Stehling, C., Fobker, M., et al. (2010). Serum C-Reactive protein is linked to cerebral microstructural integrity and cognitive function. Neurology 74, 1022–1029. doi: 10.1212/WNL.0b013e3181d7b45b

Wright, K. P. Jr., Drake, A. L., Frey, D. J., Fleshner, M., Desouza, C. A., Gronfier, C., et al. (2015). Influence of sleep deprivation and circadian misalignment on cortisol, inflammatory markers, and cytokine balance. Brain Behav. Immun. 47, 24–34. doi: 10.1016/j.bbi.2015.01.004

Xu, J., Zhu, Y., Fu, C., Sun, J., Li, H., Yang, X., et al. (2016). Frontal metabolic activity contributes to individual differences in vulnerability towards total sleep deprivation-induced changes in cognitive function. J. Sleep Res. 25, 169–180. doi: 10.1111/jsr.12354

Yamazaki, E. M., Antler, C. A., Lasek, C. R., and Goel, N. (2021a). 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. (2021b). Concordance of multiple methods to define resiliency and vulnerability to sleep loss depends on psychomotor vigilance test metric. Sleep [Online ahead of pring] 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

Yan, Y., Li, S., Liu, Y., Bazzano, L., He, J., Mi, J., et al. (2021). The impact of body weight trajectory from childhood on chronic inflammation in adulthood: the bogalusa heart study. Pediatr. Investig. 5, 21–27. doi: 10.1002/ped4.12248

Yeo, B. T. T., Tandi, J., and Chee, M. W. L. (2015). Functional connectivity during rested wakefulness predicts vulnerability to sleep deprivation. Neuroimage 111, 147–158. doi: 10.1016/j.neuroimage.2015.02.018

Zhu, Y., Ren, F., Zhu, Y., Zhang, X., Liu, W., Tang, X., et al. (2020). Gradually increased interhemispheric functional connectivity during one night of sleep deprivation. Nat. Sci. Sleep. 12, 1067–1074. doi: 10.2147/NSS.S270009


Conflict of Interest: The 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.

Copyright © 2021 Yamazaki, Antler, Casale, MacMullen, Ecker and Goel. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/images/fphys-12-782860-g004.jpg
>

- = N
[ N o o

3-min PVT Lapses + Errors
Y

DSST Total # Correct
(05 ] (0] («)] ()] (<)} ~J
N (o)) o = 00 N

i
o -]

KSS Score
= N W A U OO N 0w

=== Low Pre-Study Cortisol e=fl== High Pre-Study Cortisol D «=Om==Low Pre-Study CRP «=fil== High Pre-Study CRP
20 -
2
o
=16 -
L
==
W
Q12 -
o
1]
—
=
a
=
£ 4 -
on
L I J 0 T T
Baseline 1730h TSD 1730h Recovery 1730h Baseline 1730h TSD 1730h Recovery 1730h
Study Stage Study Stage
E
e=Om== Low Pre-Study Cortisol e=jll==High Pre-Study Cortisol «=O== oW Pre-Study CRP «=f= High Pre-Study CRP
72 -
e 68 .
(&}
o
G 64 -
o
I+
™ 60 -
i)
o
=
= 56 1
(7]
(]
52 -
. , ; 48 . .
Baseline 1730h TSD 1730h Recovery 1730h Baseline 1730h TSD 1730h Recovery 1730h
Study Stage Study Stage
«=O== | ow Pre-Study Cortisol e=fil== High Pre-Study Cortisol F e===| ow Pre-Study CRP e=fil==High Pre-Study CRP
9 =
8 -
7 -
6 -
-
LK
N
24 1
N
3 -
2 -
1 1 I I

Baseline 1730h TSD 1730h Recovery 1730h
Study Stage

Baseline 1730h TSD 1730h Recovery 1730h
Study Stage





OPS/images/fphys-12-782860-g002.jpg
Cortisol (pg/dL)

Cortisol (ug/dL)

Cortisol (ug/dL)

0.6

0.5

0.4

0.3

0.2

0.1

0.6

0.5

0.4

0.3

0.2

0.1

0.6

0.5

0.4

0.3

0.2

0.1

=== 3-min PVT Resilient

e=fi==3-min PVT Vulnerable

Pre-Study Baseline

«=fi==DSST Resilient

TSDAM TSD PM
Study Stage

Recovery Post-Study

e=fil==DSST Vulnerable

Pre-Study Baseline

=== KSS Resilient

TSDAM TSDPM Recovery Post-Study

Study Stage

=== KSS Vulnerable

Pre-Study Baseline

TSD AM TSD PM
Study Stage

Recovery Post-Study

CRP (mg/L)

CRP (mg/L)

CRP (mg/L)

=== 3-min PVT Resilient

=== 3-min PVT Vulnerable

Pre-Study Baseline

«=fii==DSST Resilient

TSDAM TSDPM
Study Stage

Recovery Post-Study

=== DSST Vulnerable

Pre-Study Baseline

=== KSS Resilient

TSDAM TSDPM
Study Stage

Recovery Post-Study

e=fil== KSS Vulnerable

Pre-Study Baseline

TSDAM TSDPM
Study Stage

Recovery Post-Study





OPS/images/fphys-12-782860-g003.jpg
Cortisol (pg/dL)

0.6

0.5

0.4

0.3

0.2

0.1

* %k

* ¥

* %k

*

1

latl

Pre-Study Baseline

TSD AM TSD PM
Study Stage

Recovery Post-Study

CRP Level (mg/L)

* Xk

* %k

* %

Liii[

Pre-Study Baseline

TSD AM TSD PM
Study Stage

Recovery Post-Study





OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Cortisol and C-Reactive Protein Vary During Sleep Loss and Recovery but Are Not Markers of Neurobehavioral Resilience



		INTRODUCTION



		MATERIALS AND METHODS



		Participants



		Procedures



		Biomarker Collection



		Salivary Cortisol Collection and Processing



		High-Sensitivity C-Reactive Protein Collection and Processing







		Neurobehavioral Performance



		Trier Social Stress Test



		Statistical Analyses







		RESULTS



		Participant Characteristics



		Cortisol



		Cortisol Profile Between Neurobehavioral Test Battery Resilient and Vulnerable Groups



		Main Effect of Time for Cortisol Across Study



		Neurobehavioral Test Battery Profiles in High vs. Low Pre-study Cortisol Groups







		C-Reactive Protein



		C-Reactive Protein Profile Between Neurobehavioral Test Battery Resilient and Vulnerable Groups



		Main Effect of Time for C-Reactive Protein Across the Study and With Covariates



		Neurobehavioral Test Battery Profiles in High vs. Low Pre-study C-Reactive Protein Groups







		Neurobehavioral Deficits Induced by Sleep Loss and Psychological Stress







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		References

















OPS/images/cover.jpg
frontiers
in Physiology

Cortisol and C-Reactive Protein
Vary During Sleep Loss
and Recovery but Are Not
Markers of Neurobehavioral
Resilience









OPS/images/fphys-12-782860-g001.jpg
2300h 0700h 1130h

0400h 0800h 1130h

|

1730h

TSST: 1500h

1700h 1730h

Cortisol and CRP
Collection

|

Neurobehavioral Test
Battery

|

2300h 2200h
o]

2300h 0800h 1130h 1730h
|

2300h 0700h 1130h 1730h






OPS/images/logo.jpg
, frontiers
in Physiology





OPS/images/fphys-12-782860-t001.jpg
N

Sex (female/male)®
Age

Body surface area (m?)
Baseline 18

Baseline 2

Total sleep deprivation

Recovery 1€

Recovery 28

APVT, Psychomotor Vigilance Test.

TST (min)P
SOL (min)®
WASO (min)F
TST (min)
SOL (min)
WASO (min)
TST (min)
SOL (min)
WASO (min)
TST (min)
SOL (min)
WASO (min)
TST (min)
SOL (min)
WASO (min)

BN = 15 in the 3-min PVT vulnerable group.
CN = 15 in the 3-min PVT resilient group.

PTST, total sleep time.

ESOL, sleep onset latency.
FWASO, wake after sleep onset.

All participants

32
14/18
35.1+7.15
1.85+0.24
405.8+32.4
11.6+£17.9
37.1+20.3
402.6 +35.3
11.6+£24.9
38.24+19.7

528.3 +69.4
1.81 £3.36
51.34+47.3
390.3 £ 50.1
123+ 134
47.34+36.9

3-min PVTA resilient

16

412
33.1 +6.94
1.90 £0.24
411.4 £ 37.0
129 £23.5
30.6 + 14.2
407.2 £ 37.3
156.9 £ 33.8
34.7 £14.0

524.3 + 90.0
281+ 417
40.9 4+ 38.6
392.5 +42.2
14.0 £ 16.4
39.1 £18.3

GChi-square test showed a significant difference in sex distribution in the 3-min PVT resilient and vulnerable groups (p = 0.033).

3-min PVT vulnerable

16

10/6
37.1+6.99
1.79+£0.23
399.8 + 26.7
10.1 £9.34
441 4+£23.7
398.0 + 33.7
7.1949.83
41.8+ 241

532.6 + 40.2
0.783+1.79
62.3+54.2
388.2 +57.8
10.8 £ 10.0
556.0 + 47.7





OPS/images/fphys-12-782860-t002.jpg
Measure Baseline TSD Recovery

3-min PVTE lapses and errors 3.53+4.07 11.0+£7.96 3.62 £3.94
3-min PVT resilient group 159+ 1.63 5.19+2.79 1.73+1.60
3-min PVT vulnerable group 5.63+4.72 16.69 £ 7.00 5.39 +£4.67
DSSTC total # correct 63.68 + 8.44 58.39 +9.49 67.85+9.12
DSST resilient group 68.56 4+ 751 65.71+5.18 73.92 £7.63
DSST wulnerable group 5847677 51174687 62.17 £6.39
KSSP score 4.48+1.68 7.73+1.02 3.87 +£1.47
KSS resilient group 3.72+1.61 7.024+0.91 3.11+1.00
KSS vulnerable group 5.34+1.33 8.52+0.40 4.68 +£1.47

AMeasure scores were averaged by study stage [two neurobehavioral test batteries (NTBs) for baseline, three NTBs for TSD, four NTBs for recovery (from recovery night
1 and recovery night 2)].

BPVT, Psychomotor Vigilance Test.

CDSST, Digit Symbol Substitution Test.

DKSS, Karolinska Sleepiness Scale.





