
Increased cerebrospinal fluid amyloid-β during sleep deprivation 
in healthy middle-aged adults is not due to stress or circadian 
disruption

Margaret S. Blattner, MD PhD1, Sunil K. Panigrahi, PhD2, Cristina D. Toedebusch, BS1, 
Terry J. Hicks, BS1, Jennifer S. McLeland, MSW1, Ian R. Banks1, Claire Schaibley1, Vitaliy 
Ovod, MS1, Kwasi G. Mawuenyega, PhD1, Randall J. Bateman, MD1,3,4, Sharon L. Wardlaw, 
MD2, Brendan P. Lucey, MD, MSCI1,3,*

1Department of Neurology, Washington University School of Medicine, St Louis, MO

2Department of Medicine, Columbia University Vagelos College of Physicians and Surgeons, New 
York, NY

3Hope Center for Neurological Disorders, Washington University School of Medicine, St Louis, 
MO

4Knight Alzheimer’s Disease Research Center, Washington University School of Medicine, St 
Louis, MO

Abstract

Background: Concentrations of soluble amyloid-β oscillate with the sleep-wake cycle in the 

interstitial fluid of mice and cerebrospinal fluid of humans. Further, the concentration of amyloid-

β in cerebrospinal fluid increases during sleep deprivation. Stress and disruption of the circadian 

clock are additional mechanisms hypothesized to increase cerebrospinal fluid amyloid-β levels. 

Cortisol is a marker for stress and has an endogenous circadian rhythm. Other factors such as 

glucose and lactate have been associated with changes in sleep-wake activity and/or amyloid-β.

Objective: In this exploratory study, we used samples collected in a previous study to examine 

how sleep deprivation affects amyloid-β, cortisol, lactate, and glucose in plasma and cerebrospinal 

fluid from healthy middle-aged adults (N=11).
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Methods: Eleven cognitively normal participants without evidence of sleep disturbance were 

randomized to sleep deprivation or normal sleep control. All participants were invited to repeat the 

study. Cortisol, lactate, glucose, and amyloid-β were measured in 2-hour intervals over a 36-hour 

period in both plasma and cerebrospinal fluid. All concentrations were normalized to the mean 

prior to calculating mesor, amplitude, acrophase, and other parameters.

Results: One night of sleep deprivation increases the overnight concentration of amyloid-β in 

cerebrospinal fluid approximately 10%, but does not significantly affect cortisol, lactate, or 

glucose concentrations in plasma or cerebrospinal fluid between the sleep-deprived and control 

conditions.

Conclusion: These data suggest that sleep deprivation-related changes in CSF Aβ are not 

mediated by stress or circadian disruption as measured by cortisol.
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Introduction:

Alzheimer’s disease (AD) is a progressive neurodegenerative disease characterized clinically 

by aggregation of amyloid-β (Aβ) as insoluble plaques, intracellular tau tangles, neuronal 

loss and cognitive dysfunction [1, 2]. Concentrations of soluble Aβ oscillate with the sleep-

wake cycle in the interstitial fluid (ISF) of mice [3] and cerebrospinal fluid (CSF) of humans 

[4–6]. Further, Aβ concentration in CSF increases during sleep deprivation due to increased 

production [7, 8].

Stress [9] and disruption of the circadian clock [10] are additional mechanisms hypothesized 

to increase CSF Aβ during sleep deprivation. Glucocorticoids, including cortisol, modulate 

the response to stress and influence metabolism and energy balance, immunity, behavior, 

and cognition. Cortisol concentrations oscillate with an endogenous circadian rhythm in 

humans [11] that is both driven by the circadian clock [12] and also entrains the clock [13]. 

The nadir of plasma cortisol occurs between 22:00–04:00 and then peaks between 04:00–

08:00 [14], although the peak time may vary with age [15]. In addition to daily oscillations 

in cortisol, there are circadian fluctuations in hormones, such as melatonin, and daily 

rhythms in temperature that fluctuate across the 24-hour day. The circadian relationship 

among these biomarkers remains stable, even in the setting of sleep deprivation [16–18]. 

Sleep deprivation increases cortisol in saliva and blood in humans under either controlled 

light exposure [19], chronic sleep restriction [20], or circadian misalignment [21]. CSF 

cortisol also increases in sleep-deprived primates [22]. We have previously shown in humans 

that CSF cortisol closely parallels the plasma cortisol rhythm under normal sleep conditions 

[23], but the effects of sleep deprivation have not been reported.

Other metabolic factors, such as glucose, are associated with increased Aβ [24]. ISF lactate 

concentrations in mice fluctuate with the sleep-wake cycle and are hypothesized to be a 

biomarker for sleep [25]. Therefore, lactate would be predicted to increase with Aβ in 

human CSF and would be a useful marker for sleep loss. In this exploratory study, we used 
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samples collected in a previous study [7] to examine the relationship of plasma and CSF 

cortisol, lactate, and glucose to CSF Aβ40 and Aβ42 under control and sleep-deprived 

conditions.

Methods:

Participants and sleep interventions

Eleven cognitively normal participants without evidence of sleep disturbance were recruited 

from both a longitudinal study of aging and AD at the Knight Alzheimer’s Disease Research 

Center and a research volunteer registry at Washington University [7]. Study protocols were 

approved by the Washington University Institutional Review Board and written informed 

consent was obtained from all participants.

Participants were randomized to sleep deprivation or normal sleep control as previously 

described [7]. Each participant was invited to repeat the study. Five of the 11 participants 

completed both the control and sleep-deprived conditions and were previously reported [7]. 

Participants were randomized and there was a washout period of 4–6 months between 

undergoing each condition. Six additional participants completed only one group (3 control, 

3 sleep-deprived), and were age, sex, and body mass index (BMI) matched. Prior to 

admission to the Clinical Research Unit (CRU), participants wore an activity monitor for up 

to 7 days (Actiwatch2, Respironics, Bend, OR). Polysomnography, placement of the 

indwelling lumbar catheter, meal and snack times, and sample collection were performed as 

previously described [7].

Sample collection

Six milliliters of CSF and plasma were obtained every 2 hours for 36 hours. CSF Aβ was 

measured as previously described [7]. CSF cortisol was measured by sensitive enzyme 

linked immunosorbent assay (ELISA) (Salimetrics, State College, PA). The assay detection 

level is 0.07 ng/ml; cross-reactivity with cortisone is 0.13%. Cortisol was measured in 

plasma by chemiluminescent immunometric assay (Siemens Healthcare Diagnostics, 

Tarrytown, NY). The assay detection level is 10 ng/ml; cross-reactivity with cortisone is < 

0.1%. Glucose and lactate concentrations were measured in each plasma and CSF sample 

using a YSI 2700 analyzer (YSI incorporated, Yellow Springs, Ohio).

Statistics

Before analysis, all concentrations of CSF and plasma cortisol, lactate, glucose, and Aβ 
were normalized to the mean across the 36-hour sampling period (percent of the mean). 

Using cosinor analysis as previously described [5], the mesor (midline of the oscillation), 

amplitude (distance between the peak and the mesor), acrophase (time corresponding to the 

peak of the curve), and linear rise over 36 hours were calculated for each participant 

(Graphpad Prism, Version 8.1.2, San Diego, CA). All longitudinal measurements were 

analyzed with general linear mixed models as previously described [7] (SPSS Statistics, 

IBM Corp., Version 25.0. Armonk, NY) and were not blinded. The overnight period was 

defined from hour 16 (23:00), the first sample collected after the intervention began, to hour 

28 (11:00) when all transit from the brain to lumbar catheter during sleep would be 
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completed for all participants. Differences in participant characteristics and cosinor 

parameters were assessed with mixed models but without the time factor. All pairwise 

comparison were made without correction for multiple comparisons. Statistical significance 

was defined as p<0.05 and was non-directional (i.e. two-tailed).

Results:

Participant characteristics and baseline circadian activity levels

The sex, race, age, BMI, cognitive status, and Aβ42:40 ratio were not significantly different 

between groups (Table 1). Actigraphy for all participants followed a similar daily pattern in 

both the control and the sleep-deprived groups prior to admission to the CRU and the 

amplitude, acrophase, and mesor were not significantly different (Fig 1A–B, Table 1). 

During the 36-hour CRU stay, activity levels were decreased due to bedrest and overnight 

total sleep time measured by polysomnography was significantly different between the 

sleep-deprived and control groups.

Cortisol

Sleep deprivation did not increase overnight CSF or plasma cortisol compared to control 

(Figure 1C–F). For plasma cortisol concentration, the overnight estimated difference 

between sleep-deprived and control conditions was +1.9% (standard error (SE) 7.6, 95% 

confidence interval (CI) −13.3 – 17.1, p=0.81). For CSF cortisol, the overnight estimated 

difference was +1.9% (SE 6.98, 95% CI −12.0 – 15.8, p=0.79). The amplitude, acrophase, 

mesor, and linear rise of cortisol also did not differ between the conditions in either CSF or 

plasma (Table 2, Figure 2A–D). Within the sleep-deprived condition, however, the acrophase 

and mesor differed between CSF and plasma (acrophase mean estimated difference +2.8, SE 

0.3, 95% CI 2.0–3.5, p<0.0001; mesor estimated difference −19.8, SE 8.1, 95% CI −38.9- 

−0.7, p=0.04; Table 2). Plasma cortisol levels peak between 04:00–08:00 [14] and this was 

delayed in CSF by ~1.5–3 hours (Figure 2B). The difference between the plasma cortisol in 

the control and sleep-deprived groups increased early in the night, then decreased (Figure 

1D); this pattern was similar for CSF cortisol under the sleep deprivation condition (Figure 

1F).

Lactate

Sleep deprivation did not increase overnight CSF or plasma lactate compared to control 

(Figure 1G–J). For plasma lactate, the overnight estimated difference between sleep-

deprived and control conditions was +2.4% (SE 4.3, 95% CI −6.1 – 11.0, p=0.57). For CSF 

lactate, the overnight estimated difference was +2.3% (SE 1.9, 95% CI −1.5 – 6.2, p=0.23). 

Sleep deprivation delayed the plasma lactate acrophase by ~3 hours compared to control 

(estimated difference −2.9, SE 0.9, 95% CI −5.2–0.7, p=0.02), while the amplitude was not 

significantly different (Table 3). Within each condition, the acrophase of CSF lactate was 

greater than plasma lactate (control: estimated difference +5.3, SE 0.67, 95% CI 3.7–6.9, 

p<0.0001, sleep-deprived: estimated difference +3.3, SE 1.3, 95% CI 0.35–6.3, p=0.03; 

Table 3, Figure 2E–H). In the sleep-deprived group, plasma lactate had a significantly higher 

amplitude compared to CSF (estimated difference −0.14, SE 0.03, 95% CI −0.2- −0.07, 

p=0.002). In the control group, the plasma lactate mesor was higher than in the CSF 
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(estimated difference −0.14, SE 0.04, 95% CI −0.2- −0.04, p=0.01) while the CSF lactate 

linear rise was greater than in plasma (estimated difference + 0.01, SE 0.002, 95% CI 0.003–

0.01, p=0.008). All other cosinor parameters were not significantly different between plasma 

and CSF lactate (Table 3).

Glucose

As with cortisol and lactate, sleep deprivation did not increase overnight CSF or plasma 

glucose compared to control and cosinor parameters were not different (Table 4, Figure 1K–

N, Figure 2I–L). For plasma glucose, the overnight estimated difference between sleep-

deprived and control conditions was +4.2% (SE 2.7, 95% CI −1.2 – 9.6, p=0.13). For CSF 

glucose, the overnight estimated difference was +0.6% (SE 1.7, 95% CI −2.8 – 3.9, p=0.74). 

Subtle differences between the plasma and CSF glucose in the control and sleep-deprived 

conditions appear to approximate meal times (09:00, 13:00, 18:00) rather than to specific 

intervention times (Figure 1L and 1N).

Glucose/Lactate Ratio

Sleep deprivation acutely decreased the glucose/lactate ratio in CSF, but not in plasma 

(Figure 3). In the period following the intervention (time points 16–22 or 23:00–05:00), CSF 

glucose/lactate ratio normalized to percent of mean increased in controls relative to the sleep 

deprivation group (estimated difference +4.8%, 95% CI: 1.3–8.3, p=0.009). This difference 

is not significant in the plasma glucose/lactate ratio normalized to percent of mean 

(estimated difference −6.9%, 95% CI: −19.5–5.7, p=0.274). Widening the analysis to 

include all time points after intervention (time points 16–28 or 23:00–11:00), as done with 

the other analyses in Figure 1, demonstrated no statistically significant difference between 

interventions in the plasma or CSF glucose/lactate ratio (Plasma: estimated difference 3.7, 

SE 4.2, 95% CI −4.6 – 11.9, p=0.38; CSF: estimated difference −1.3, SE 1.3, 95% CI −3.8 – 

1.3, p=0.32).

Aβ

In contrast to cortisol, lactate, and glucose, sleep deprivation increased overnight CSF Aβ40 

and Aβ42 ~10% above baseline compared to control (Figure 1O–R). For Aβ40, the 

overnight estimated difference between sleep-deprived and control conditions was +9.1% 

(SE 2.9, 95% CI 3.4 – 14.8, p=0.002). For Aβ42, the overnight estimated difference over the 

same period was +8.6% (SE 3.1, 95% CI 2.4 – 14.9, p=0.007). There was no significant 

difference in cosinor parameters between the sleep-deprived and control conditions for Aβ40 

and Aβ42 (Table 5). Within intervention groups, Aβ42 linear rise was greater than Aβ40 

under both sleep-deprived and control conditions (control: estimated difference −0.19, SE 

0.07, 95% CI −0.36 - −0.01, p=0.04; sleep deprivation: estimated difference −0.26, SE 0.04, 

95% CI −0.35- −0.16, p<0.001, Table 5, Figure 2M–P). In the sleep-deprived group only, the 

Aβ40 mesor was greater than for Aβ42 (estimated difference +4.48, SE 0.75, 95% CI 2.7 – 

6.3, p=0.001).
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Discussion:

We examined the relationship of cortisol, lactate, and glucose in plasma and CSF to CSF 

Aβ40 and Aβ42 under control normal sleep and 1-night of sleep deprivation conditions. We 

found that sleep deprivation increases Aβ40 and Aβ42 as previously reported [7] but this 

increase was not associated with increased stress or circadian disruption as measured by 

cortisol. Cortisol increases from stressors such as motion sickness [26], surgery [27], 

bacterial meningitis [28], and delirium [29]. The persistence of the cortisol circadian 

oscillation during sleep deprivation has been described and is consistent with our results 

[30]. These findings suggest that the effect of sleep deprivation on Aβ is not a function of 

increased stress or circadian disruption.

Increased CSF Aβ42 concentration following sleep deprivation has previously been reported 

in healthy middle-aged subjects [8], however, we also detected a significant increase in 

Aβ40 concentration resulting from sleep deprivation. This could be due to differences in 

sampling frequency in the conditions or differences in assay sensitivity.

We also observed diurnal oscillations of lactate and glucose in both plasma and CSF. 

Glucose concentrations and cosinor parameters were not significantly different between 

conditions or between CSF and plasma. This was expected since glucose has not been 

reliably associated with changes in sleep-wake activity. Previous descriptions of CSF 

glucose fluctuations over the day have been associated with meal intake rather than circadian 

oscillation [31]. While ISF lactate in mice increases during wakefulness and decreases with 

sleep [25], we did not find that lactate concentration increased with sleep deprivation, 

although there was a delayed acrophase (or time to first peak) in plasma during sleep 

deprivation. Further, the CSF lactate acrophase was delayed relative to plasma when 

comparing both between and within conditions. While these results suggest changes in 

lactate due to sleep deprivation, the response is minimal compared to mice most likely due 

to sampling CSF in the lumbar region rather than from ISF in the brain. Intriguingly, the 

CSF glucose/lactate ratio decreased in the sleep-deprived group compared to controls for 6 

hours after sleep deprivation began but did not persist over the 12 hour overnight period 

tested in the other analyses and that was significant for CSF Aβ. This findings suggests that 

CSF glucose/lactate ratio may be acutely responsive to sleep deprivation. Future studies are 

needed to investigate the relationship between CSF glucose and lactate under different sleep 

conditions.

Interactions of circadian markers, such as melatonin or temperature variance (which 

typically oscillate in a predictable circadian pattern despite acute sleep deprivation) with 

CSF Aβ concentration were not directly measured, and may be an opportunity for future 

study. Endogenous circadian rhythms are disrupted in individuals with AD [32] and it is not 

known how this disturbance affects CSF AD biomarkers. In older subjects and in subjects 

with mild AD, the variability of CSF Aβ42 concentration over the day is relatively small 

relative to younger healthy subjects [33], suggesting these circadian oscillations and 

responses to sleep deprivation may be blunted with age. Future studies may further clarify 

the interaction of age, endogenous circadian rhythms, sleep deprivation, and CSF 

biomarkers.
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In this study, we found that sleep deprivation increased CSF Aβ40 and Aβ42. Interestingly, 

previous studies found alteration in CSF metabolites and proteins with sleep-disordered 

breathing (e.g. obstructive sleep apnea) that have been associated with decreased CSF Aβ40 

and Aβ42 [34, 35]. Our study included only participants without sleep-disordered breathing. 

These findings may suggest that the influence of sleep-disordered breathing on CSF proteins 

is not from sleep deprivation alone. The metabolic changes and hypoxia characteristic of 

sleep-disordered breathing that are not present in sleep deprivation may account for these 

differences. Further, sleep-disordered breathing may cause greater physiologic stress than 

sleep deprivation alone. Though exploratory, these results may further support sleep 

deprivation as an independent risk factor for AD, distinct from circadian disruption or stress. 

If true, these results may have implications for clinical screening for sleep disruption in 

middle-aged cognitively normal individuals.

In addition to the oscillation of CSF Aβ concentration over the 24-hour day, other 

neuroproteins associated with neurodegenerative disease have also been studied in response 

to sleep deprivation. For instance, CSF tau increases with sleep deprivation while CSF α-

synuclein concentration, which often coexists with Aβ neuropathologically, has been 

reported to both increase in response to sleep deprivation and not fluctuate diurnally [36–

38]. Future studies are needed to ascertain the relationship between these proteins with 

changes in sleep-wake activity.

A strength of this study is the controlled sleep conditions with concurrent serial 2-hour 

sampling of plasma and CSF for 36-hours. Light exposure, however, was not controlled. 

Another limitation is that the sample size is small, although 5 of 11 participants repeated 

both intervention groups. We also did not adjust for multiple comparisons when comparing 

conditions and biofluids, potentially increasing type I error. Future studies in humans, such 

as constant routine under controlled light exposure or different dietary conditions, are 

needed to determine the effect of the circadian and metabolic systems on CSF Aβ. Future 

studies could also include randomized crossover designs with appropriate washout periods.
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Figure 1: 
Participant activity levels and time courses for CSF and plasma cortisol, lactate, glucose, and 

Aβ over 36-hours. Baseline mean activity counts from actigraphy monitoring over 4 days 

preceding admission to the CRU and during the admission for the control group (A) and 

sleep-deprived group (B). All concentrations for cortisol, lactate, glucose, and Aβ were 

normalized to percent of the mean before analysis. The shaded area indicates a 12-hour 

overnight period, 23:00–11:00. Vertical dashed lines show the start of the intervention. 

Cosinor fits and differences between sleep-deprived and control participants are shown in 

plasma and CSF for cortisol (C-F), lactate (G-J), and glucose (K-N). Concentrations of CSF 

Aβ40 and Aβ42 (O-R) collected over 36 hours for the control and sleep-deprived 

participants. Concentrations were significantly elevated in sleep-deprived group from 23:00 

to 11:00 on day 2. (**p<0.01. n.s: not significant. Error bars show standard error. 
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Blue=control. Red=sleep-deprived. Aβ: amyloid-β; CSF: cerebrospinal fluid; CRU: clinical 

research unit)
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Figure 2: 
Differences in cosinor parameters between CSF and plasma cortisol (A-D), lactate (E-H), 

glucose (I-L), and Aβ (M-P) under sleep-deprived and control conditions. All concentrations 

of cortisol, lactate, glucose, and Aβ were normalized to percent of the mean before analysis. 

Acrophase was calculated based on time elapsed from the start of sample collection to the 

first peak. (*p<0.05; **p<0.01. Error bars show standard error. SD: sleep deprivation; CSF: 

cerebrospinal fluid; Aβ: amyloid-β)
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Figure 3: 
Glucose/lactate ratio in plasma (A and B) and CSF (C and D) over the collection period. 

Glucose/lactate ratio is shown both without (A, C) and with normalization to percent of the 

mean (B, D). Mixed model analysis of time points after the intervention, 16–28 (23:00–

11:00, gray shaded area) demonstrated no statistically significant difference between 

interventions in the plasma or CSF glucose/lactate ratio. Restricting the analysis to the time 

range 16–22 (23:00–05:00, dotted area) demonstrates that CSF glucose/lactate ratio 

increases more in the control group than sleep-deprived group while this difference is not 

significant in plasma glucose/lactate ratio. (Error bars show standard error. Blue circle = 

control, red square = sleep-deprived; CSF: cerebrospinal fluid. **p<0.01
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Table 1:

Participant Characteristics

Characteristic Control (N=8) Sleep-deprived (N=8)

Age, yr

Mean 42.9 43.1

SD 4.3 4.3

Sex, M/F 2/6 2/6

Race, C/AA 5/3 5/3

Body mass index, kg/m2

Mean 27.7 28.4

SD 1.5 2.1

MMSE

Mean 29.3 29.1

SD 0.3 0.3

Aβ42:Aβ40

Mean 0.19 0.18

SD 0.02 0.01

Pre-CRU actigraphy

Amplitude, activity counts

Mean 126.2 95.7

SD 90.0 34.8

Acrophase, hours

Mean 6.8 7.1

SD 1.2 2.6

Mesor, activity counts

Mean 132.2 136.7

SD 63.2 56.0

CRU sleep parameters

Total sleep time, min

Mean 413.4 36.6*

SD 24.8 15.8

Sleep efficiency, %

Mean 72.0 6.7*

SD 3.4 2.9

Adverse Events

Headaches 7/8 5/8

Blood Patch 0/8 3/8

Presyncope/Syncope 1/8 0/8

Leg Tingling 1/8 1/8
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Characteristic Control (N=8) Sleep-deprived (N=8)

Nausea/Vomiting 0/8 2/8

Back/Neck Pain 2/8 1/8

Intervention groups include repeat participants and are not independent groups. Data are shown this way to highlight effect of sleep conditions in 
each group. Significance tests for treatment differences were made using mixed models to accommodate the nonindependence of the 
measurements.

*
Statistically significant. Total sleep time and sleep efficiency are significantly lower in the sleep-deprived condition compared to control (total 

sleep time: F1,166 = 201.5, p<0.0001; sleep efficiency: F1,8 = 139.8, p<0.0001).

Yr: Year; SD: Standard deviation; M: Male; F: Female; C: Caucasian; AA: African-American; kg: kilogram; m2: meters squared; MMSE: Mini-
Mental State Exam; Aβ: Amyloid-β; CRU: clinical research unit; min: minute
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Table 2:

Comparison of cosinor parameters between interventions and biofluid compartments for cortisol.

Dependent 
Variable

Test Pairwise Comparison Estimate (95% CI) Estimated 
Difference 

(estimate, 95% 
CI)

F (df) p-value

Amplitude 
(%)

Intervention CSF control vs. CSF 
SD

CSF control: 54.35 (44.22 – 
64.48)

CSF SD: 54.77 (44.64 – 64.90)

−0.42 (−12.8 – 
12.0)

0.007 
(1,6)

0.94

Intervention Plasma control vs. 
Plasma SD

Plasma control: 50.82 (39.01 – 
62.62)

Plasma SD: 51.96 (40.16 – 63.76)

−1.15 (−9.0 – 6.7) 0.15 (1,4) 0.71

Compartment CSF control vs. 
Plasma control

CSF control: 55.35 (41.58 – 
69.12)

Plasma control: 53.06 (39.29 – 
66.83)

+2.30 (−3.6 – 8.2) 0.86 (1,7) 0.38

Compartment CSF SD vs. Plasma 
SD

CSF SD: 56.36 (45.34 – 67.38)
Plasma SD: 53.93 (42.91 – 64.95)

+2.42 (−6.3 – 11.2) 0.43 (1,7) 0.53

Acrophase 
(hr)

Intervention CSF control vs. CSF 
SD

CSF control: 2.05 (0.48 – 3.61)
CSF SD; 2.56 (0.99 – 4.12)

−0.51 (−1.7 – 0.7) 1.54 (1,4) 0.29

Intervention Plasma control vs. 
Plasma SD

Plasma control: 0.57 (−0.83 – 
1.97)

Plasma SD: −0.32 (−1.72 – 1.08)

+0.89 (−0.6 – 2.4) 2.82 (1,4) 0.17

Compartment CSF control vs. 
Plasma control

CSF control: 2.75 (1.58 – 3.92)
Plasma control: 1.13 (−0.048 – 

2.30)

+1.63 (0.8 – 2.5) 21.5 (1,7) 0.002

Compartment CSF SD vs. Plasma 
SD

CSF SD: 2.00 (0.11 – 3.89)
Plasma SD: −0.75 (−2.64 – 1.14)

+2.75 (2.0 – 3.5) 70.6 (1,7) <0.0001

Mesor (%)

Intervention CSF control vs. CSF 
SD

CSF control: 86.42 (67.18 – 
105.66)

CSF SD: 93.36 (74.12 – 112.60)

−6.94 (−40.5 – 
26.7)

0.21 
(1,10)

0.66

Intervention Plasma control vs. 
Plasma SD

Plasma control: 99.26 (87.95 – 
110.56)

Plasma SD: 112.96 (101.66 – 
124.26)

−13.70 (−32.1 – 
4.7)

2.82 (1,9) 0.13

Compartment CSF control vs. 
Plasma control

CSF control: 83.99 (69.77 – 
98.20)

Plasma control: 99.50 (85.29 – 
113.72)

−15.52 (−32.1 – 
1.1)

4.90 (1,7) 0.06

Compartment CSF SD vs. Plasma 
SD

CSF SD: 92.27 (72.88 – 111.66)
Plasma SD: 112.10 (92.71 – 

131.49)

−19.82 (−38.9 – 
−0.7)

6.02 (1,7) 0.04

Linear Rise 
(%/hr)

Intervention CSF control vs. CSF 
SD

CSF control: 0.40 (−0.67 – 1.471)
CSF SD: 0.17 (−0.90 – 1.23)

+0.24 (−1.6 – 2.1) 0.08 
(1,10)

0.78

Intervention Plasma control vs. 
Plasma SD

Plasma control: −0.08 (−0.76 – 
0.60)

Plasma SD: −0.64 (−1.32 – 0.04)

+0.57 (−0.5 – 1.6) 1.55 (1,9) 0.24

Compartment CSF control vs. 
Plasma control

CSF control: 0.55 (−0.21 – 1.31) +0.63 (−0.3 – 1.6) 2.57 (1,7) 0.15
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Dependent 
Variable

Test Pairwise Comparison Estimate (95% CI) Estimated 
Difference 

(estimate, 95% 
CI)

F (df) p-value

Plasma control: −0.08 (−0.84 – 
0.69)

Compartment CSF SD vs. Plasma 
SD

CSF SD: 0.22 (−0.91 – 1.35)
Plasma SD: −0.64 (−1.76 – 0.49)

+0.85 (−0.1 – 1.8) 4.58 (1,7) 0.70

CI: confidence intervals; df: degrees of freedom; CSF: cerebrospinal fluid; SD: sleep deprivation; hr: hour
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Table 3:

Comparison of cosinor parameters between interventions and biofluid compartments for lactate

Dependent 
Variable

Test Pairwise Comparison Estimate (95% CI) Estimated 
Difference 

(estimate, 95% 
CI)

F (df) p-value

Amplitude 
(%)

Intervention CSF control vs. CSF 
SD

CSF control: 0.10 (0.07 – 0.13)
CSF SD: 0.08 (0.06 – 0.11)

+0.02 (−0.03 – 
0.07)

0.73 (1,9) 0.42

Intervention Plasma control vs. 
Plasma SD

Plasma control: 0.17 (0.11 – 0.23)
Plasma SD: 0.22 (0.16 – 0.28)

−0.05 (−0.1 – 0.4) 1.52 (1,8) 0.25

Compartment CSF control vs. 
Plasma control

CSF control: 0.10 (0.05 – 0.16)
Plasma control: 0.18 (0.12 – 0.23)

−0.08 (−0.2 – 
0.02)

3.82 (1,7) 0.09

Compartment CSF SD vs. Plasma 
SD

CSF SD:0.08 (0.04 – 0.13)
Plasma SD: 0.22 (0.18 – 0.27)

−0.14 (−0.2 – 
−0.07)

23.95 
(1,7)

0.002

Acrophase 
(hr)

Intervention CSF control vs. CSF 
SD

CSF control: 9.02 (7.29 – 10.75)
CSF SD: 9.75 (8.02 – 11.48)

−0.73 (−3.8 – 2.3) 0.28 
(1,10)

0.61

Intervention Plasma control vs. 
Plasma SD

Plasma control: 3.69 (2.13 – 
5.26)

Plasma SD: 6.61 (5.04 – 8.18)

−2.9 (−5.2 – −0.7) 9.2 (1,8) 0.02

Compartment CSF control vs. 
Plasma control

CSF control: 9.0 (7.53 – 10.48)
Plasma control: 3.69 (2.21 – 

5.16)

+5.3 (3.7 – 6.9) 63.3 (1,7) <0.0001

Compartment CSF SD vs. Plasma 
SD

CSF SD: 9.94 (7.99 – 11.88)
Plasma SD: 6.62 (4.68 – 8.57)

+3.3 (0.35 – 6.3) 6.99 (1,7) 0.03

Mesor (%)

Intervention CSF control vs. CSF 
SD

CSF control: 0.92 (0.84 – 0.99)
CSF SD: 0.89 (0.82 – 0.97)

+0.02 (−0.1 – 
0.14)

0.18 
(1,10)

0.68

Intervention Plasma control vs. 
Plasma SD

Plasma control: 1.05 (0.92 – 1.18)
Plasma SD: 0.92 (0.80 – 1.05)

+0.13 (−0.07 – 
0.3)

2.10 
(1,11)

0.18

Compartment CSF control vs. 
Plasma control

CSF control: 0.912 (0.84 – 0.99)
Plasma control: 1.05 (0.98 – 

1.12)

−0.14 (−0.2 – 
−0.04)

11.08 
(1,7)

0.01

Compartment CSF SD vs. Plasma 
SD

CSF SD: 0.89 (0.76 – 1.02)
Plasma SD: 0.93 (0.79 – 1.06)

−0.03 (−0.2 – 0.2) 0.15 (1,7) 0.71

Linear Rise 
(%/hr)

Intervention CSF control vs. CSF 
SD

CSF control: 0.004 (−7.2e-5 – 
0.01)

CSF SD: 0.01 (0.001 – 0.01)

−0.001 (−0.01 – 
0.01)

0.26 
(1,10)

0.62

Intervention Plasma control vs. 
Plasma SD

Plasma control: −0.004 (−0.01 – 
0.003)

Plasma SD: 0.002 (−0.01 – 0.01)

−0.01 (−0.02 – 
0.004)

1.82 
(1,11)

0.21

Compartment CSF control vs. 
Plasma control

CSF control: 0.004 (−6.1e-5 – 
0.01)

Plasma control: −0.004 (−0.01 – 
0.0002)

+0.01 (0.003 – 
0.01)

13.56 
(1,7)

0.008

Compartment CSF SD vs. Plasma 
SD

CSF SD: 0.01 (−0.002 – 0.01)
Plasma SD: 0.002 (0.01 – 0.01)

+0.003 (−0.01 – 
0.01)

0.62 (1,7) 0.46

CI: confidence intervals; df: degrees of freedom; CSF: cerebrospinal fluid; SD: sleep deprivation; hr: hour
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Table 4:

Comparison of cosinor parameters between interventions and biofluid compartments for glucose.

Dependent 
Variable

Test Pairwise Comparison Estimate (95% CI) Estimated 
Difference 

(estimate, 95% 
CI)

F (df) p-value

Amplitude 
(%)

Intervention CSF control vs. CSF 
SD

CSF control: 0.07 (0.05 – 0.09)
CSF SD: 0.07 (0.05 – 0.09)

−0.001 (−0.02 – 
−0.01)

0.01 (1,4) 0.91

Intervention Plasma control vs. 
Plasma SD

Plasma control: 0.09 (0.05 – 
0.13)

Plasma SD: 0.09 (0.05 – 0.13)

+0.002 (−0.05 – 
0.06)

0.01 (1,9) 0.92

Compartment CSF control vs. Plasma 
control

CSF control: 0.07 (0.04 – 0.10)
Plasma control: 0.09 (0.06 – 

0.12)

−0.02 (−0.07 – 
0.02)

1.36 (1,7) 0.28

Compartment CSF SD vs. Plasma SD CSF SD: 0.08 (0.04 – 0.11)
Plasma SD: 0.09 (0.06 – 0.12)

−0.01 (−0.05 – 
0.02)

0.90 (1,7) 0.37

Acrophase 
(hr)

Intervention CSF control vs. CSF 
SD

CSF control: 9.96 (7.56 – 12.33)
CSF SD: 11.11 (8.74 – 13.47)

−1.14 (−5.8 – 3.5) 0.3 (1,9) 0.6

Intervention Plasma control vs. 
Plasma SD

Plasma control: 7.45 (3.55 –
11.35)

Plasma SD: 7.04 (3.14 – 10.94)

+0.41 (−5.4 – 6.2) 0.032 
(1,6)

0.87

Compartment CSF control vs. Plasma 
control

CSF control: 8.94 (5.89 – 11.98)
Plasma control: 7.56 (4.52 – 

10.61)

+1.38 (−1.8 – 4.5) 1.1 (1,7) 0.33

Compartment CSF SD vs. Plasma SD CSF SD: 10.19 (6.76 – 13.62)
Plasma SD: 7.25 (3.82 – 10.68)

+2.94 (−2.7 – 8.6) 1.5 (1,7) 0.26

Mesor (%)

Intervention CSF control vs. CSF 
SD

CSF control: 0.95 (0.90 – 1.01)
CSF SD: 0.91 (0.85 – 0.97)

+0.045 (−0.04 – 
0.13)

1.38 
(1,10)

0.27

Intervention Plasma control vs. 
Plasma SD

Plasma control: 1.01 (0.95 – 
1.07)

Plasma SD: 0.97 (0.92 – 1.03)

+0.04 (−0.04 – 
0.11)

1.31 
(1,10)

0.28

Compartment CSF control vs. Plasma 
control

CSF control: 0.96 (0.91 – 1.00)
Plasma control: 1.01 (0.96 – 

1.05)

− 0.05 (−0.13 – 
0.02)

2.59 (1,7) 0.15

Compartment CSF SD vs. Plasma SD CSF SD: 0.91 (0.84 – 0.98)
Plasma SD: 0.97 (0.91 – 1.04)

−0.06 (−0.16 – 
0.03)

2.52 (1,7) 0.16

Linear Rise 
(%/hr)

Intervention CSF control vs. CSF 
SD

CSF control: 0.002 (−0.001 – 
0.01)

CSF SD: 0.01 (0.002 – 0.01)

−0.002 (−0.007 – 
0.002)

1.50 
(1,10)

0.25

Intervention Plasma control vs. 
Plasma SD

Plasma control: −0.001 (−0.004 – 
0.002)

Plasma SD:0.001 (−0.002 – 
0.004)

−0.002 (−0.006 – 
0.002)

1.22 (1,9) 0.30

Compartment CSF control vs. Plasma 
control

CSF control: 0.002 (−0.0004 – 
0.01)

Plasma control: −0.001 (−0.003 – 
0.002)

+0.003 (−0.001 – 
0.007)

2.79 (1,7) 0.14
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Dependent 
Variable

Test Pairwise Comparison Estimate (95% CI) Estimated 
Difference 

(estimate, 95% 
CI)

F (df) p-value

Compartment CSF SD vs. Plasma SD CSF SD: 0.01 (0.001 – 0.01)
Plasma SD: 0.001 (−0.003 – 

0.01)

+0.004 (−0.001 – 
0.009)

2.95 (1,7) 0.13

CI: confidence intervals; df: degrees of freedom; CSF: cerebrospinal fluid; SD: sleep deprivation; hr: hour
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Table 5:

Comparison of cosinor parameters between interventions and isoforms for CSF Aβ40 and Aβ42

Dependent 
Variable

Test Pairwise 
Comparison

Estimate (95% CI) Estimated 
Difference 

(estimate, 95% 
CI)

F (df) p-value

Aβ40

Amplitude (%) Intervention CSF control vs. CSF 
SD

CSF control: 9.10 (4.76 – 13.45)
CSF SD: 9.03 (4.68 – 13.37)

+0.07 (−6.14 – 
6.29)

0.001 
(1,9)

0.98

Acrophase (hr) Intervention CSF control vs. CSF 
SD

CSF control: 10.22 (5.05 – 
15.39)

CSF SD: 5.83 (0.66 – 10.99)

+4.4 (−3.2 – 12.0) 1.8 (1,8) 0.22

Mesor (%) Intervention CSF control vs. CSF 
SD

CSF control: 81.88 (71.13 – 
92.64)

CSF SD: 80.96 (70.21 – 91.72)

+0.92 (−18.7 – 
20.6)

0.01 (1,9) 0.92

Linear Rise 
(%/hr)

Intervention CSF control vs. CSF 
SD

CSF control: 0.96 (0.36 – 1.55)
CSF SD: 1.13 (0.53 – 1.72)

−0.17 (−1.23 – 
0.89)

0.13 (1,9) 0.73

Aβ42

Amplitude (%) Intervention CSF control vs. CSF 
SD

CSF control: 8.96 (4.67 – 13.25)
CSF SD: 10.75 (6.46 – 15.04)

−1.79 (−7.75 – 
4.18)

0.5 (1,9) 0.52

Acrophase (hr) Intervention CSF control vs. CSF 
SD

CSF control: 7.54 (1.61 – 13.47)
CSF SD: 5.94 (0.01 – 11.87)

+1.6 (−7.98 −11.2) 0.14 
(1,10)

0.72

Mesor (%) Intervention CSF control vs. CSF 
SD

CSF control: 80.17 (69.61 – 
90.73)

CSF SD: 77.20 (66.63 – 87.76)

+2.97 (−15.3 – 
21.2)

0.13 
(1,10)

0.72

Linear Rise 
(%/hr)

Intervention CSF control vs. CSF 
SD

CSF control: 1.08 (0.50 – 1.67)
CSF SD: 1.35 (0.76 – 1.93)

−0.26 (−1.27 – 
0.74)

0.34 
(1,10)

0.58

Aβ Control

Amplitude (%) Isoform CSF Aβ40 vs. CSF 
Aβ42

CSF Aβ40: 9.08 (5.75 – 12.41)
CSF Aβ42: 8.90 (5.57 – 12.22)

+0.19 (−2.35 – 
2.72)

0.03 (1,7) 0.87

Acrophase (hr) Isoform CSF Aβ40 vs. CSF 
Aβ42

CSF Aβ40: 10.13 (5.72 – 14.53)
CSF Aβ42: 7.81 (3.41 – 12.22)

+2.3 (−3.01 – 7.6) 1.1 (1,7) 0.34

Mesor (%) Isoform CSF Aβ40 vs. CSF 
Aβ42

CSF Aβ40: 85.04 (73.25 – 
96.84)

CSF Aβ42: 82.09 (70.30 – 
93.89)

+2.95 (−0.07 – 
5.97)

5.4 (1,7) 0.05

Linear Rise 
(%/hr)

Isoform CSF Aβ40 vs. CSF 
Aβ42

CSF Aβ40: 0.80 (0.15 – 1.45)
CSF Aβ42: 0.98 (0.33 – 1.63)

−0.19 (−0.36 - 
−0.01)

6.4 (1,7) 0.04

Aβ Sleep-
Deprived

Amplitude (%) Isoform CSF Aβ40 vs. CSF 
Aβ42

CSF Aβ40: 8.89 (−4.61 – 1.06)
CSF Aβ42: 10.66 (4.98 – 16.34)

−1.78 (−4.6 – 1.1) 2.2 (1,7) 0.18

Acrophase (hr) Isoform CSF Aβ40 vs. CSF 
Aβ42

CSF Aβ40: 5.94 (−1.37 – 13.24)
CSF Aβ42: 5.88 (−1.43 – 13.18)

+0.063 (−.87 – 
0.996)

0.03 (1,7) 0.88

Mesor (%) Isoform CSF Aβ40 vs. CSF 
Aβ42

CSF Aβ40: 80.95 (68.40 – 
93.50)

CSF Aβ42: 76.47 (63.92 – 
89.02)

+4.48 (2.7 – 6.3) 35.5 (1,7) 0.001

Linear Rise 
(%/hr)

Isoform CSF Aβ40 vs. CSF 
Aβ42

CSF Aβ40: 1.13 (0.43 – 1.82)
CSF Aβ42: 1.38 (0.69 – 2.08)

−0.26 (−0.35 – 
−0.16)

40.9 (1,7) <0.001

Aβ: amyloid-beta; CI: confidence intervals; df: degrees of freedom; CSF: cerebrospinal fluid; SD: sleep deprivation; hr: hour
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