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Abstract

Sleep dysfunction has been identified in the pathophysiology of Alzheimer’s disease (AD); 

however, the role and mechanism of circadian rhythm dysfunction is less well understood. In a 

well-characterized cohort of patients with AD at the mild cognitive impairment stage (MCI-AD), 

we identify that circadian rhythm irregularities were accompanied by altered humoral immune 

responses detected in both the cerebrospinal fluid and plasma as well as alterations of 

cerebrospinal fluid biomarkers of neurodegeneration. On the other hand, sleep disruption was 

more so associated with abnormalities in circulating markers of immunity and inflammation and 

decrements in cognition.
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INTRODUCTION

Alzheimer’s disease (AD) remains the primary contributor to dementia, afflicting 50 million 

people worldwide with a dramatic projected increase to 152 million people in 2050 [1]. The 

estimated cost of AD is $305 billion in 2020 and expected to increase to $1 trillion as the 

population ages [2]. Urgent measures are therefore critically needed to prevent AD 

occurrence and mitigate progression. Several studies have identified a relationship between 

sleep deficits and circadian dysfunction in the pathophysiology of AD [3]. Thus, circadian 

and sleep measures may represent high priority, novel potential promulgators of AD activity 

and possible interventional targets to halt or mitigate AD progression.

Preliminary findings support circadian-related alterations of protein homeostasis, 

inflammation and immune-mediated pathways, i.e., implicating dysregulation of NF-kB 

signaling and BMAL1 (clock gene) regulation of nuclear receptor protein, Reverbα [4]. 

However, thus far it is unclear if the inflammation observed in relation to AD biomarkers [5] 

and circadian and sleep indices [6] share the same inflammatory pathways and immune-

mediated outcomes in the central nervous system and the periphery. To identify 

inflammatory pathways or networks of inflammatory analytes pertinent to circadian and 

sleep indices and neurodegeneration, it is crucial to develop approaches that evaluate 

multiple analytes concomitantly and interrogate their clinical significance when expressed 

together in the cerebrospinal fluid (CSF) and plasma. As a preliminary test of the premise 

that distinct immune/inflammation related changes and altered neurodegeneration 

biomarkers relate to sleep and circadian abnormalities and relate to cognitive outcomes in 

AD, we conducted an unbiased, hypothesis-generating examination of CSF and plasma 

biomarkers in a well characterized cohort of patients with AD at the mild cognitive 

impairment stage (MCI-AD) who underwent circadian and sleep studies.

METHODS

Participants and protocol

Clinical characterization of the MCI-AD study patients has been published previously [5]. A 

subset of the cohort underwent circadian and sleep rhythm phenotyping via actigraphy and 

overnight home sleep apnea testing using standard protocols. Informed consent was 

obtained, and the study was approved by the Cleveland Clinic Institutional Review Board. 

Details on the AD biomarkers and the panel of inflammation-related analytes have been 

detailed earlier [5]. The protocol involved CSF and plasma collection and analysis by an 

independent laboratory via the validated RBM Multi-Analyte Profile (MAP) platform from 

Myriad Genetics (Salt Lake City, UT) using a Luminex platform with Clinical and 

Laboratory Standards Institute validation. Morning CSF and plasma samples were collected 

contemporaneously with two randomly selected technical replicates of CSF and plasma 

samples to evaluate consistency. Mini-Mental State Examination (MMSE) [7] and Clinical 

Dementia Rating scale (DRS) [8] were collected to characterize the degree of baseline 

cognitive and functional deficit.
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Data collection

Baseline circadian and sleep measures were collected less than three months from the date 

of the CSF biomarker collection. A wrist accelerometer (Motionlogger Micro Watch by 

Ambulatory Monitoring, Inc®) with multi-parameter data collection including temperature 

and an ambient light channel was used by participants for 10 days on the non-dominant 

wrist. Activity data was collected in proportional integration mode (PIM) and the Cole-

Kripke algorithm was used as the validated scoring algorithm with manual scoring in 1-min 

epochs. Circadian measures include the F-ratio, a measure of robustness of rhythmicity of 

the circadian activity pattern capturing the extent to which an individual’s sleep-wake 

activity conforms to an extended cosine model, with higher values indicating greater 

conformity to the cosine shape [9]. Perturbations of circadian robustness measured by the F-

ratio are associated with adverse outcomes including increased mortality and cognitive 

decline [10, 11]. Other circadian measures include amplitude (counts/min, difference 

between the peak and nadir of the activity fitted curve), mesor (counts/min, mean of the 

activity fitted curve) and acrophase (hours, time of day of the peak of the fitted curve). We 

also examined circadian variability, i.e., sleep regularity index (SRI), the likelihood that any 

two time-points (minute-by-minute) 24 h apart are the same sleep/wake state across all days 

[12] and interdaily stability, the latter a measure of the fragmentation of the rhythm relative 

to its 24-h amplitude [13]. Sleep-wake variables include: total sleep time (TST), nocturnal 

awakenings, sleep efficiency (SE), and wakefulness after sleep onset. Sleep fragmentation 

index (SFI), i.e., number of awakenings / Total Sleep Time in minutes * 100 as a measure of 

sleep disruption was calculated. A home sleep apnea testing diagnostic device (ApneaLink 

Air by ResMed ®) was used for one night (overlapped with actigraphy monitoring) to 

monitor respiratory effort via nasal flow (by nasal-oral thermocouple and nasal cannula 

pressure recording, 100 Hz sampling rate), thoracoabdominal pneumatic technology (10 

Hz), pulse, oxygen saturation via finger pulse oximeter (Nonin ® reusable soft sensor 

oximeter, sampling frequency 1 Hz), snoring microphone via nasal cannula and position 

sensor with standard scoring criteria. The apnea hypopnea index (AHI, hypopnea with 3% 

oxygen desaturation) was used to define sleep disordered breathing (SDB) severity.

Statistical methods

We examined 11 circadian/sleep measures and the 69 CSF or circulating biomarkers of 

inflammation, immunity and neurodegeneration. Linear models (beta estimates, 95% 

confidence intervals) were used to assess sleep and circadian measures relative to log-

transformed CSF and plasma biomarkers of neurodegeneration, inflammation and immunity 

and cognitive measures. Models were fit unadjusted and then adjusted individually for age, 

sex, body mass index, or education. We present unadjusted results given the discovery-based 

approach and also present the application of FDR adjustment which corrects for the 69 

comparisons with each circadian/sleep marker. Analysis was performed using SAS software 

(version 9.4) and an overall significance level of 0.05 was assumed for all tests; limma 

analyses (R software) [14] were used to optimize power, however, as results were not 

substantively changed, only linear model results are presented.
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RESULTS

18 participants with MCI-AD with median age69.5 [P25, P75:64.0, 72.0], 44.4% female, all 

Caucasian, median BMI: 27.3 [P25, P75:24.7, 31.2] comprised the analytic sample (Table 

1). We present findings of biomarkers of immunity and neurodegeneration in relation to 1) 

circadian measures and 2) sleep measures as below.

Circadian rhythm measures and biomarkers of inflammation, immunity, and 
neurodegeneration

Circadian rhythm objective measures, i.e., actigraphy-based amplitude and F-ratio, showed 

internally consistent significant positive associations with increases in CSF (and not plasma) 

biomarkers of humoral immune activation, i.e., CSF complement (C3) (amplitude: 10% 

[95% CI: 4 to 16%] per 10 unit amplitude change, p = 0.003; F-ratio: 15% [6 to 24%] per 

1000 unit F-ratio change, p = 0.002), apololipoprotein A-1 (Apo-A1) (amplitude: 8% [2 to 

15%], p = 0.011; F-ratio: 12% [2 to 22%], p = 0.017), beta-2 microglobulin (B2M) 

(amplitude: 7% [1 to 12%], p = 0.019; F-ratio: 8% [1 to 17%], p = 0.037) as well as vascular 

cell adhesion molecule1 (VCAM1) (amplitude: 4% [1 to 8%], p = 0.026; F-ratio: 6% [1 to 

12%], p = 0.015). Furthermore, amplitude and F-ratio were negatively associated with 

plasma IgA (Amplitude: −8% [−15 to −1%], p = 0.032; F-ratio: −15% [−22 to −7%], p = 

0.001). Immune biomarkers, i.e., CSF complement C3, IgM, Apo-A1, and plasma matrix 

metalloproteinase (MMP9), were positively associated with interdaily stability, the latter 

also negatively associated with plasma IgA. The sleep regularity index was the only measure 

associated with biomarkers which retained significance after application of FDR specifically 

relative to plasma IgA: −3% [−5 to −2%] per unit change in sleep regularity index, p < 

0.001) and MMP-9 (4% [2 to 5%], p < 0.001. Circulating and CSF biomarkers were not 

significantly associated with mesor and acrophase circadian rhythm measures except a 

positive association of mesor and plasma CCL-2, a chemokine. Notably, amplitude and F-

ratio were both associated with CSF measures of neurodegeneration (t-tau and p-tau), but 

not amyloid (CSF Aβ42) (Fig. 1A).

Sleep measures and biomarkers of inflammation, immunity, and neurodegeneration

A profile emerged such that a greater number of immune markers were associated with 

circadian measures (as above) compared to sleep disruption. That said, SE and TST shared 

common patterns of alteration in immune mediators as observed with circadian measures, 

i.e., positive associations with CSF complement C3 (SE: 2% [0 to 4%] per unit change in 

SE, p = 0.045), IgM (TST: 38% [14 to 68%] per hour change in TST, p = 0.003), plasma 

MMP9 (TST: 13% [0 to 28%] per hour change in TST, p = 0.045) and negative association 

with plasma IgA (TST: −14% [−22 to −6%], p = 0.004). These sleep measures also had 

biomarker alterations distinct from the circadian measures, i.e., positive association with 

CSF alpha-1 antitrypsin (SE: 1% [0–2%], p = 0.042). SDB, defined by AHI, was associated 

with increased PAI-1 and SCF plasma levels. Sleep disruption, i.e., TST and SFI, showed a 

consistent association with poorer cognitive impairment, as defined by DRS score; findings 

not observed with circadian rhythm dysfunction (Fig. 1B).
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Overall, all above results were not appreciably altered after isolated adjustment for age, sex, 

BMI, or education status individually.

DISCUSSION

In this first of its kind, unbiased examination of a multiplex panel of CSF and plasma 

biomarkers of immunity, inflammation and neurodegeneration relative to circadian and sleep 

disruption in MCI-AD, we identify circadian rhythm irregularities accompanied by 1) 

altered humoral immune responses in both the CSF and the plasma, i.e., circadian disruption 

was associated with altered immune profiles and 2) increased CSF neurodegeneration 

biomarkers (p-tau and t-tau). Alternatively, sleep disruption was 1) associated more so with 

abnormalities in primarily circulating plasma markers of immunity and inflammation, 2) not 

associated with neurodegeneration biomarkers, and 3) accompanied by further decrement in 

cognition among these MCI patients. Interestingly, Apo-A1, a biomarker best known for 

many of its HDL-related inflammation mitigating and atheroprotective properties [15], but 

related to increased risk of clinical progression among non-demented elderly APOE ε4 

carriers with subjective cognitive decline [16], was associated with circadian dysfunction, 

thereby suggesting its role as a potential candidate analyte of interest.

Circadian and sleep disruption showed some shared apparent complementary alteration in 

biomarkers of immunity and inflammation, i.e., both accompanied with increases in 

complement C3, IgM, and plasma MMP9, and most notably, reduction in plasma IgA levels

—the latter which remained robust to false discovery rate specific to the sleep regularity 

index. That said, distinctive profiles were also noted in terms of differential alteration in 

immunity, inflammation and neurodegeneration biomarkers related to circadian and sleep 

perturbations. These findings suggest in tandem interdependent and independent 

mechanisms of circadian and sleep disruption in AD pathophysiology.

Our preliminary data suggest that among patients in the symptomatic MCI stage of AD, 

those with abnormal circadian measures are in an immune-activated state as has been 

hypothesized [17] as well as a dysregulated circadian neurodegenerative state, whereas sleep 

disruption facilitates negative cognitive outcomes. It should be emphasized that the current 

work is discovery-based and hypothesis-generating. Future investigation of the 

neuroinflammatory changes in relation to circadian and sleep dysregulation along with AD 

biomarkers in presymptomatic AD could potentially impact AD pathology and the onset of 

cognitive decline. The role of the identified candidate biomarkers of neuroinflammation and 

immunity in the pathophysiology of sleep and circadian dysfunction-induced cognitive 

decline and neurodegeneration in AD and sleep and circadian disturbance as risk biomarkers 

or therapeutic targets warrants further study [18, 19].
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Fig. 1. 
Circadian and sleep measures and biomarkers of inflammation, immunity, and 

neurodegeneration. A) Circadian rhythm measures. B) Sleep measures. AAT, Alpha-1 

antitrypsin; APO-A1, apolipoprotein A-I; B2M, Beta-2 microglobulin; BDNF, brain-derived 

neurotrophic growth factor; DRS, Dementia Rating Scale; PAI-1, plasminogen activator 

inhibitor-1; MMP-9, matrix metalloproteinase; MPO, myeloperoxidase; NSE, nonspecific 

esterase; VCAM-1, vascular cell adhesion molecule1. Sleep Regularity index biomarkers 

plasma IgA and MMP-9 are in bold and asterisk as remained significant after false discovery 

rate application.
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Table 1

Subject characteristics of analytic sample

Total (n = 18)

Factor n

Demographics

 Age 18 69.5 [64.0, 72.0]

 Sex 18

 Male 10 (55.6)

 Female 8 (44.4)

 BMI, kg/m2 18 27.3 [24.7, 31.2]

 Education 18 16.0 [14.0, 16.0]

 Race 18

 White 18 (100.0)

Sleep measures

 Apnea-Hypopnea index↑ 18 12.0 [5.6, 18.8]

 SaO2% <90↑ 18 0.84 [0.14, 2.2]

 Sleep efficiency, %* 18 88.2 [82.2, 92.6]

 Total sleep time, min* 18 424.3 [292.7, 488.7]

 Sleep Fragmentation index* 18 4.4 [2.5, 9.9]

 Wake episodes, number* 18 12.6 [9.2, 19.5]

Circadian measures

 Mesor, counts/min* 18 129.9 [115.4, 139.7]

 Amplitude, counts/min* 18 103.4 [84.0, 124.1]

 F-Ratio* 18 3685 [2831, 5625]

 Sleep Regularity index* 18 60.9 [51.5, 65.3]

 Interdaily stability* 18 57.3 [48.5, 65.5]

Cognitive measures

 APOE positive, % 18 16 (88.9)

 Aβ42, pg/ml 18 335.1 [226.8, 382.0]

 t-Tau, pg/ml 18 527.0 [362.3, 719.2]

 p-Tau, pg/ml 18 82.5 [67.8, 97.9]

 MMSE, score 18 25.0 [20.0, 26.0]

 DRS score 18 125.0 [106.0, 133.0]

 CDR-SB score 17 3.0 [2.0, 4.0]

Statistics presented as median [P25, P75], N (column %). BMI, body mass index; CDR-SB, Clinical Dementia Rating scale-Sum of Boxes; DRS, 
Dementia Rating Scale; MMSE, Mini-Mental Status Examination.

↑
From overnight sleep study.

*
From actigraphy.
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