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Abstract

Background/Objectives: Circadian rhythm disruption is linked to cognitive decline, yet it
remains unclear how behavioral and physiological rhythm markers are differently associ-
ated with cognition in amnestic mild cognitive impairment (aMCI). The primary aim of
this study was to compare sleep–wake timing, rest–activity rhythm (RAR), and dim light
melatonin onset (DLMO) between patients with aMCI and cognitively normal controls.
Exploratory analyses further examined their associations with domain-specific cognitive
performance. Methods: Eighteen aMCI patients and 21 cognitively normal controls (NC)
enrolled. Cognitive function was assessed using the Korean version of the Consortium
to Establish a Registry for Alzheimer’s Disease Neuropsychological Battery (CERAD-K).
Participants underwent 5-day actigraphy to assess sleep–wake timing and non-parametric
RAR variables, including interdaily stability (IS), intradaily variability (IV), and relative
amplitude (RA). DLMO was determined from hourly salivary melatonin samples collected
over five hours before sleep onset under dim-light conditions. Group comparisons of
circadian markers were conducted as the primary analyses, and generalized linear models
were used for exploratory analyses of associations between circadian markers and cognitive
outcomes. Results: Groups did not significantly differ in sleep–wake timing, RAR parame-
ters and DLMO. Sleep–wake timing variables and DLMO were not significantly associated
with cognitive performance. Higher IS was associated with better visuospatial memory
and executive function, whereas higher RA was associated with poorer verbal memory
among aMCI patients. Conclusions: Although sleep–wake timing and melatonin phase
did not differ between groups nor predict cognitive performance, higher daily rhythm
stability was linked to better non-verbal memory and executive functioning. In contrast,
high RA may relate to poorer verbal memory in aMCI, suggesting that elevated RA may
not reflect true circadian robustness required for optimal cognition.

Keywords: amnestic mild cognitive impairment (aMCI); sleep–wake timings; rest–activity
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1. Introduction
Circadian rhythms are intrinsic clocks that coordinate a wide range of behavioral

and physiological processes, including the sleep–wake cycle, hormone secretion, and ther-
moregulation [1,2]. These endogenous rhythms play a pivotal role in maintaining optimal
cognitive performance across one’s lifespan, particularly in older adults [3,4]. Disruptions
in circadian organization, manifested as weakened rhythmicity or phase misalignment
(e.g., delayed or irregular sleep–wake cycles), have been increasingly recognized as contrib-
utors to age-related cognitive decline and dementia risk [5,6].

Alzheimer’s disease (AD) is characterized by circadian rhythm disturbances, including
irregular sleep–wake cycles and altered melatonin secretion [5,7]. These alterations are
thought to arise from the early degeneration of the suprachiasmatic nucleus (SCN), the
brain’s master circadian pacemaker. Accumulating evidence also suggests that impairments
in cognitive domains, such as memory, attention, and executive function, often coincide
with circadian dysregulation [5,6]. Circadian rhythm disruption may further increase the
vulnerability of the hippocampus and prefrontal cortex, which are among the regions that
are affected earlier in AD [5]. These brain areas depend on circadian regulation to maintain
the daily neural activity that underlies learning, memory, and executive functioning [8–10].

Rest–activity rhythm (RAR) has emerged as a sensitive behavioral indicator of circa-
dian rhythmicity [6,11]. It reflects the temporal structure and consistency of daily activity
patterns and serves as a behavioral output of the central circadian regulatory system. Re-
duced rhythmicity or amplitude in RAR, indicative of circadian dysregulation, has been
linked to AD-related pathology such as amyloid-β accumulation and cognitive decline [8].
Recent studies have shown that weaker or fragmented RAR is associated with tau and
amyloid pathology, as well as poorer cognition [11,12], highlighting its potential as an
early biomarker in AD. Moreover, community-dwelling older adults with diminished
RAR regularity tend to exhibit prefrontal dysfunction, which leads to deficits in executive
function, attention, and working memory [6,8].

Beyond RAR, sleep–wake timing variables, including bedtime, midsleep time, and
wake-up time, serve as behavioral indicators of the circadian phase, reflecting how well an
individual’s sleep–wake pattern is entrained to environmental and social cues [13]. While
recent studies have begun to recognize variability in sleep–wake patterns as a potential
contributor to cognitive impairment, most prior research has focused primarily on vari-
ability in sleep duration or efficiency [14] rather than on these timing variables. However,
studies that directly examine alterations in sleep–wake timing and their association with
cognitive performance remain scarce.

Dim light melatonin onset (DLMO) is the most reliable physiological marker of the
endogenous circadian phase and directly reflects the timing of the central biological clock.
In AD, DLMO is often delayed, and its amplitude is reduced, indicating a pronounced
disruption of circadian regulation. In contrast, findings on mild cognitive impairment
(MCI) are mixed, with some studies reporting delayed or reduced DLMO and others
showing preserved patterns [15]. Given that melatonin secretion is closely linked to
sleep regulation and cognitive processing, alterations in DLMO in MCI may represent
early manifestations of circadian misalignment preceding clinical dementia. Nevertheless,
systematic investigations on the relationship between DLMO and cognitive decline in
patients with MCI remain limited [7].

Amnestic mild cognitive impairment (aMCI) is widely recognized as the prodromal
stage of AD, and is primarily characterized by memory dysfunction [16,17]. Compared
to the non-amnestic subtype, aMCI shows a stronger association with AD-related neu-
rodegeneration [18,19]. The multi-domain subtype of aMCI reflects a more extensive
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cognitive decline and is considered a more sensitive indicator of early AD pathology than
the single-domain subtype, which is characterized by isolated memory deficits [20].

Given the close interplay between circadian regulation and cognitive functioning,
illustrating circadian parameters in patients with aMCI may provide valuable insights into
early neurodegenerative mechanisms. Although circadian disruption has been reported
in general MCI and AD populations, evidence specific to amnestic aMCI, particularly the
multi-domain subtype, remains limited. Because multi-domain aMCI is characterized by
broader cognitive deficits beyond memory, it represents a clinically important subgroup.
Few studies have simultaneously assessed behavioral circadian markers, such as sleep–
wake timing and rest–activity rhythm (RAR), together with the physiological phase marker
dim light melatonin onset (DLMO) in patients with aMCI [21]. This lack of an integrated
approach limits understanding of how multidimensional circadian dysfunction relates to
domain-specific cognitive impairment in aMCI.

Therefore, this study evaluated both behavioral indicators, sleep–wake timing and
RAR, and the physiological phase marker, DLMO, to comprehensively characterize the
circadian function in aMCI. The primary aim of this study was to compare circadian
markers—including sleep–wake timing variables, dim light melatonin onset (DLMO),
and non-parametric rest–activity rhythm variables—between patients with aMCI and
cognitively normal controls. We then conducted exploratory analyses to examine the
associations between these circadian markers and domain-specific cognitive performance
in executive function, attention, and memory. We hypothesized that patients with aMCI
would exhibit greater circadian disruption than cognitively normal controls, and that
greater circadian disruption would be associated with poorer cognitive performance.

Using this integrated approach, the present study aimed to examine the clinical
relevance of behavioral and physiological circadian alterations in aMCI.

2. Materials and Methods
This study was conducted as part of the MCRL project and approved by the Insti-

tutional Review Board of Kangwon National University Hospital (Chuncheon, Republic
of Korea; approval no. KNUH-A-2020-06-005). Written informed consent was obtained
from all participants and their legally authorized representatives before enrollment. All
the procedures were performed in accordance with the ethical standards of the Declaration
of Helsinki.

2.1. Participants and Clinical Assessment

Participants aged ≥50 years were consecutively recruited from July 2020 to December
2021 from the Memory Clinic at Kangwon National University Hospital and two regional
public Dementia Care Centers. A screening interview was conducted to obtain baseline
information on participants’ medical histories, including comorbid conditions and current
medications. All participants underwent clinical and neuropsychological assessments
conducted by trained psychiatrists and neuropsychologists.

The diagnosis of aMCI was made by a psychiatrist or neurologist according to Pe-
tersen’s criteria [16], which requires subjective or objective memory impairment, the ab-
sence of dementia, and a performance of 1.5 standard deviations below the age-, sex-, and
education-adjusted norms in at least one memory domain. To exclude dementia, functional
status was assessed clinically by psychiatrists or neurologists, who confirmed preserved
daily functioning and the absence of functional decline sufficient for a diagnosis of de-
mentia. The aMCI group included patients with both single-domain aMCI, defined as
isolated memory impairment, and multi-domain aMCI, defined as memory impairment
plus impairment in at least one additional non-memory domain.
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Participants were excluded if they met any of the following criteria: (1) current
substance-related disorders, depressive disorders, or other psychiatric conditions diagnosed
according to the Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition
(DSM-5) [21]; (2) medical or behavioral conditions known to affect circadian rhythms
(e.g., shift work, recent jet lag); (3) serious medical illnesses, including liver cirrhosis,
chronic pulmonary disease, cancer, uncontrolled diabetes, or uncontrolled hypertension;
(4) current use of medications that influence sleep or circadian rhythms (e.g., melatonin,
Aspirin®, hypnotics); (5) suspected or diagnosed primary sleep disorders.

Primary sleep disorders were screened through clinical interviews and questionnaire-
based assessment, including the Sleep Disorders Questionnaire subscales for narcolepsy
(NAR; ≥30 for males, ≥31 for females), sleep apnea (SA; ≥36 for males, ≥32 for females),
and periodic limb movements (PLM; ≥21 for both males and females), using sex-specific
cutoff values [22].

Eighteen patients with aMCI (76.56 ± 6.1 years; M: F = 7:11) and 21 NCs (70.43 ±
6.97 years; M: F = 10:11) were finally selected for the study.

2.2. Procedures
2.2.1. Cognitive and Clinical Assessments

Cognitive function was assessed using the Korean version of the Consortium to Estab-
lish a Registry for Alzheimer’s Disease Neuropsychological Battery (CERAD-K) [23]. The
battery included the following subtests: verbal fluency (VF) and the Boston Naming Test
(BNT) to evaluate language function, Word List Memory (WLM) to measure immediate
verbal memory, Word List Recall (WLR1) to assess delayed verbal memory, Word List Recog-
nition (WLR2) to evaluate verbal recognition memory, Constructional Praxis (CP) to assess
visuospatial abilities, Constructional Recall (CR) to evaluate delayed visuospatial memory,
Trail-Making Test parts A and B (TMT-A and TMT-B) to assess attention, processing speed,
and cognitive flexibility, and the Stroop Color-Word Test (SCWT) to measure inhibitory
control and executive functioning. Z-scores adjusted for age, sex, and education were
calculated for each test to allow standardized comparisons across participants, allowing
standardized comparisons across participants while partially accounting for demographic
influences. For clinical interpretation, a Z-score of ≤−1.5 was considered to indicate the
threshold for objective cognitive impairment.

In addition, depressive symptoms, chronotype, daytime sleepiness, sleep quality, and
insomnia severity were assessed using the Korean versions of the Geriatric Depression
Scale (GDS-K), Morningness–Eveningness Questionnaire (MEQ-K), Epworth Sleepiness
Scale (KESS), Pittsburgh Sleep Quality Index (PSQI), and Insomnia Severity Index (ISI),
respectively. The GDS-K is scored from 0 to 30, with higher scores indicating more severe
depressive symptoms. The MEQ-K ranges from 16 to 86, with higher scores indicating
greater morning preference. The KESS ranges from 0 to 24, with higher scores indicating
greater daytime sleepiness. The PSQI ranges from 0 to 21, with higher scores indicating
poorer sleep quality. The ISI ranges from 0 to 28, with higher scores indicating more severe
insomnia symptoms.

2.2.2. Actigraphy Monitoring and Circadian Rhythm Analysis

To assess sleep–wake timing and rest–activity patterns, participants wore a wrist-
worn actigraphy device (Actiwatch 2; Philips Respironics, USA) continuously on their
non-dominant wrist for five consecutive days at home. They were instructed to remove
the device only while bathing or in cases of significant discomfort. Sleep diaries were
used concurrently to support the actigraphy-based estimates. Consistent with our pre-
viously established protocol [24], sleep diaries were used to define the intended sleep
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period, whereas actigraphy provided objective rest–activity data. Data without movement
and/or light signal for 1 h or more were treated as missing data. When diary entries were
inconsistent with actigraphy signals, actigraphy data and prespecified quality-control rules
were prioritized. When compliance with wearing the Actiwatch was problematic (i.e., no
movement nor light signal for 4 h/day or more), data for those days were discarded.

Sleep–wake timing variables, including bedtime, sleep onset, wake time, and midsleep
time, were derived based on the sleep period, which was defined as the time from lights off
to lights on, according to the participants’ sleep diaries.

Non-parametric circadian rhythm variables were computed using the “NarACT” pack-
age in R [23]. Inter-daily stability (IS), intra-daily variability (IV), and relative amplitude
(RA) were derived as indices of circadian rhythm regularity and fragmentation. IS reflects
the consistency of activity patterns across days, calculated as the ratio of the variance
of the average 24 h pattern to the total variance, while IV indicates the fragmentation
of rest–activity patterns within a day, calculated as the ratio of the mean squares of the
difference between consecutive hours to the total variance. RA represents the amplitude of
circadian rhythmicity, calculated as (M10 − L5)/(M10 + L5), where M10 and L5 denote the
average activity levels during the most active 10 h and least active 5 h periods, respectively.

Actigraphy data were originally recorded in 1 min epochs using Actiware-Sleep soft-
ware (version 6.0.2; Philips Respironics, Murrysville, PA, USA). A wake-threshold value
of 40 activity counts was applied, as this setting has been reported to provide an optimal
balance between sensitivity and specificity for detecting sleep and wake compared with
polysomnography. For non-parametric RAR analysis, epoch-level daily rest–activity data
were averaged and aggregated into hourly bins. Data quality was evaluated before analysis.
Days with more than four consecutive hours of missing data were excluded, and partici-
pants with at least three valid recording days were included in the final circadian rhythm
analysis. Some participants were excluded from the sleep parameter and RAR analyses
because of non-compliance with actigraphy procedures or an insufficient number of valid
recording days. Accordingly, sleep parameter analyses were conducted in participants with
sufficient actigraphy and sleep diary data (aMCI = 17, NC = 20), whereas RAR analyses
were restricted to those with at least three valid actigraphy recording days after quality
control (aMCI = 13, NC = 19).

2.2.3. Melatonin Sampling and Dim Light Melatonin Onset (DLMO)

To assess the circadian phase, salivary melatonin samples were collected at the par-
ticipants’ homes under dim light conditions (<15 lx). Participants were provided with
a desk lamp in which the light intensity had been set as less than 15 lux. Sampling oc-
curred every hour over a five-hour period, beginning three hours prior to each participant’s
habitual sleep onset time and ending one hour afterward, as determined through sleep
diaries and actigraphy. Saliva samples were stored at −80 ◦C and later analyzed using
enzyme-linked immunosorbent assay (ELISA) kits (Direct Saliva ELISA kit, Bühlmann
Laboratories AG, Schönenbuch, Switzerland). DLMO was defined as the time at which
the melatonin concentration first exceeded 3 pg/mL and remained above this threshold
for at least two consecutive measurements. Reduced sample size in the DLMO analysis
was mainly related to difficulties with home-based salivary melatonin collection, including
reduced compliance with repeated sampling, blood contamination in some samples, and
possible unintended light exposure despite use of the provided lamp. Of the 27 participants
from whom salivary samples were obtained, two were excluded from the DLMO analysis
because one showed a zigzag melatonin profile and the other had melatonin values of
0 pg/mL across the entire sampling window. DLMO was directly determined in 9 partic-
ipants (aMCI, n = 2; NC, n = 7), while it was estimated in the remaining 16 participants
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according to predefined rules when direct determination was not possible within the sam-
pling window. If melatonin levels exceeded the 3 pg/mL threshold at only a single time
point and the profile was considered compatible with a plausible ascending pattern, DLMO
was estimated by linear interpolation between the last value below threshold and the first
value above threshold. If all samples remained below 3 pg/mL, DLMO was estimated
as 30 min after the final sampling time. Conversely, if all samples were already above
3 pg/mL, DLMO was estimated as 30 min before the first sampling time [25]. Sensitivity
analyses using alternative thresholds (e.g., 2 pg/mL) were not performed.

2.3. Statistical Analysis

Neuropsychological test scores were standardized into z-scores using age-, sex-, and
education-adjusted normative data. Group comparisons of demographic characteris-
tics and cognitive scores were performed using independent t-tests or chi-squared tests,
as appropriate.

Generalized Linear Models (GLMs) were conducted to examine the effects of sleep–
wake timing variables (e.g., sleep onset, wake time, midsleep time), non-parametric cir-
cadian rhythm variables (interdaily stability [IS], intradaily variability [IV], and relative
amplitude [RA]), and DLMO on cognitive performance. Because the dependent variables
were continuous z-scores, the models were specified using a Gaussian distribution with an
identity link. In each model, the group status (aMCI vs. NC), circadian variables of interest,
and their interaction terms were included as predictors. Additionally, model diagnostics
were assessed by visual inspection of residual plots, Q–Q plots, and influential observations,
and no major violations were identified.

No a priori sample size or power calculation was performed. Given the modest sample
size and the inclusion of multiple predictors, these present analyses should be interpreted
as exploratory and may have been underpowered to detect small-to-moderate associations.
Accordingly, no formal adjustment for multiple comparisons was applied.

All statistical analyses were performed using SPSS software (version 18.0; SPSS Inc.,
Chicago, IL, USA). A two-tailed p-value < 0.05 was considered statistically significant.

3. Results
3.1. Demographic and Clinical Characteristics

The aMCI group was significantly older than the NC group (p = 0.006) and had
significantly higher GDS-K scores (p = 0.009). No statistically significant differences were
detected in the MEQ-K, KESS, PSQI, or ISI scores between the two groups (Table 1).

Table 1. Demographic and clinical characteristics in the aMCI (n = 18) and NC (n = 21) groups.

aMCI Group NC Group p-Value

Age (years) † 76.56 ± 6.1 * 70.43 ± 6.97 0.006
Gender (M: F) ‡ 7:11 10:11 0.584
Education(years) † 7.78 ± 5.11 10.29 ± 2.99 0.065
GDS-K 13.33 ± 7.96 * 8.52 ± 4.52 0.009
MEQ-K 64.17 ± 6.82 61.95 ± 8.98 0.564
KESS 6.89 ± 4.48 7.33 ± 4.41 0.496
PSQI 3.28 ± 2.61 3.95 ± 2.8 0.517
ISI 6.78 ± 4.62 7.9 ± 5.53 0.447

*: p < 0.01 († Independent t-test, ‡ X2 test or ANCOVA controlling for age). aMCI: amnestic mild cognitive
impairment, NC: normal controls; GDS-K: Korean version of the Geriatric Depression Scale; MEQ-K: Korean
version of the Morningness–Eveningness Questionnaire; KESS: Korean version of the Epworth Sleepiness Scale;
PSQI: Pittsburgh Sleep Quality Index; ISI: Insomnia Severity Index.

https://doi.org/10.3390/jcm15083023

https://doi.org/10.3390/jcm15083023


J. Clin. Med. 2026, 15, 3023 7 of 17

3.2. Neurocognitive Functions

Compared with the NC group, the aMCI group showed significantly lower perfor-
mance in most neurocognitive domains, including the VF, BNT, MMSE-KC, WLM, CP,
WLR1, WLR2, CR, and SCWT (all p < 0.05). No statistically significant differences were
detected in the TMT-A and TMT-B (Table 2).

Table 2. Neurocognitive functions † in the aMCI (n = 18) and NC (n = 21) groups.

aMCI Group NC Group p Value

VF −0.82 ± 0.54 ** 0.47 ± 1.13 0.001
BNT −0.33 ± 1.2 * 0.65 ± 0.7 0.011
MMSE-KC −0.95 ± 0.88 * −0.09 ± 1.14 0.032
WLM −0.94 ± 0.78 ** 1.01 ± 1.07 0.000
CP −0.42 ± 1.46 * 0.44 ± 0.64 0.027
WLR1 −1.44 ± 0.83 ** 0.34 ± 0.78 0.000
WLR2 −1.77 ± 1.49 ** 0.4 ± 0.53 0.000
CR −1.41 ± 0.62 ** 0.56 ± 1.03 0.000
TMT-A 0.18 ± 0.68 0.6 ± 0.79 0.136
TMT-B 0.45 ± 0.84 0.5 ± 1.21 0.699
SCWT −1.02 ± 0.8 * 0.14 ± 0.81 0.002

*: p < 0.05, **: p < 0.01 (independent t-test). †: Given values are z-scores adjusted for age, sex, and education.
aMCI: amnestic mild cognitive impairment, NC: normal controls; VF: verbal fluency, BNT: Boston naming
test, WLM: word list memory, WLR1: word list recall, CP: constructional praxis, WLR2: word list recognition,
CR: constructional recall, TMT-A,-B: trail making test-A-B: trail making test-B, SCWT: stroop color-word test.

3.3. Sleep–Wake Timing, Rest–Activity Rhythms, and Melatonin Rhythms

Although 39 participants (18 aMCI, 21 NC) were initially enrolled, not all participants
contributed usable data to every analysis because of incomplete protocol completion or
failure to meet predefined data quality criteria. Specifically, sleep parameter analyses were
conducted in 37 participants with sufficient actigraphy and sleep diary data (17 aMCI,
20 NC), whereas RAR analyses were restricted to 32 participants with at least three valid
days of actigraphy recording after quality control (13 aMCI, 19 NC). For melatonin assess-
ment, 27 participants attempted the home-based salivary melatonin sampling protocol.
After excluding two participants because of inadequate or failed sampling, 25 partici-
pants were included in the final analysis (9 with directly calculated DLMO and 16 with
estimated DLMO).

After controlling for age, no statistically significant differences were detected in sleep
timing variables, including bedtime, sleep onset, wake time, and midsleep time, nor were
there significantly differences between the aMCI and NC groups (all p > 0.05). Additionally,
no statistically significant differences were detected between the groups in IS, IV, or RA.
Furthermore, no statistically significant differences in DLMO were detected between the
aMCI and NC groups after controlling for age (p = 0.125) (Table 3).

Table 3. Sleep–wake timing, rest–activity rhythms, and melatonin rhythm variables in the aMCI and
NC groups.

aMCI Group NC Group p-Value

Sleep timings (n = 17) (n = 20)
Bedtime (h:m) 22:00 ± 1.5 22:49 ± 1.0 0.244

Sleep onset (h:m) 22:20 ± 1.4 22:59 ± 0.9 0.503
Wake time (h:m) 05:55 ± 1.1 06:38 ± 1.2 0.171
Midsleep time (h:m) 03:47± 0.8 03:50 ± 0.6 0.522
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Table 3. Cont.

aMCI Group NC Group p-Value

Rest–activity rhythm (n = 15) (n = 19)
IS 0.61 ± 0.15 0.56 ± 0.16 0.164
IV 0.85 ± 0.33 0.75 ± 0.23 0.496
RA 0.89 ± 0.84 0.90 ± 0.92 0.347

Melatonin rhythm (n = 9) (n = 16)
DLMO (h:m) 21:06 ± 2.7 22:41 ± 1.9 0.125

ANCOVA controlling for age. aMCI: amnestic mild cognitive impairment, NC: normal controls; IS: interdaily
stability, IV: intradaily variability, RA: relative amplitude; DLMO: Dim light melatonin onset.

3.4. Effects of the Sleep–Wake Timing Variables on the Cognitive Functions

No significant main or interaction effects of sleep–wake timing variables on cognitive
performance were found in the GLMs (Table 4).

Table 4. Main effects of sleep–wake variables and group by them interactions on the VF, WLM, WLR1,
WLR2, CR and SCWT (n = 37: aMCI = 17, NC = 20).

SO Group by SO WT Group by WT MST Group by MST

VF

B (95% CI) 0.004(−0.45, 0.46) 0.079(−0.48, 0.64) 0.222(−0.13, 0.57) −0.169(−0.70,
0.36) 0.443(−0.26, 1.14) −0.534(−1.46, 0.39)

Partial η2 0.003 0.002 0.030 0.012 0.026 0.002

WLM
B (95% CI) 0.002(−0.47, 0.47) −0.062(−64, 0.52) 0.059 (−0.31, 0.43) 0.007(−0.56, 0.57) 0.116(−0.62, 0.85) 0.068(−0.91, 1.05)
Partial η2 0.001 0.001 0.006 0.000 0.000 0.001

WLR1

B (95% CI) 0.005(−0.40, 0.40) 0.029 (−0.46, 0.52) 0.190(−0.12, 0.50) −0.136(−0.60,
0.33) 0.377(−0.24, 0.99) −0.378(−1.19, 0.44)

Partial η2 0.001 0.000 0.031 0.010 0.020 0.004

WLR2
B (95% CI) 0.083(−0.40, 0.57) 0.179(−0.42, 0.78) 0.070(−0.32, 0.46) 0.161(−0.43, 0.75) 0.038(−0.75, 0.82) −0.254(−1.29, 0.78)
Partial η2 0.038 0.010 0.029 0.009 0.054 0.017

CR

B (95% CI) −0.078(−0.51,
0.35) 0.050(−0.48, 0.58) 0.196(−0.14, 0.53) −0.269(−0.78,

0.24) 0.492(−0.17, 1.15) −0.524(−1.40, 0.35)

Partial η2 0.005 0.001 0.007 0.032 0.001 0.012

SCWT

B (95% CI) 0.103(−0.28, 0.49) 0.102(−0.37, 0.58) 0.176(−0.13, 0.48) −0.274(−0.74,
0.19) 0.228(−0.36, 0.82) −0.700(−1.48, 0.81)

Partial η2 0.048 0.006 0.003 0.040 0.045 0.002

Generalized linear model. Values are presented as unstandardized coefficients (B) with 95% confidence intervals
and Partial η2 for effect sizes. Higher coefficients indicate greater change in the cognitive z-score per one-unit
increase in the corresponding predictor. aMCI: amnestic mild cognitive impairment, NC: normal controls;
SO: sleep onset, WT: wake time, MST: midsleep time; VF: verbal fluency, BNT: Boston naming test,
WLM: word list memory, WLR1: word list recall, WLR2: word list recognition, CR: Constructional recall,
SCWT: stroop color-word test.

3.5. Effects of the RAR Variables on the Cognitive Functions

A significant main effect of IS was found on both constructional recall (CR)
(β = 2.61, 95% CI [1.15, 5.07], p = 0.027) and the SCWT (β = 2.03, 95% CI [0.22, 4.28],
p = 0.049), indicating that greater day-to-day rhythm regularity was associated with better
performance in visuospatial memory and executive function. Additionally, a significant
interaction effect between group and RA was observed for WLR2, indicating that higher
RA was associated with lower WLR2 performance in the aMCI group (β = −8.51, 95% CI
[−16.07, −0.95], p = 0.010), but not in the NC group (Table 5) (Figure 1).
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Table 5. Main effects of nonparametric RAR variables and group by them interactions on the VF,
WLM, WLR1, WLR2, CR and SCWT (n = 32: aMCI = 13, NC = 19).

IS Group by IS IV Group by IV RA Group by RA

VF
B (95% CI) 1.572(−1.10, 4.24) −0.422(−4.67, 3.82) 0.971(−1.04, 2.98) −0.933(−3.58, 1.71) −1.469(−6.55, 3.61) 3.261(−5.35, 11.87)
Partial η2 0.003 0.040 0.016 0.084 0.001 0.026

WLM

B (95% CI) 1.760(−0.97, 4.49) 1.145(−3.20, 5.49) −1.315(−3.35,
0.72) 1.947(−0.73, 4.63) 5.549(0.70, 10.40) −5.765(−13.98,

2.45)
Partial η2 0.129 0.009 0.025 0.037 0.076 0.042

WLR1

B (95% CI) 1.949(−0.36, 4.26) −2.353 (−6.03,
1.32) 0.455(−1.17, 2.08) −0.568(−2.71, 1.57) 1.556(−2.38, 5.49) −4.593(−11.26,

2.07)
Partial η2 0.022 0.050 0.000 0.023 0.001 0.036

WLR2

B (95% CI) −0.074(−2.78,
2.63) −3.402(−7.71, 0.91) 0.207(−1.81, 2.22) 0.029(−2.62, 2.68) 1.328(−3.13, 5.79) −8.510 ** (−16.07,

−0.95)
Partial η2 0.080 0.074 0.014 0.004 0.096 0.173

CR

B (95% CI) 2.61 ** (0.15, 5.07) −2.541(−6.45, 1.37) −0.380(−2.15,
1.39) 1.264(−1.06, 3.59) 0.198(−4.30, 4.70) −2.803(−10.42,

4.81)
Partial η2 0.057 0.051 0.001 0.007 0.001 0.003

SCWT

B (95% CI) 2.03 * (−0.22,
4.28) −2.87(−6.46, 0.73) 0.269(−1.42, 1.96) −0.392(−2.61, 1.83) 2.877(−0.96, 6.71) −1.789(−8.29, 4.71)

Partial η2 0.016 0.084 0.001 0.004 0.050 0.011

*: p < 0.05, ** p < 0.01 (Generalized linear model). Values are presented as unstandardized coefficients (B) with
95% confidence intervals and Partial η2 for effect sizes. Higher coefficients indicate greater change in the
cognitive z-score per one-unit increase in the corresponding predictor. For practical interpretation, higher IS
indicates greater rhythm stability, higher IV indicates greater fragmentation, and higher RA indicates stronger rest–
activity contrast; IS and RA range from 0 to 1. aMCI: amnestic mild cognitive impairment, NC: normal controls;
IS: interdaily stability, IV: intradaily variability, RA: relative amplitude; VF: verbal fluency, BNT: Boston naming
test, WLM: word list memory, WLR1: word list recall, WLR2: word list recognition, CR: Constructional recall,
SCWT: stroop color-word test.

Figure 1. Predicted marginal effects of relative amplitude (RA) on Word List Recognition (WLR2)
scores, separately for the aMCI and NC groups. A significant group × RA interaction effect was
observed (p = 0.01). The red line represents the generalized linear model for the aMCI group, and the
blue line represents the model for the NC group.

3.6. Effects of the DLMO on the Cognitive Functions

DLMO was not significantly associated with any cognitive variable, and no significant
group by DLMO interactions were found (Table 6).
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Table 6. Main effects of DLMO and grouped by their interactions on the VF, WLM, WLR1, WLR2, CR
and SCWT (n = 25: aMCI = 9, NC = 16).

DLMO Group by DLMO

VF
B (95% CI) −0.018 (−0.29, 0.26) −0.037 (−0.42, 0.34)
Partial η2 0.006 0.001

WLM
B (95% CI) 0.153 (−0.09, 0.40) −0.311 (−0.27, 0.24)
Partial η2 0.000 0.114

WLR1
B (95% CI) 0.074 (−0.11, 0.26) −0.016 (−0.21, 0.29)
Partial η2 0.040 0.001

WLR2
B (95% CI) −0.089 (−0.27, 0.09) 0.041 (−0.45, 0.46)
Partial η2 0.045 0.004

CR
B (95% CI) 0.150 (−0.10, 0.40) −0.143 (−0.49, 0.21)
Partial η2 0.031 0.025

SCWT
B (95% CI) −0.053 (−0.26, 0.16) 0.070 (−0.23, 0.37)
Partial η2 0.002 0.009

Generalized linear model. Values are presented as unstandardized coefficients (B) with 95% confidence intervals
and Partial η2 for effect sizes. Higher coefficients indicate greater change in the cognitive z-score per one-
unit increase in DLMO. For practical interpretation, higher DLMO values indicate a later circadian phase.
aMCI: amnestic mild cognitive impairment, NC: normal controls, DLMO: Dim light melatonin onset; VF: verbal
fluency, BNT: Boston naming test, WLM: word list memory, WLR1: word list recall, WLR2: word list recognition,
CR: constructional recall, SCWT: stroop color-word test.

4. Discussion
The primary aim of this study was to compare circadian markers between patients with

aMCI and cognitively normal controls, as well as to explore the associations between these
markers and cognitive performance. Overall, our findings did not support the hypothesis
of between-group differences in circadian markers, but they did support the hypothesis that
circadian alterations are associated with poorer performance in specific cognitive domains.

4.1. Clinical and Neurocognitive Characteristics of aMCI

Patients with aMCI showed higher depression scores (GDS-K) than normal controls,
which is consistent with previous findings that depressive symptoms are common among
individuals with cognitive decline [26,27]. This elevated level of depression is generally
understood to reflect emotional distress arising from the self-awareness of cognitive de-
cline [28]. Depressive symptoms, sleep–wake disturbances, and cognitive impairment may
arise from overlapping neurobiological mechanisms related to circadian dysregulation,
which affects the regulation of sleep–wake cycles, neuroendocrine rhythms, and synaptic
plasticity that collectively support mood and cognitive function [5,29]. Therefore, whether
depression in MCI is a confounding factor or a distinct clinical phenotype that reflects the
underlying pathophysiology of cognitive impairment remains to be determined.

4.2. Circadian Rhythm Profiles in aMCI

In this study, patients with aMCI exhibited significantly lower performance than
NC across most neurocognitive domains, except for the TMT. This broad impairment,
particularly in memory and language, likely reflects the relatively high proportion of the
multi-domain subtype in our aMCI group (n = 18; 8 single-domain, 10 multi-domain).
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Previous studies have identified memory and language deficits as early markers of pro-
gression from aMCI to AD [30,31], suggesting that our sample may reflect prominent early
cognitive vulnerability. Importantly, this subtype composition should be considered when
interpreting the associations between circadian variables and cognition, as these associa-
tions may differ between single-domain and multi-domain aMCI. Although the present
sample size did not permit a reliable subgroup comparison, this possibility warrants further
investigation in larger studies.

In this study, no significant differences were found in sleep–wake timing parameters,
including bedtime, sleep onset, wake time, and midsleep time, between the aMCI and NC
groups (Table 3). These findings suggest that, unlike patients with AD who often show
delayed sleep onset or irregular wake times, individuals with aMCI may not exhibit clear
alterations in sleep–wake timing [7,32]. Despite the lack of significant differences, these
findings suggest that circadian sleep–wake timing remains relatively preserved in early
cognitive decline. It has received less attention than sleep quality or architecture in previous
studies [33,34].

Similarly, no significant group differences were found in RAR metrics, including IS,
IV, and RA, between the aMCI and NC groups (Table 3). These results indicated that
daily activity patterns were largely maintained during the early stages of cognitive decline,
with no clear signs of circadian disruption. We have previously shown in a related MCI
cohort [35] that RAR parameters remain largely preserved, which is consistent with the
current findings in aMCI. In contrast, patients with AD typically exhibit disrupted RAR
profiles, characterized by reduced regularity, increased fragmentation, and diminished
amplitude [6,32,36].

DLMO, a biological marker of the circadian phase, did not differ significantly between
the aMCI and NC groups (Table 3). Although the aMCI group showed a numerically earlier
mean DLMO, these findings suggest that prominent shifts in the melatonin rhythm may
not occur during the prodromal stage of cognitive decline. Previous findings in individuals
with MCI remain limited and inconsistent, with some studies reporting advanced DLMO
compared to controls [21]. In contrast, studies on patients with AD have frequently reported
a delayed melatonin phase, reflecting neurodegenerative changes in the SCN and associated
circadian dysregulation [37]. Taken together, the lack of group differences in sleep–wake
timing, RAR, and DLMO in this study does not provide clear evidence of overt circadian
disruption in patients with aMCI. In this modest sample, behavioral measures such as
sleep–wake timing and activity rhythm, as well as DLMO, did not differ significantly
between groups. However, these findings should be interpreted cautiously and should not
be taken as definitive evidence of preserved circadian organization or phase regulation.

4.3. Associations Between Circadian Rhythm Parameters and Cognitive Function

No significant associations were found between the sleep- wake timing variables
and cognitive performance (Table 4). While disruptions in sleep–wake timing are well
documented in AD and linked to melatonin dysregulation or SCN dysfunction [38], such
alterations are not yet evident in aMCI, possibly reflecting relatively preserved circadian
regulation at this stage. Since prior MCI studies have mainly focused on sleep quality and
sleep architecture rather than timing-related variables [39], these null findings should be
interpreted with caution, given the limited evidence on the role of sleep timing in aMCI.

Our findings revealed that greater IS, which reflects the consistency of daily activity
rhythms, was significantly associated with better performance in visuospatial memory
(CR) and executive function tests (SCWT) (Table 5). This is consistent with previous re-
ports showing that more stable circadian rhythms are associated with preserved cognitive
performance and a lower risk of cognitive decline in older adults [11,40]. Given that non-
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verbal memory and executive control rely on the coordinated function of the hippocampus,
occipitoparietal association areas, and prefrontal networks, which are influenced by the cir-
cadian modulation of sleep-dependent memory consolidation and cortical arousal [3,9,41],
this association may reflect the beneficial effects of stable daily rhythmicity in supporting
memory integration and higher-order cognitive control. Stable circadian organization
likely facilitates optimal synchronization between the sleep–wake cycle and cortical arousal
rhythms, thereby enhancing neural efficiency in tasks that require memory retrieval and
executive coordination. Together, these findings suggest that maintaining regular daily
routines and consistent activity–rest patterns may help preserve nonverbal memory and
executive functioning in individuals with aMCI. From a clinical perspective, these findings
suggest that behavioral strategies aimed at enhancing day-to-day circadian stability may
be relevant for older adults with aMCI. In particular, maintaining structured daily routines
and optimizing daytime light exposure may help support more stable sleep–wake patterns
and daily activity rhythms. Such behavioral and environmental approaches may represent
practical chronotherapeutic strategies for future investigation in patients with aMCI.

In contrast, the RA, representing the contrast between daytime and nighttime activity
levels, showed a significant group-by-RA interaction in relation to cognitive performance,
indicating an unexpected negative association in the aMCI group (Figure 1). Specifically,
in participants with aMCI, higher RA was associated with poorer verbal memory scores.
This finding contrasts with previous studies that reported that greater circadian regularity
or amplitude is generally linked to better cognitive performance in older adults [11,40].
A high RA may indicate stronger circadian rhythmicity, but an excessively elevated RA
does not necessarily reflect restorative sleep [42]. One possible explanation is that, in some
individuals with aMCI, higher RA may reflect reduced behavioral flexibility rather than
truly robust circadian function; however, this interpretation remains hypothetical and is
not directly supported by the present data. Therefore, this finding should be considered
preliminary and interpreted cautiously, and future dedicated studies are needed before any
firm conclusions can be drawn.

In summary, while sleep–wake timing variables were not significantly associated with
cognitive performance, greater stability of daily activity rhythms (IS) showed meaningful
associations with visuospatial and executive functions, suggesting the beneficial effects
of maintaining consistent daily patterns. In contrast, the unexpected negative association
between the RA and verbal memory implies that excessively rigid or dysregulated activity
rhythms may adversely affect cognitive performance in individuals with aMCI. Overall,
these findings suggest that the stability and adaptive flexibility of circadian rhythms, rather
than the timing of sleep itself, may play a pivotal role in maintaining cognitive function
during aMCI.

In this study, general linear model (GLM) analyses revealed no significant main effects
of DLMO on cognitive performance and no significant interactions between DLMO and
the diagnostic group (aMCI vs. NC) across the cognitive domains (Table 6). Although
previous studies have reported delayed or attenuated melatonin rhythms in AD and in
preclinical at-risk older adults [43,44], only a few studies have examined DLMO in MCI,
with inconsistent findings. For example, Naismith et al. [21] observed a delayed melatonin
onset, whereas Nous et al. (2021) [45] reported an advanced phase. These findings suggest
that DLMO alterations may not be directly related to cognitive performance during the
prodromal (aMCI) stage. However, given the limited sample size, these findings should be
interpreted with caution. Furthermore, methodological limitations—specifically our narrow
5 h sampling window with 1 h resolution—may not have captured the exact DLMO. This
may have increased the risk of circadian phase misclassification, particularly in individuals
with particularly early or late melatonin onset, and may have obscured subtle associations
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between DLMO and cognitive performance. Accordingly, the null findings should not be
interpreted as evidence of no relationship.

This study had several limitations. First, the relatively small sample size limited the
statistical power, and subtle effects may have gone undetected. As this was a small-sample
study with multiple predictors and interaction terms, the analyses should be interpreted
as exploratory, and parameter estimates may have been underpowered to detect small-
to-moderate associations. In addition, because multiple statistical tests were conducted
and p-values were not adjusted for multiplicity, the findings—particularly those near the
conventional significance threshold—should be interpreted as hypothesis-generating rather
than confirmatory. Second, some participants were excluded from the sleep parameter
and RAR analyses because of incomplete actigraphy/sleep diary data or insufficient valid
actigraphy recording days, which may have introduced selection bias. In addition, the
actigraphy the monitoring period was limited to five consecutive days, and the RAR
analysis was based on hourly aggregated rest–activity data, which may have restricted
the ability to capture broader day-to-day variability in rest–activity rhythms and more
subtle rest–activity rhythm variations. Third, the study population consisted of older
Korean adults recruited from a single province, which may limit the generalizability of
the findings to other regional or ethnic populations. Fourth, owing to the cross-sectional
study design, the observed associations should be interpreted as correlational rather than
causal. Fifth, because salivary samples were collected at home, strict dim-light conditions
(<15 lx) could not be objectively verified. This, together with the relatively narrow 5 h
sampling window, may have introduced misclassification of circadian phase, particularly
in participants with very early or very late melatonin onset. Sixth, primary sleep disorders
were screened through clinical interviews and questionnaires, but objective assessments
such as polysomnography or home sleep apnea testing were not systematically performed.
Therefore, undetected sleep-disordered breathing or other sleep-related conditions may
have influenced the findings. Finally, although we used age-, sex-, and education-adjusted
z-scores for cognitive outcomes, residual confounding cannot be excluded. In group
comparisons of circadian variables, some analyses were adjusted for age, but depressive
symptoms (GDS-K) were not additionally controlled. Moreover, in the generalized linear
models examining associations between circadian markers and cognitive performance,
age and GDS-K were not included as covariates because of concerns about overfitting
and reduced statistical power in this relatively small sample. In addition, because formal
comparisons between included and excluded participants were not performed, potential
attrition bias could not be fully assessed.

5. Conclusions
Despite these limitations, this study provided novel insights into the multidimen-

sional relationship between circadian rhythmicity and cognitive function in individuals
with aMCI. To the best of our knowledge, this is the first study to concurrently evaluate
sleep–wake timing, actigraphy-derived RAR indices, and biological phase markers (DLMO)
within the same cohort. By integrating behavioral and physiological indicators of circadian
organization, our approach extends previous single-marker studies and highlights the
functional relevance of rhythmic stability and adaptability. Importantly, the associations of
greater stability of daily activity rhythms (IS) with better nonverbal memory and executive
performance, and of higher RA with poorer verbal memory, should be considered prelimi-
nary but promising findings. These results suggest that stability and adaptive flexibility of
circadian rhythms, rather than timing per se or rhythm amplitude alone, may be relevant
to cognitive function in aMCI. Larger longitudinal studies are needed to confirm these asso-
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ciations, clarify causal pathways, and explore rhythm-based biomarkers and interventions
aimed at preserving cognitive function in populations at risk of dementia.
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Abbreviations
The following abbreviations are used in this manuscript:

aMCI amnestic mild cognitive impairment
NC normal controls
GDS-K Korean version of the Geriatric Depression Scale
MEQ-K Korean version of the Morningness-Eveningness Questionnaire
KESS Korean version of the Epworth Sleepiness Scale
PSQI Pittsburgh Sleep Quality Index
ISI Insomnia Severity Index

CERAD-K
Korean version of the Consortium to Establish a Registry
for Alzheimer’s Disease assessment battery

MMSE-KC
Mini-Mental State Examination in the Korean version of the
CERAD Assessment Packet

VF verbal fluency
BNT Boston Naming Test
WLM Word List Memory
WLR1 Word List Recall
WLR2 Word List Recognition
CP constructional praxis
CR constructional recall
TMT-A Trail Making Test-A
TMT-B Trail Making Test-B
SCWT Stroop Color-Word Test
BT bedtime
SO sleep onset
WT wake time
MST midsleep time
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IS interdaily stability
IV intradaily variability
RA relative amplitude
DLMO dim light melatonin onset
RAR rest–activity rhythm
SCN suprachiasmatic nucleus
DSM-5 Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition
ELISA enzyme-linked immunosorbent assay
GLM generalized linear model
AD Alzheimer’s disease

References
1. Czeisler, C.A.; Gooley, J.J. Sleep and circadian rhythms in humans. Cold Spring Harb. Symp. Quant. Biol. 2007, 72, 579–597.

[CrossRef]
2. Dibner, C.; Schibler, U.; Albrecht, U. The mammalian circadian timing system: Organization and coordination of central and

peripheral clocks. Annu. Rev. Physiol. 2010, 72, 517–549. [CrossRef]
3. Schmidt, C.; Collette, F.; Cajochen, C.; Peigneux, P. A time to think: Circadian rhythms in human cognition. Cogn. Neuropsychol.

2007, 24, 755–789. [CrossRef] [PubMed]
4. Hood, S.; Amir, S. The aging clock: Circadian rhythms and later life. J. Clin. Investig. 2017, 127, 437–446. [CrossRef] [PubMed]
5. Musiek, E.S.; Holtzman, D.M. Mechanisms linking circadian clocks, sleep, and neurodegeneration. Science 2016, 354, 1004–1008.

[CrossRef] [PubMed]
6. Leng, Y.; Musiek, E.S.; Hu, K.; Cappuccio, F.P.; Yaffe, K. Association between circadian rhythms and neurodegenerative diseases.

Lancet Neurol. 2019, 18, 307–318. [CrossRef] [PubMed]
7. Wang, J.L.; Lim, A.S.; Chiang, W.Y.; Hsieh, W.H.; Lo, M.T.; Schneider, J.A.; Buchman, A.S.; Bennett, D.A.; Hu, K.; Saper, C.B.

Suprachiasmatic neuron numbers and rest–activity circadian rhythms in older humans. Ann. Neurol. 2015, 78, 317–322. [CrossRef]
8. Musiek, E.S.; Lim, M.M.; Yang, G.; Bauer, A.Q.; Qi, L.; Lee, Y.; Roh, J.H.; Ortiz-Gonzalez, X.; Dearborn, J.T.; Culver, J.P. Circadian

clock proteins regulate neuronal redox homeostasis and neurodegeneration. J. Clin. Investig. 2013, 123, 5389–5400. [CrossRef]
9. Gerstner, J.R.; Yin, J.C. Circadian rhythms and memory formation. Nat. Rev. Neurosci. 2010, 11, 577–588. [CrossRef]
10. Kondratova, A.A.; Kondratov, R.V. The circadian clock and pathology of the ageing brain. Nat. Rev. Neurosci. 2012, 13, 325–335.

[CrossRef]
11. Tranah, G.J.; Blackwell, T.; Stone, K.L.; Ancoli-Israel, S.; Paudel, M.L.; Ensrud, K.E.; Cauley, J.A.; Redline, S.; Hillier, T.A.;

Cummings, S.R. Circadian activity rhythms and risk of incident dementia and mild cognitive impairment in older women.
Ann. Neurol. 2011, 70, 722–732. [CrossRef]

12. Paget-Blanc, A.; Thurston, R.C.; Smagula, S.F.; Chang, Y.; Maki, P.M. Rest-activity rhythm characteristics associated with lower
cognitive performance and Alzheimer’s disease biomarkers in midlife women. Alzheimer’s Dement. Diagn. Assess. Dis. Monit.
2025, 17, e70105. [CrossRef] [PubMed]

13. Roenneberg, T.; Wirz-Justice, A.; Merrow, M. Life between clocks: Daily temporal patterns of human chronotypes. J. Biol. Rhythm.
2003, 18, 80–90. [CrossRef] [PubMed]

14. Blackwell, T.; Yaffe, K.; Ancoli-Israel, S.; Schneider, J.L.; Cauley, J.A.; Hillier, T.A.; Fink, H.A.; Stone, K.L. Poor sleep is associated
with impaired cognitive function in older women: The study of osteoporotic fractures. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 2006,
61, 405–410. [CrossRef] [PubMed]

15. Naismith, S.L.; Rogers, N.L.; Hickie, I.B.; Mackenzie, J.; Norrie, L.M.; Lewis, S.J. Sleep well, think well: Sleep-wake disturbance in
mild cognitive impairment. J. Geriatr. Psychiatry Neurol. 2010, 23, 123–130. [CrossRef]

16. Petersen, R.C.; Smith, G.E.; Waring, S.C.; Ivnik, R.J.; Tangalos, E.G.; Kokmen, E. Mild cognitive impairment: Clinical characteriza-
tion and outcome. Arch. Neurol. 1999, 56, 303–308. [CrossRef]

17. Petersen, R.C. Mild cognitive impairment as a diagnostic entity. J. Intern. Med. 2004, 256, 183–194. [CrossRef]
18. Whitwell, J.L.; Petersen, R.C.; Negash, S.; Weigand, S.D.; Kantarci, K.; Ivnik, R.J.; Knopman, D.S.; Boeve, B.F.; Smith, G.E.;

Jack, C.R. Patterns of atrophy differ among specific subtypes of mild cognitive impairment. Arch. Neurol. 2007, 64, 1130–1138.
[CrossRef]

19. Brambati, S.M.; Belleville, S.; Kergoat, M.-J.; Chayer, C.; Gauthier, S.; Joubert, S. Single-and multiple-domain amnestic mild
cognitive impairment: Two sides of the same coin. Dement. Geriatr. Cogn. Disord. 2010, 28, 541–549. [CrossRef]

20. Han, J.W.; Kim, T.H.; Lee, S.B.; Park, J.H.; Lee, J.J.; Huh, Y.; Park, J.E.; Jhoo, J.H.; Lee, D.Y.; Kim, K.W. Predictive validity and
diagnostic stability of mild cognitive impairment subtypes. Alzheimer’s Dement. 2012, 8, 553–559. [CrossRef]

https://doi.org/10.3390/jcm15083023

https://doi.org/10.1101/sqb.2007.72.064
https://doi.org/10.1146/annurev-physiol-021909-135821
https://doi.org/10.1080/02643290701754158
https://www.ncbi.nlm.nih.gov/pubmed/18066734
https://doi.org/10.1172/JCI90328
https://www.ncbi.nlm.nih.gov/pubmed/28145903
https://doi.org/10.1126/science.aah4968
https://www.ncbi.nlm.nih.gov/pubmed/27885006
https://doi.org/10.1016/S1474-4422(18)30461-7
https://www.ncbi.nlm.nih.gov/pubmed/30784558
https://doi.org/10.1002/ana.24432
https://doi.org/10.1172/JCI70317
https://doi.org/10.1038/nrn2881
https://doi.org/10.1038/nrn3208
https://doi.org/10.1002/ana.22468
https://doi.org/10.1002/dad2.70105
https://www.ncbi.nlm.nih.gov/pubmed/40242837
https://doi.org/10.1177/0748730402239679
https://www.ncbi.nlm.nih.gov/pubmed/12568247
https://doi.org/10.1093/gerona/61.4.405
https://www.ncbi.nlm.nih.gov/pubmed/16611709
https://doi.org/10.1177/0891988710363710
https://doi.org/10.1001/archneur.56.3.303
https://doi.org/10.1111/j.1365-2796.2004.01388.x
https://doi.org/10.1001/archneur.64.8.1130
https://doi.org/10.1159/000255240
https://doi.org/10.1016/j.jalz.2011.08.007
https://doi.org/10.3390/jcm15083023


J. Clin. Med. 2026, 15, 3023 16 of 17

21. Naismith, S.L.; Hickie, I.B.; Terpening, Z.; Rajaratnam, S.W.; Hodges, J.R.; Bolitho, S.; Rogers, N.L.; Lewis, S.J. Circadian
misalignment and sleep disruption in mild cognitive impairment. J. Alzheimer’s Dis. 2013, 38, 857–866. [CrossRef]

22. Douglass, A.B.; Bomstein, R.; Nino-Murcia, G.; Keenan, S.; Miles, L.; Zarcone, V.P., Jr.; Guilleminault, C.; Dement, W.C. The sleep
disorders questionnaire I: Creation and multivariate structure of SDQ. Sleep 1994, 17, 160–167. [CrossRef]

23. Lee, J.H.; Lee, K.U.; Lee, D.Y.; Kim, K.W.; Jhoo, J.H.; Kim, J.H.; Lee, K.H.; Kim, S.Y.; Han, S.H.; Woo, J.I. Development of the
Korean Version of the Consortium to Establish a Registry for Alzheimer’s Disease Assessment Packet (CERAD-K) clinical and
neuropsychological assessment batteries. J. Gerontol. Ser. B Psychol. Sci. Soc. Sci. 2002, 57, P47–P53. [CrossRef]

24. Kim, S.J.; Lim, Y.C.; Kwon, H.J.; Lee, J.H. Association of rest–activity and light exposure rhythms with sleep quality in insomnia
patients. Chronobiol. Int. 2020, 37, 403–413. [CrossRef]

25. Robillard, R.; Carpenter, J.S.; Feilds, K.-L.; Hermens, D.F.; White, D.; Naismith, S.L.; Bartlett, D.; Whitwell, B.; Southan, J.; Scott,
E.M. Parallel changes in mood and melatonin rhythm following an adjunctive multimodal chronobiological intervention with
agomelatine in people with depression: A proof of concept open label study. Front. Psychiatry 2018, 9, 624. [CrossRef]

26. Geda, Y.E.; Knopman, D.S.; Mrazek, D.A.; Jicha, G.A.; Smith, G.E.; Negash, S.; Boeve, B.F.; Ivnik, R.J.; Petersen, R.C.; Pankratz,
V.S. Depression, apolipoprotein E genotype, and the incidence of mild cognitive impairment: A prospective cohort study.
Arch. Neurol. 2006, 63, 435–440. [CrossRef] [PubMed]

27. Steffens, D.C.; Skoog, I.; Norton, M.C.; Hart, A.D.; Tschanz, J.T.; Plassman, B.L.; Wyse, B.W.; Welsh-Bohmer, K.A.; Breitner, J.C.
Prevalence of depression and its treatment in an elderly population: The Cache County study. Arch. Gen. Psychiatry 2000, 57,
601–607. [CrossRef] [PubMed]

28. Piras, F.; Piras, F.; Orfei, M.D.; Caltagirone, C.; Spalletta, G. Self-awareness in mild cognitive impairment: Quantitative evidence
from systematic review and meta-analysis. Neurosci. Biobehav. Rev. 2016, 61, 90–107. [CrossRef] [PubMed]

29. Wulff, K.; Gatti, S.; Wettstein, J.G.; Foster, R.G. Sleep and circadian rhythm disruption in psychiatric and neurodegenerative
disease. Nat. Rev. Neurosci. 2010, 11, 589–599. [CrossRef]

30. Albert, M.S.; Moss, M.B.; Tanzi, R.; Jones, K. Preclinical prediction of AD using neuropsychological tests. J. Int. Neuropsychol. Soc.
2001, 7, 631–639. [CrossRef]

31. Belleville, S.; Fouquet, C.; Hudon, C.; Zomahoun, H.T.V.; Croteau, J.; Consortium for the Early Identification of Alzheimer’s
Disease-Quebec. Neuropsychological measures that predict progression from mild cognitive impairment to Alzheimer’s type
dementia in older adults: A systematic review and meta-analysis. Neuropsychol. Rev. 2017, 27, 328–353. [CrossRef]

32. Musiek, E.S.; Bhimasani, M.; Zangrilli, M.A.; Morris, J.C.; Holtzman, D.M.; Ju, Y.-E.S. Circadian rest-activity pattern changes in
aging and preclinical Alzheimer disease. JAMA Neurol. 2018, 75, 582–590. [CrossRef]

33. Bubu, O.M.; Pirraglia, E.; Andrade, A.G.; Sharma, R.A.; Gimenez-Badia, S.; Umasabor-Bubu, O.Q.; Hogan, M.M.; Shim, A.M.;
Mukhtar, F.; Sharma, N. Obstructive sleep apnea and longitudinal Alzheimer’s disease biomarker changes. Sleep 2019, 42, zsz048.
[CrossRef]

34. Lo, J.C.; Groeger, J.A.; Cheng, G.H.; Dijk, D.-J.; Chee, M.W. Self-reported sleep duration and cognitive performance in older
adults: A systematic review and meta-analysis. Sleep Med. 2016, 17, 87–98. [CrossRef]

35. Kim, S.J.; Lee, J.H.; Jang, J.-W.; Jung, H.S.; Suh, I.B. Abnormalities of rest-activity and light exposure rhythms associated with
cognitive function in patients with mild cognitive impairment (MCI). J. Circadian Rhythm. 2023, 21, 4. [CrossRef] [PubMed]

36. Hatfield, C.F.; Herbert, J.; Van Someren, E.J.; Hodges, J.; Hastings, M. Disrupted daily activity/rest cycles in relation to daily
cortisol rhythms of home-dwelling patients with early Alzheimer’s dementia. Brain 2004, 127, 1061–1074. [CrossRef] [PubMed]

37. Skene, D.J.; Swaab, D.F. Melatonin rhythmicity: Effect of age and Alzheimer’s disease. Exp. Gerontol. 2003, 38, 199–206. [CrossRef]
[PubMed]

38. Xiong, X.; Hu, T.; Yin, Z.; Zhang, Y.; Chen, F.; Lei, P. Research advances in the study of sleep disorders, circadian rhythm
disturbances and Alzheimer’s disease. Front. Aging Neurosci. 2022, 14, 944283. [CrossRef]

39. Pace-Schott, E.F.; Spencer, R.M. Sleep-dependent memory consolidation in healthy aging and mild cognitive impairment.
Sleep Neuronal Plast. Brain Funct. 2014, 25, 307–330.

40. Lim, A.S.; Kowgier, M.; Yu, L.; Buchman, A.S.; Bennett, D.A. Sleep fragmentation and the risk of incident Alzheimer’s disease
and cognitive decline in older persons. Sleep 2013, 36, 1027–1032. [CrossRef]

41. Mander, B.A.; Winer, J.R.; Jagust, W.J.; Walker, M.P. Sleep: A novel mechanistic pathway, biomarker, and treatment target in the
pathology of Alzheimer’s disease? Trends Neurosci. 2016, 39, 552–566. [CrossRef] [PubMed]

42. Rösler, L.; van Der Lande, G.; Leerssen, J.; Cox, R.; Ramautar, J.R.; van Someren, E.J. Actigraphy in studies on insomnia: Worth
the effort? J. Sleep Res. 2023, 32, e13750. [CrossRef] [PubMed]

43. Harper, D.G.; Stopa, E.G.; McKee, A.C.; Satlin, A.; Harlan, P.C.; Goldstein, R.; Volicer, L. Differential circadian rhythm disturbances
in men with Alzheimer disease and frontotemporal degeneration. Arch. Gen. Psychiatry 2001, 58, 353–360. [CrossRef] [PubMed]

https://doi.org/10.3390/jcm15083023

https://doi.org/10.3233/JAD-131217
https://doi.org/10.1093/sleep/17.2.160
https://doi.org/10.1093/geronb/57.1.P47
https://doi.org/10.1080/07420528.2019.1696810
https://doi.org/10.3389/fpsyt.2018.00624
https://doi.org/10.1001/archneur.63.3.435
https://www.ncbi.nlm.nih.gov/pubmed/16533972
https://doi.org/10.1001/archpsyc.57.6.601
https://www.ncbi.nlm.nih.gov/pubmed/10839339
https://doi.org/10.1016/j.neubiorev.2015.10.002
https://www.ncbi.nlm.nih.gov/pubmed/26639655
https://doi.org/10.1038/nrn2868
https://doi.org/10.1017/S1355617701755105
https://doi.org/10.1007/s11065-017-9361-5
https://doi.org/10.1001/jamaneurol.2017.4719
https://doi.org/10.1093/sleep/zsz048
https://doi.org/10.1016/j.sleep.2015.08.021
https://doi.org/10.5334/jcr.227
https://www.ncbi.nlm.nih.gov/pubmed/38162255
https://doi.org/10.1093/brain/awh129
https://www.ncbi.nlm.nih.gov/pubmed/14998915
https://doi.org/10.1016/S0531-5565(02)00198-5
https://www.ncbi.nlm.nih.gov/pubmed/12543278
https://doi.org/10.3389/fnagi.2022.944283
https://doi.org/10.5665/sleep.2802
https://doi.org/10.1016/j.tins.2016.05.002
https://www.ncbi.nlm.nih.gov/pubmed/27325209
https://doi.org/10.1111/jsr.13750
https://www.ncbi.nlm.nih.gov/pubmed/36217775
https://doi.org/10.1001/archpsyc.58.4.353
https://www.ncbi.nlm.nih.gov/pubmed/11296096
https://doi.org/10.3390/jcm15083023


J. Clin. Med. 2026, 15, 3023 17 of 17

44. Witting, W.; Kwa, I.; Eikelenboom, P.; Mirmiran, M.; Swaab, D.F. Alterations in the circadian rest-activity rhythm in aging and
Alzheimer’s disease. Biol. Psychiatry 1990, 27, 563–572. [CrossRef]

45. Nous, A.; Wittens, M.M.J.; Vermeiren, Y.; De Deyn, P.P.; Van Broeckhoven, C.; Nagels, G.; Smolders, I.; Engelborghs, S. Serum
daytime melatonin levels reflect cerebrospinal fluid melatonin levels in Alzheimer’s disease but are not correlated with cognitive
decline. J. Alzheimer’s Dis. 2021, 83, 693–704. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/jcm15083023

https://doi.org/10.1016/0006-3223(90)90523-5
https://doi.org/10.3233/JAD-210562
https://doi.org/10.3390/jcm15083023

	Introduction 
	Materials and Methods 
	Participants and Clinical Assessment 
	Procedures 
	Cognitive and Clinical Assessments 
	Actigraphy Monitoring and Circadian Rhythm Analysis 
	Melatonin Sampling and Dim Light Melatonin Onset (DLMO) 

	Statistical Analysis 

	Results 
	Demographic and Clinical Characteristics 
	Neurocognitive Functions 
	Sleep–Wake Timing, Rest–Activity Rhythms, and Melatonin Rhythms 
	Effects of the Sleep–Wake Timing Variables on the Cognitive Functions 
	Effects of the RAR Variables on the Cognitive Functions 
	Effects of the DLMO on the Cognitive Functions 

	Discussion 
	Clinical and Neurocognitive Characteristics of aMCI 
	Circadian Rhythm Profiles in aMCI 
	Associations Between Circadian Rhythm Parameters and Cognitive Function 

	Conclusions 
	References

