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The relationship between sleep quality, neurofilament light chain (NFL), and cognitive impairment, including the potential effect of
plasma NFL in this association, remains unclear. Using the Alzheimer’s Disease Neuroimaging Initiative (ADNI) cohort, we excluded
individuals with dementia or a history of sleep-related medication use at baseline, including 640 participants with complete sleep
assessments and covariates. Sleep quality was assessed using the Neuropsychiatric Inventory sleep subscale, which includes ratings
of frequency, severity, and their product, with higher scores indicating poorer sleep quality. Baseline and follow-up demographics,
sleep indices, plasma NFL levels, and cognition scores (including Mini-Mental State Examination [MMSE], Montreal Cognitive
Assessment [MoCA], Alzheimer’s Disease Assessment Scale-Cognitive Subscale [ADAS13], Clinical Dementia Rating Scale-Sum of
Boxes [CDRSB], Executive Function [EF], Language [LAN], and Memory [MEM]) were also collected. Multivariable linear regression
examined the associations between baseline sleep quality, plasma NFL, and cognition, as well as the relationship between sleep
quality and longitudinal cognitive decline, calculated using linear mixed-effects models. Mediation analysis evaluated the role of
plasma NFL in the sleep-cognition association. Multiple testing significance was corrected using false discovery rate, with results
presented as Q-values. Poor sleep quality scores were associated with elevated plasma NFL levels (3: 0.055 to 2.645, P < 0.05),
poorer cognition (ADAS13, CDRSB, EF, LAN, MEM; B: —0.188 to 1.279, Q < 0.05), and accelerated longitudinal cognitive decline
(MoCA; B: —0.005, Q < 0.05) in both models, with sensitivity analyses supporting these findings. Furthermore, plasma NFL levels
partially mediated the relationship between sleep quality and both baseline cognition (ADAS13, CDRSB, LAN, MEM; P < 0.05) and
longitudinal cognitive decline (MoCA; P < 0.05), with mediation proportions ranging from 9.2% to 26.7%. Poorer sleep quality was
associated with cognitive impairment and accelerated cognitive decline, suggesting its potential role in Alzheimer’s disease. These

associations may be partially mediated by neuroaxonal injury.
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INTRODUCTION

Cognitive impairment is a key component of neurodegeneration
disease, including Alzheimer’s disease (AD) [1, 2]. With an aging
population, delaying or preventing cognitive decline has become
a major focus in neuroscience and geriatric medicine [3].
Traditionally, lifestyle factors such as exercise, diet, smoking, and
alcohol consumption have been considered primary modifiable
risk factors for cognitive health [4]. Recently, sleep, a dynamic and
adjustable biological behavior, has gained increasing attention as
a critical risk factor for cognitive impairment.

Sleep disturbances are common in older adults, with aging
associated with changes in sleep patterns, including reduced total
sleep time and efficiency, increased fragmentation and difficulty
falling asleep, decreased rapid eye movement (REM) sleep and
slow-wave sleep, excessive daytime sleepiness, sleep-disordered
breathing, and circadian rhythm disruptions [5]. These alterations
are closely linked to cognitive decline. While ample evidence

suggests that good sleep quality enhances memory consolidation
in younger individuals, its benefits for older adults remain unclear
[5-7]. Thus, exploring the relationship between sleep quality and
cognition in older adults is crucial. However, most studies focus on
individual sleep patterns, with limited research on overall sleep
disturbances in populations. Notably, the relationship between
the frequency and severity of sleep/nighttime behavioral dis-
turbances and cognitive impairment remains underexplored. A
systematic evaluation of this association is needed.

Moreover, sleep disturbances can lead to dysregulated inflam-
matory responses, with mechanisms involving cytokine reactions,
neuroendocrine and autonomic pathways connecting sleep and
the immune system, and the role of inflammatory peptides in
sleep regulation [8]. These mechanisms underscore the impor-
tance of inflammation in sleep. However, the relationship between
neurofilament light chain (NFL), a key biomarker for axonal injury,
and sleep disturbances remains to be explored. The NFL, one of
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the three subunits of neurofilaments, is an important axonal
cytoskeletal protein crucial for axon growth. After inflammation-
induced axonal damage, NFL is released into the extracellular
environment, subsequently entering cerebrospinal fluid (CSF) and
blood, making it a key inflammatory biomarker for assessing
axonal injury [9]. Recent studies suggest that NFL may predict the
progression of sleep disturbances to neurodegenerative diseases
[10, 11]. Elevated plasma and CSF NFL concentrations in
neurodegenerative patients, compared to healthy controls, further
highlight its potential as a biomarker for diseases like AD [12].
However, the exact relationship between sleep disturbances and
NFL levels remains unclear. Furthermore, recent studies have
shown that poor subjective sleep quality is linked to increased
plasma monocyte cytokine secretion, immune activation, and
elevated transcription factor activity, providing a basis for further
investigation into the relationship between sleep, neuroinflamma-
tion, and neuronal damage [13, 14]. These findings support the
exploration of sleep/nighttime behavior disturbances, neuroin-
flammation, and cognitive impairment or AD. Thus, studying the
relationship between sleep disturbances and NFL levels is crucial
for understanding the mechanisms linking sleep disturbances to
cognitive decline or AD. However, research in this area remains in
its early stages, with limited evidence available.

In this context, given the close relationship between sleep, NFL,
and cognitive function, we hypothesize that sleep disturbances
may lead to cognitive decline through axonal damage, reflected
by elevated NFL levels. Furthermore, we propose that NFL may
mediate the relationship between sleep disturbances and
cognitive changes. Therefore, this study aims to: (1) examine the
cross-sectional and longitudinal relationships between baseline
sleep disturbances, plasma NFL levels, and cognitive function; (2)
analyze the mediating role of plasma NFL in the relationship
between sleep disturbances and cognitive function in a non-
demented population, and clarify how sleep disturbance fre-
quency, severity, and composite scores affect neuroinflammation
and neuronal health, leading to cognitive decline or dementia,
providing insights for optimizing sleep intervention strategies.

METHODS

ADNI study design

The data utilized in our study were sourced from the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) database (adni.loni.usc.edu) [15, 16].
Launched in 2003, ADNI is a $60 million, 5-year public-private partnership
involving the National Institute on Aging, the National Institute of
Biomedical Imaging and Bioengineering, the Food and Drug Administra-
tion, private pharmaceutical companies, and non-profit organizations. For
the most current information, please refer to www.adni-info.org. Written
consent was obtained from all participants at enrollment, and the study
received approval from the institutional review board at each
participating site.

Participants

We categorized the participants into three groups based on cognitive
status: the cognitively normal (CN) group, the mild cognitive impairment
(MCI) group, and the AD dementia group. Our study included only non-
demented individuals, comprising CN controls and individuals with MCI. All
participants had baseline data available on Neuropsychiatric Inventory
(NPI) scores, plasma NFL levels, cognitive assessments, and relevant
covariates from the ADNI database. Detailed inclusion and exclusion
criteria can be found online (http://www.adni-info.org) [17]. In terms of
cognitive function assessment, participants were tested using a variety of
scales and grouped according to the results. CN participants exhibited a
mini-mental state examination score exceeding 24 and a clinical dementia
rating score of 0. Patients with MCl had a Mini-Mental State Examination
(MMSE) score of 224 and a Clinical Dementia Rating of 0.5, with preserved
activities of daily living and no dementia diagnosis. Additionally, their
performance on the Logical Memory Il subtest of the Wechsler Memory
Scale was at least one standard deviation below the mean of the CN group
[18].
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In this study, the first inclusion of participants was defined as the
baseline, and any subsequent inclusion was considered follow-up. Follow-
up was defined as having at least one additional inclusion beyond the
baseline. To mitigate the impact of medications on baseline sleep quality,
individuals with a history of using sleep-improving, antidepressant,anxio-
lytic, or mood-enhancing medications were excluded from the study. A
detailed summary of sleep-impacting medication history and specific
drugs is provided in Additional Table 1. Ultimately, after excluding 55
individuals with a history of sleep-impacting medication use, a total of 640
participants aged between 55 and 91 years were included in the analysis,
of whom 607 had follow-up data available. Typically, follow-up visits are
conducted every 6 or 12 months, with some participants being followed
for up to 10 years.

Sleep quality assessments

Sleep disturbances were assessed at baseline using the sleep subscale of
the NPI scale, which is completed by the participant or their caregiver
during the interview. This approach was chosen to improve the reliability
of the assessment tool. To balance the comprehensiveness of the
behavioral assessment with an acceptable testing time, screening
guestions were used. Based on information provided by an informant,
patients were asked whether they had experienced any of the following
sleep/nighttime behavioral disturbances within the past month:

1. Does the patient have difficulty falling asleep?

2. Does the patient get up during the night? (If the patient only wakes
up once or twice to use the bathroom and quickly falls back asleep,
this is not considered a disturbance.)

3. Does the patient walk around, pace, or engage in other
inappropriate activities at night?

4. Does the patient wake you during the night?

5. Does the patient wake up, get dressed, and prepare to go out,
thinking it is morning and time to start the day?

6. Does the patient wake up too early in the morning (earlier than their
usual time)?

7. Does the patient nap excessively during the day?

8. Are there other disruptive nighttime behaviors not yet discussed?

If no disturbances were reported, the score was 0; if any disturbances
were reported, the score was 1. If disturbances were present, the frequency
[Frequency ratings (FR)] and severity [Severity ratings (SR)] of the sleep/
nighttime behavior were further assessed. FR: 0 = none; 1 = occasional (no
more than once a week); 2 = frequent (about once a week); 3 = very
frequent (several times a week, but not every night); 4 = extremely
frequent (every night or multiple times a night). SR: 0 = none; 1 = mild
(behavior occurs but is not particularly disruptive); 2 = moderate (behavior
disrupts both the patient’s and caregiver’s sleep; may involve one or more
behaviors); 3 = severe (multiple behaviors; the patient is highly distressed
at night, and the caregiver's sleep is significantly affected). For patients
with multiple sleep disturbances, the most impactful disturbance was used
for evaluation. This ensures a comprehensive assessment of sleep issues
while avoiding excessive detail that might interfere with the overall
interpretation of the results.

The sleep subscale score (TOTAL) was calculated by multiplying FR by
SR. This calculation results in an asymmetrical distribution of scores, where
scores of 5,7, 10, and 11 cannot be obtained. Previous research has shown
that the results of parametric and non-parametric analyses with or without
consideration of this asymmetry are very similar, and missing scores do not
significantly affect the interpretation of the total or dimension scores [19].
We believe that the TOTAL score provides a more comprehensive
assessment of sleep/nighttime behavioral disturbances than using FR or
SR alone, making it the preferred metric in our study [19].

Plasma NFL measurement

Plasma NFL concentration was measured at baseline using an internal
ultrasensitive enzyme-linked immunosorbent assay and a single-molecule
array platform (Quanterix Corp), with a lower limit of quantification of
6.7 ng/L and an upper limit of 1620.0 ng/L, as previously described [20]. All
samples, except one, were within the quantification range. For the low-
concentration quality control sample (11.0 ng/L), the within-run coefficient
of variation was 6.2%, and the between-run coefficient of variation was
9.0%. For the high-concentration quality control sample (173.0 ng/L), the
within-run coefficient of variation was 4.9%, and the between-run
coefficient of variation was 7.2%. Measurements were performed between
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Table 1. Baseline demographic characteristics of participants included.

Characteristics All (n = 640) CNgroup (n=293) MCI group (n =347) P value Q value
Age (years, mean = SD, range) 72.69 £ 6.81 73.75+5.84 71.80+7.43 0.002 0.005
Sex (female, %) 290 (45.31) 146 (49.83%) 144 (41.50%) 0.042 0.078
Education (years, mean £ SD) 16.29 £ 2.65 16.45 £+ 2.64 16.16 + 2.65 0.169 0.244
APOE €4 (yes, %) 247 (38.59%) 85 (29.01%) 162 (46.69%) <0.001 <0.001
Stroking (yes, %) 249 (38.91%) 116 (39.59%) 133 (38.33%) 0.807 0.954
Alcohol intake (yes, %) 25 (3.91%) 10 (3.41%) 15 (4.32%) 0.699 0.901
History of hypertension (yes, %) 295 (46.09%) 133 (45.39%) 162 (46.69%) 0.805 0.872
History of stroke (mean + SD) 6 (0.94%) 3 (1.02%) 3 (0.86%) 1.000 1.000
NPI (K. Sleep)

FR score (0/1/2/3/4) 528/17/25/54/16 257/6/7/22/1 271/11/18/32/15 0.003 0.007
SR score (0/1/2/3) 528/77/27/8 257/31/4/1 278/46/23/7 0.001 0.003
TOTAL score (mean * SD) 0.68 +1.85 037+1.15 0.94+2.24 <0.001 <0.001
Plasma NFL (pg/ml, mean + SD) 0.00 +1.00 —0.10+£0.94 0.08 £ 1.04 0.029 0.047
Follow-up number 607 258 349 / /
Follow-up time 4.0 (3.0, 7.5) 6 (3.0, 8.0) 3.0 (1.0, 5.0) <0.001 <0.001

Group comparisons between the CN and MCI groups were conducted using an independent two-sample t-test for continuous variables and a y? test for
categorical variables. Q-values represent P-values adjusted for multiple comparisons using the false discovery rate correction.
APOE &4 apolipoprotein €4; CN cognitively normal; FR frequency ratings; MCl mild cognitive impairment; NFL neurofilament light chain; NP/ neuropsychiatric

inventory; SR severity ratings; TOTAL total (FRXSR).

January 1 and April 1, 2018, by a certified laboratory technician using a
single batch of reagents.

Cognition assessments

All participants underwent comprehensive cognitive assessments at
baseline and follow-up using multiple scales, including global cognition
measures such as the MMSE, Montreal Cognitive Assessment (MoCA),
Clinical Dementia Rating Sum of Boxes (CDRSB), and Alzheimer’s Disease
Assessment Scale-Cognitive Subscale 13 (ADAS13). Domain-specific
cognitive functions were evaluated through neuropsychological assess-
ments, including language (LAN), memory (MEM), and executive function
(EF) from the Alzheimer's Disease Sequencing Project Phenotype
Harmonization Consortium. Due to over 50% missing data, visual-spatial
performance (VSP) was excluded from this study. Except for CDRSB and
ADAS13, where higher scores indicate poorer cognitive function, lower
scores on MMSE, MoCA, EF, LAN, and MEM indicate worse cognitive
performance.

Covariates

The study established two covariate models. Model 1 adjusted for key
factors associated with cognitive impairment and AD, including age, sex,
years of education, and apolipoprotein E (APOE) €4 status. Model 2
included these adjustments and further accounted for smoking status,
alcohol status, history of hypertension, and history of stroke. Smoking and
alcohol status are relevant covariates in studies on cognitive impairment
and dementia, while hypertension and stroke are established vascular risk
factors that may accelerate neurodegeneration and cerebral small vessel
disease, potentially affecting plasma NFL levels and cognitive function.
Adjusting for these variables helps mitigate confounding by vascular
factors, enhancing the robustness of our conclusions. However, introdu-
cing these additional covariates too early may lead to overadjustment,
potentially attenuating or masking key associations. Therefore, Model
1 served as the primary focus of this study.

Statistical analysis

In this study, the normality of continuous variables was assessed using the
Shapiro-Wilk test. Non-normally distributed variables were transformed
using the Box-Cox method from the R “car” package, and all variables were
standardized to z-scores using the R scale function. Plasma biomarker
outliers beyond three standard deviations were excluded. Continuous
variables are presented as mean=+SD, and categorical variables as
frequency and percentage [N (%)]. Baseline characteristics between the
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CN and MCI groups were compared using the two-sample t-test for
continuous variables and the chi-square test for categorical variables.

Multiple linear regression models were employed to investigate the cross-
sectional relationships between baseline sleep quality, baseline NFL biomar-
kers, and cognition in the two aforementioned models. Estimated slopes for
cognitive changes were calculated for each individual using linear mixed-effect
models. Subsequently, multiple linear regression models were utilized to
explore the longitudinal associations between baseline sleep quality and
cognitive changes in the two models. Finally, given that axonal injury may be a
potential moderator of the relationship between sleep quality and cognition,
we conducted mediation analysis after adjusting for the covariates in Model 1
to assess whether plasma NFL concentrations mediate the cross-sectional and
longitudinal relationship between sleep quality and cognition. In this study, we
are more interested in the results related to the TOTAL score, as it serves as a
more comprehensive measure of sleep disturbances compared to FR and SR.
The results related to FR and SR are considered sensitivity analyses to
strengthen our conclusions. False Discovery Rate (FDR) correction was
separately applied to the results of FR, SR, and TOTAL, with significant
findings reported as Q-values.

A significance level of P <0.05 (two-tailed) was considered statistically
significant. Data management and analyses were performed using R
packages including data.table version 1.14.0, dplyr version 1.0.2, Ime4
version 1.1.29, ImerTest version 3.1.3, and car version 3.0.10, in R version
4.0.1. Figures were generated using ggplot2 version 3.2.1, with additional
support from stringr version 1.4.0 and fst version 0.9.4 for data
management.

RESULTS

Demographical and clinical characteristics

Table 1 presents the demographic and clinical characteristics of
the study population. A total of 640 participants were included,
comprising 293 in the CN group and 347 in the MCI group. The
overall mean age was 72.69 years (SD = 6.81), with 45.31% being
female. The mean years of education was 16.29 (SD = 2.65), and
38.59% were APOE €4 carriers. Compared to the CN group, the MCI
group was younger on average, had a higher prevalence of APOE
€4 carriers, and exhibited greater frequency and severity of sleep/
nighttime behavioral disturbances. Additionally, the log-
transformed TOTAL score for sleep/nighttime behavioral distur-
bances and the log-transformed plasma NFL levels were
significantly higher in the MCI group.

SPRINGER NATURE
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Among the included participants, 607 had longitudinal follow-
up data, with a median follow-up time of 4.0 years (Interquartile
Range: 3.0, 7.5), including 258 in the CN group and 349 in the MCI
group. The MCI group had a shorter follow-up duration compared
to the CN group. All p-values in the table were adjusted for
multiple comparisons using the FDR method and are presented as
Q-values, with Q < 0.05 indicating statistical significance.

Cross-sectional associations between baseline sleep quality
and plasma NFL

Linear regression analysis revealed a cross-sectional positive
association between baseline TOTAL scores and baseline plasma
NFL concentrations. In Model 1, higher baseline TOTAL score was
associated with increased baseline plasma NFL levels (f =0.055,
P =0.002). This association remained significant in Model 2
(3=0.997, P=0.012) (Fig. 1 and Additional Table 2). Sensitivity
analyses further indicated that higher baseline FR and SR scores
were also positively associated with baseline plasma NFL levels. In
Model 1, higher baseline FR (3=0.071, P=0.023) and SR
(3=0.144, P=0.011) scores were linked to elevated plasma NFL
concentrations. These associations persisted in Model 2 (FR:
3=1.423, P =0.039; SR: f = 2.645, P = 0.035) (Additional Table 2).

Cross-sectional associations between baseline sleep quality
and cognition

Linear regression analysis revealed a cross-sectional negative
association between baseline TOTAL scores and cognitive perfor-
mance. In Model 1, higher baseline TOTAL scores were associated
with higher baseline ADAS13 scores (3 =0.059, Q=0.009) and
CDRSB scores (B =0.096, Q<0.001), as well as lower baseline EF
scores (3= —0.053, Q=0.012), LAN (3 =-0.050, Q=0.015), and
MEM (B = —0.060, Q = 0.007). These associations remained signifi-
cant in Model 2, with higher baseline TOTAL scores linked to
increased ADAS13 scores (B=0416, Q=0.007) and CDRSB
(B=0.117, Q<0.001), along with decreased EF scores (3 = —0.029,
Q=0.018), LAN (B=-0.025, Q=0.022), and MEM (B =—0.035,
Q=0.007) (Fig. 2 and Additional Table 3). Sensitivity analyses
showed similar cross-sectional negative associations between base-
line FR and SR scores and cognitive performance. In Model 1, higher
baseline FR scores were positively associated with CDRSB scores
(B=0.148, Q<0.001), while higher SR scores were positively
associated with ADAS13 (3 =0.186, Q =0.007) and CDRSB scores
(B=0310, Q<0.001), and negatively associated with EF
(B=-0.181, Q=0.005), LAN (3= -0.162, Q=0.013), and MEM
scores (B = —0.188, Q = 0.007). In Model 2, higher baseline FR scores
remained positively associated with ADAS13 (8 =0.538, Q =0.047)
and CDRSB scores (3 =0.187, Q< 0.001) and negatively associated
with MEM scores (B = —0.045, Q = 0.046). Similarly, higher SR scores
were positively correlated with ADAS13 (3 =1.279, Q =0.007) and
CDRSB scores (3 =0.359, Q <0.001) and negatively correlated with
EF (3= —0.099, Q=0.009), LAN (3 = —0.083, Q=0.018), and MEM
scores (3 =—0.110, Q = 0.007) (Additional Table 3).

Longitudinal associations between baseline sleep quality and
cognition

The results showed a negative longitudinal association between
baseline TOTAL score and cognitive decline. In Model 1, the
baseline TOTAL score was negatively associated with the annual
rate of change in MoCA score (8 =—0.005, Q=0.035). A similar
negative association was observed in Model 2 (= —0.005,
Q =0.035) (Fig. 3 and Additional Table 4). Longitudinal sensitivity
analyses indicated that after multiple corrections, the baseline FR
and SR scores were no longer significantly associated with
cognitive decline in both Model 1 and Model 2 (Additional Table 4).

Mediation analysis

The results indicated that plasma NFL levels mediated the
association  between  baseline sleep/nighttime  behavior

SPRINGER NATURE

disturbances (TOTAL score) and baseline cognitive performance,
accounting for 21.9% of the effect when measured by ADAS13
(P=0.008), 11.2% when measured by CDRSB (P =0.008), 13.8%
when measured by LAN (P = 0.016), and 18.7% when measured by
MEM (P =0.007). Similarly, plasma NFL levels mediated the
relationship between baseline TOTAL score and longitudinal
cognitive decline, explaining 26.7% of the effect when assessed
by MoCA (P =0.007) (Fig. 4). These findings suggest a significant
mediating role of plasma NFL in the effects of baseline sleep/
nighttime behavior disturbances on both baseline cognitive
performance and longitudinal cognitive changes.

To enhance the comprehensiveness of the study and further
validate the mediating role of plasma NFL in the relationship
between baseline sleep disturbances and cognitive function, we
conducted sensitivity analyses using mediation models for FR and
SR scores. The results confirmed that plasma NFL mediated the
association between baseline sleep/nighttime behavioral FR and
SR scores and baseline cognitive function. In the relationship
between FR score and CDRSB, the mediation proportion of plasma
NFL was 10.2%. In the relationship between SR and cognitive
function, the mediation proportions were 18.3% for ADAS13, 9.2%
for CDRSB, 11.3% for LAN, and 15.9% for MEM (Fig. 4).

DISCUSSION

This study yielded three key findings: (1) Higher frequency, greater
severity, and higher total scores of baseline sleep/nighttime
behavioral disturbances were associated with higher baseline
plasma NFL levels and poorer baseline cognitive function. (2)
Greater baseline sleep/nighttime behavioral disturbances were
linked to more pronounced longitudinal cognitive decline. (3)
Axonal injury, reflected by plasma NFL levels, mediated the
association between baseline sleep/nighttime behavioral distur-
bances and both baseline cognition and longitudinal cognitive
decline. These findings support the hypothesis that the relation-
ship between sleep/nighttime behavioral disturbances and
cognition may be partially mediated by neuronal damage. Our
results suggest that sleep/nighttime behavioral disturbances are
associated with poorer baseline cognition and accelerated
cognitive decline.

Recent studies have emphasized the critical role of sleep in
maintaining cognitive function, consistent with our findings
[21]. Indeed, prospective studies have identified poor sleep
quality as a risk factor for cognitive impairment and AD [22, 23].
A meta-analysis highlighted the significant relationship between
various sleep disturbances—including insomnia, altered total
sleep duration, poor sleep quality, excessive daytime sleepiness,
sleep-disordered breathing, and circadian rhythm disruptions—
and cognitive decline [5]. A retrospective cohort study reported
that individuals clinically diagnosed with insomnia and using
hypnotic medications over an extended period had twice the
risk of developing dementia compared to those without
insomnia [24]. Furthermore, decreased sleep quality has been
linked to a higher risk of cognitive decline [25], with other
studies reporting an increased risk of cognitive impairment and
dementia [26, 27]. Prospective studies have also demonstrated a
U-shaped relationship between sleep duration and cognitive
outcomes, where both reduced and prolonged sleep durations
are associated with poorer cognitive performance [28, 29].
Additionally, excessive daytime sleepiness has been consistently
linked to cognitive decline and an increased risk of dementia
[30, 31]. Recent findings suggest that sleep-disordered breath-
ing is associated with a higher risk of mild cognitive impairment
or dementia in older women [32]. A five-year prospective study
reported that circadian rhythm alterations, such as reduced
activity amplitude, lower rhythm stability, and delayed activity
peaks, were associated with an increased risk of dementia and
mild cognitive impairment [33]. These studies collectively
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Fig. 1 The cross-sectional association between sleep quality and plasma NFL concentration. Model 1: adjusting for age, sex, years of
education, and APOE &4 status; Model 2: Further adjusted for smoking status, alcohol status, and history of hypertension and stroke, in
addition to the covariates in Model 1. FR, SR, and TOTAL scores are derived from the K-th item of the NPI scale, specifically the sleep
subscale.*P < 0.05, **P<0.01, ***P <0.001. APOE ¢4 apolipoprotein €4, FR Frequency ratings, NFL Neurofilament Light chain, NPI
Neuropsychiatric Inventory, SR Severity ratings, TOTAL total (FRXSR).
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Fig.2 The cross-sectional association between sleep quality and cognitive measures. Model 1: Adjusted for age, sex, education, and APOE
€4 status; Model 2: Further adjusted for smoking status, alcohol status, and history of hypertension and stroke, in addition to the covariates in
Model 1. NPI (K. Sleep) refers to the K-th item in the NPI scale, specifically the sleep subscale. Bolded Q values indicate statistically significant
results. *P < 0.05, **P < 0.01, ***P < 0.001. ADAS13 Alzheimer’s Disease Assessment Scale -Cognitive Subscale 13, APOE €4 apolipoprotein €4,
CDRSB Clinical Dementia Rating sum of boxes, EF executive function, FR Frequency ratings, LAN language function, MEM memory function,
MMSE Mini-Mental State Examination, MoCA Montreal Cognitive Assessment Scale, NPl Neuropsychiatric Inventory, SR Severity ratings, TOTAL
total (FRXSR).
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Fig.3 The longitudinal association between sleep quality and annual rate of cognitive changes. Model 1: Adjusted for age, sex, education,
and APOE ¢4 status; Model 2: Further adjusted for smoking status, alcohol status, and history of hypertension and stroke, in addition to the
covariates in Model 1. NPI (K. Sleep) refers to the K-th item in the NPI scale, specifically the sleep subscale. Bolded Q values indicate statistically
significant results. *P <0.05, **P <0.01, ***P <0.001. ADAS13 Alzheimer’s Disease Assessment Scale -Cognitive Subscale 13, APOE ¢4
apolipoprotein £4, CDRSB Clinical Dementia Rating sum of boxes, EF executive function, FR Frequency ratings, LAN language function, MEM
memory function, MMSE Mini-Mental State Examination, MoCA Montreal Cognitive Assessment Scale, NPl Neuropsychiatric Inventory, SR

Severity ratings, TOTAL total (FRXSR).

support the strong relationship between various sleep dis-
turbances and cognitive decline, providing a theoretical
foundation for investigating the association between sleep/
nighttime behavioral disturbances and cognition. However,
cross-sectional and longitudinal studies specifically examining
the frequency and severity of sleep/nighttime behavioral
disturbances in relation to cognitive function remain scarce,
and the underlying neuroinflammatory mechanisms linking
sleep disturbances to cognitive decline require further
exploration.

The relationship between sleep and cognition is complex. Some
evidence suggests that sleep fragmentation, such as obstructive
sleep apnea, may not necessarily increase the risk of cognitive
impairment [34]. However, other sstudies indicate that AD has
been reported to be associated with sleep disturbances, subjective
sleep impairment, and chronic sleep deprivation, as well as
reduced sleep duration, quality, and efficiency, suggesting a
bidirectional association [35-37]. Furthermore, individuals with AD
or MC frequently experience sleep problems [38, 39]. These
findings highlight the bidirectional relationship between sleep
and cognitive impairment or AD. Therefore, future research should
utilize methods such as Mendelian randomization to further
explore the complex interactions between specific sleep char-
acteristics and cognition.

Our study demonstrated that poorer sleep was associated with
higher baseline plasma NFL levels. Consistent with our findings, a
study in middle-aged individuals found that patients with
insomnia had higher NFL levels than non-insomniac individuals,
with a subsequent decrease following insomnia treatment [40]. A
cross-sectional study also reported an association between
increased plasma NFL levels and sleep disturbances, suggesting
that NFL may serve as a potential biomarker for sleep disturbances
[41]. Furthermore, poor sleep—particularly acute sleep deprivation
—has been linked to elevated blood levels of neuronal and

SPRINGER NATURE

astrocytic injury markers [42, 43]. These studies reinforce the
significant association between sleep disturbances and NFL levels,
further supporting our findings. However, some prior studies have
reported conflicting results. One study found no association
between plasma NFL levels and subjective baseline sleep
disturbances, actigraphy-estimated sleep parameters, or 24-hour
activity rhythms in non-demented individuals [44]. This discre-
pancy may be explained by the fact that while sleep disturbances
and circadian rhythm alterations can affect neuronal health, they
may not necessarily lead to neuronal apoptosis. At the cellular
level, NFL, primarily localized in axons, is released following
neuronal apoptosis or axonal-specific damage [45]. Thus, sleep
disturbances, NFL levels, and cognitive decline may be closely
interrelated. A recent study aligned with our findings, demonstrat-
ing that the association between a composite sleep index derived
from the Pittsburgh Sleep Quality Index and cognitive decline was
partially mediated by plasma NFL [46]. Both our study and this
research highlight the critical mediating role of NFL in the sleep-
cognition relationship. However, while the previous study
examined multiple sleep disturbances—including sleep quality,
sleep disturbances, rapid eye movement sleep behavior distur-
bances, and daytime sleepiness—our study specifically focused on
the frequency, severity, and total composite score of sleep/
nighttime behavioral disturbances.

The etiology of cognitive decline in individuals with poor sleep
is complex and may involve multiple pathological mechanisms
(Fig. 5). One possibility is that poor sleep quality contributes to
increased amyloid-B plaque deposition. In healthy adults, the
burden of amyloid B-protein (AB) can be mitigated through
clearance of the neurotoxic protein. Many studies have suggested
that clearance of waste products, such as AB, is enhanced during
normal sleep [47, 48]. Some studies reported that deposition of Af
is greater if sleep is disrupted [23, 48-51]. Notably, this current
evidence is based on acute sleep deprivation, whereas the effect
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Fig. 4 Mediation model estimating the indirect effect of sleep quality on cognition through plasma NFL. The dark blue mediation model
represents the mediating effect of plasma NFL on the cross-sectional relationship between sleep and cognitive performance. The dark red
mediation model illustrates the mediating effect of plasma NFL on the longitudinal association between sleep and the annual rate of
cognitive decline. The mediation analysis was adjusted for covariates included in Model 1, including age, sex, education, and APOE &4 status.
*P <0.05, **P <0.01, ***P <0.001. ADAS13 Alzheimer’s Disease Assessment Scale -Cognitive Subscale 13, APOE &4 apolipoprotein ¢4, CDRSB
Clinical Dementia Rating sum of boxes, EF executive function, FR Frequency ratings, LAN language function, MEM memory function, MoCA
Montreal Cognitive Assessment Scale, NPl Neuropsychiatric Inventory, SR Severity ratings, TOTAL total (FRXSR).

of chronic sleep disturbance on AR formation is still under
investigation [49, 52]. A second potential mechanism is that sleep
plays a protective role against oxidative stress, while sleep
deprivation exacerbates oxidative damage. Accumulated free
radicals can cause mitochondrial dysfunction, ultimately leading
to ATP depletion and neuronal death [53]. We speculate that a
third possibility is that chronic insufficient sleep activates the
inflammatory pathways, which is important in AD development.
many studies showed that sleep duration and sleep disturbances
are associated with dysregulation of inflammatory markers and
immune cell counts [13, 54, 55]. The increased brain inflammation
leads to the deposition of AD pathology and damage or death of
neurons [56]. A foundational animal study on sleep disturbances
demonstrated that poor sleep quality activates hippocampal
microglia, inducing the release of pro-inflammatory cytokines
such as IL-6, which trigger neuroinflammation. However, these

Translational Psychiatry (2025)15:169

findings have yet to be confirmed in human studies [57]. Our
findings fill a critical gap by demonstrating that neuroinflamma-
tion, as indicated by NFL, mediates the relationship between sleep
disturbances and cognitive decline in a human population. In
summary, our findings showed sleep quality was associated with
plasma NFL level, cognitive impairment, and rapid cognitive
decline. These novel findings provide insight into the mechanisms
linking sleep quality to cognitive impairment and AD develop-
ment and could inform priorities for preventing cognitive
impairment and AD by alleviating neuro-injury. Future studies
should validate our results in diverse populations.

Our study had two key strengths. Firstly, we were the first to
demonstrate a significant association between sleep quality and
cognitive impairment in both cross-sectional and longitudinal
analyses. Secondly, we revealed, for the first time, that plasma
NFL levels mediated the relationship between sleep quality and
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Fig. 5 The potential mechanisms underlying the association
between low sleep quality and cognitive impairment or Alzhei-
mer's disease. This study is the first to identify NFL level can
mediate the cross-sectional and longitudinal association between
sleep quality and cognition. The neuro-injury (NFL) is expected to be
a potential diagnostic biomarker for neurodegeneration diseases,
such as Alzheimer’s disease.

cognitive performance, offering new insights into potential
mechanisms. However, it also had several limitations. Firstly,
sleep characteristics were assessed based on self-reported
information rather than objective measurements, which could
introduce random bias. Secondly, the NPI questionnaire used
was not specifically designed to assess sleep quality, potentially
limiting the accuracy of our sleep-related findings. Thirdly, This
study included participants from the ADNI cohort, which has a
higher average education level. This population is typically
associated with higher socioeconomic status, which may
contribute to greater cognitive reserve, enabling individuals to
better cope with cognitive decline or neurodegenerative
diseases. The high education level in this study could lead to
participants exhibiting better cognitive function or slower
cognitive decline, potentially attenuating the significance of
the observed associations between sleep disturbances, cogni-
tive decline, and plasma NFL. Therefore, the findings may not be
fully applicable to populations with lower education levels or
socioeconomic backgrounds. Further validation of these results
in populations with varying levels of education is warranted.
Fouthly, this study investigates the impact of sleep on cognition
but does not exclude the possibility of a bidirectional relation-
ship between them. Future research should employ methods
such as Mendelian randomization to further validate this
bidirectional association.

In conclusion, our findings indicate that poor baseline sleep
quality is linked to cognitive impairment and accelerated
cognitive decline. This association may be partly mediated by
neuro-injury, as indicated by plasma NFL levels. Future studies
incorporating objective measures of sleep quality are necessary to
determine the correlation between sleep quality and neuronal
damage assessed through plasma NFL levels.
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