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ABSTRACT
Background  Circadian disruption has been suggested 
to induce cognitive impairment and dementia. It remains 
unknown which brain structures are involved in the 
pathology.
Objective  To investigate which specific brain structure 
alterations are associated with dementia and cognitive 
impairment induced by circadian disruption.
Methods  Circadian disruption was represented by two 
accelerometer-derived circadian variables, composite 
phase deviations (CPD) and relative amplitude (RA), 
separately reflecting circadian disruption in timing 
and amplitude. The outcomes include brain structures 
(139 imaging-derived phenotypes), cognitive test 
performances (seven cognitive tests) and dementia (all-
cause dementia, Alzheimer’s disease, vascular dementia 
(AD/VD) and non-AD/VD dementia). Association analysis 
was used to explore the relationships between circadian 
disruption and brain structure alterations, cognitive 
test performances and dementia. Mediation analysis 
was conducted to investigate which brain structure 
alterations mediated the cognitive impairment and 
dementia caused by circadian disruption.
Findings  A total of 88 461 participants (57% female, 
62.0±7.8-year old) were included. CPD and RA 
correlated with substantially different brain structures. 
All CPD-related brain structures were located in the 
cerebrum, whereas most RA-related brain structures 
were located in the cerebellum. Furthermore, only the 
CPD-related brain structures, including the hippocampus 
and thalamus, exhibited significant mediation effects 
accounting for up to 8.6% of the risk for dementia and 
13.5% of the risk for cognitive impairment.
Conclusions  Circadian disruption is associated with 
brain structural alterations involving dementia and 
cognitive impairments.
Clinical implications  These results provide a novel 
insight into the mechanism underlying circadian 
disruption-induced neurological disorder and may 
propose potential preventive strategy.

BACKGROUND
Diurnal rhythms, regulated by the circadian clock, 
play a critical role in the human body.1 In modern 
society, the disruption of diurnal rhythms as a 
result of shift work, jet lag or other lifestyle factors 
has become a public health concern2 and may 
contribute to major health outcomes, including 
brain disorders.3 Circadian disruption is associ-
ated with an increased risk of cognitive impairment 

and dementia. Circadian rhythm alterations affect 
the pathology of neurodegenerative diseases.3 
However, the mechanisms through which circa-
dian disruption induces cognitive impairment and 
dementia require further investigation.

Brain structure serves as an important basis for 
the normal physiological functions of the brain 
and the occurrence of brain diseases. Recent 
studies suggest that circadian disruption may be 
related to changes in brain regions. Mice exposed 
to circadian disruption exhibited an increased 
fraction of immature spines in the hippocampus.4 
Another study suggested that circadian disruption 
is associated with hypometabolism in AD-signature 
brain regions, including the angular gyri.5 These 
studies imply that circadian disruption may lead 
to alterations in brain structure associated with 
cognitive impairment or dementia. MRI, which 
obtains multidimensional information from in vivo 
imaging, provides key insights into how human 
brains are shaped by environmental factors and 
change with ageing and disease. However, several 
issues have not been addressed in previous research: 
(1) no previous study has systematically examined 
the relationship between circadian disruption and 
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MRI imaging of different regions through human brain and (2) 
whether structural brain alterations mediate cognitive impair-
ment and dementia caused by circadian disruption remains 
unknown.

OBJECTIVE
The aim of this study, based on a large-scale cohort (UK 
Biobank), was to investigate (1) the relationship between circa-
dian disruption and brain structural imaging-derived phenotypes 
(IDPs), cognitive performance and dementia; (2) the mediating 
role of IDPs and cognitive performance in the relationship 
between circadian disruption and dementia; (3) the mediating 
role of IDPs in the relationship between circadian disruption and 
cognitive impairment. Furthermore, as chronotype (personal 
morning/evening preference) is a well-known indicator of indi-
vidual variation in circadian rhythms, stratified analyses by 
chronotype were performed in order to engage in fine-grained 
analysis of relationship between circadian disruption and IDPs, 
cognitive performance and dementia.

METHODS
Participants
The UK Biobank is a population-based cohort, recruiting over 
500 000 volunteers from 22 study centres across England, Scot-
land, and Wales between 2006 and 2010.6 The UK Biobank 
study received ethical approval from the North West Multi-
Center Research Ethics Committee, and all participants provided 
written informed consent. Out of over half a million participants 
in the UK Biobank, 103 666 accepted the invitation to wear a 
wrist-worn AX3 triaxial accelerometer (Axivity, Newcastle upon 
Tyne, UK) for 7 days between 2013 and 2015. Detailed inclusion 
and exclusion criteria are attached in Online supplemental mate-
rials. Ultimately, the exclusion criteria resulted in a study sample 
of 88 461 participants. Online supplemental figure 1 illustrates 
the general exclusion process and methodology.

Accelerometer data and circadian disruption
GGIR (https://github.com/wadpac/GGIR/wiki/Publication-list) 
V.2.8.2 was used to process raw accelerometer data in CWA 
format.7 To estimate circadian disruption, composite phase 
deviations (CPD) and relative amplitude (RA) were used. CPD 
measures behavioural circadian disruption in timing,8 with higher 
values reflecting more irregular patterns. RA, derived from phys-
ical activity intensity data, is a common non-parametric measure 
of circadian rhythm amplitude ranging from 0 to 1. A higher RA 
value indicates a larger difference in activity levels during the 
most and least active periods of the day; that is, a lower value 
indicates disrupted circadian rhythms.9

MRI acquisition and data processing
Since 2014, MRI data have been collected using a Siemens Skyra 
3T scanner with a standard 32-channel healing coil. Details of 
the imaging protocol are available for free at http://www.fmrib.​
ox.ac.uk/ukbiobank/protocol/V4_23092014.pdf. Structural data 
were generated using a UK Biobank image-processing pipeline 
based on T1-weighted/T2-weighted scans and are available 
to researchers as distinct IDPs.10 In this study, IDPs, including 
total brain volume, whole-brain grey matter volume (GMV), 
whole-brain white matter volume, white-matter hyperintensi-
ties, ventricular cerebrospinal fluid volume, 139 regional IDPs 
(online supplemental table 1) parcellated from the Harvard–
Oxford cortical and subcortical atlases, and the Diedrichsen 
cerebellar atlas were used for analyses. All volumetric IDPs were 

normalised to head size by multiplying the raw IDP value by the 
head size scaling factor, which was estimated by transforming 
native space into standard space with FSL SIENAX software, 
as the previous publication suggested.10 Regional topological 
metrics estimated by resting-state functional MRI, including 
nodal efficiency and nodal degree (online supplemental table 
1), were derived through a graph theoretical network analysis 
toolbox (GRETNA, available at http://www.nitrc.org/projects/​
gretna/). Additional details regarding the image processing proce-
dures and specific measurements obtained from T1-weighted, 
T2-weighted and resting-state functional MRI can be found in 
online supplemental materials.

Cognitive tests
Between 2006 and 2010 (baseline) and from 2014 onwards 
(imaging visit), seven cognitive tests were performed using 
validated unsupervised methods via a touchscreen.11 These 
tests were selected to reflect multidomain cognitive function 
and were moderately-to-highly correlated with well-validated 
standard cognitive tests.11 The cognitive tests included a multi-
domain test of processing speed, attention and working memory 
(digit symbol substitution test); a test of executive function/
processing speed (reaction time, trail making test A, trail making 
test B); and memory (numeric memory, pairs matching round 1 
and pairs matching round 2). The test scores were mapped to 
(0,1) using the equation ‍tnormalizied =

(
t− tmin

)
/
(
tmax − tmin

)
‍ 

where ‍tmin‍ is the minimum of the test and ‍tmax‍ is the maximum 
of the test.

Dementia
All dementia recordings were sourced from electronic health 
records using algorithms provided by the UK Biobank, which 
included International Classification of Diseases-9 and Interna-
tional Classification of Diseases-10 codes (online supplemental 
materials). The records were analysed in the following forms: 
all-cause dementia, Alzheimer’s disease (AD), vascular dementia 
(VD), and non-AD/VD dementia (other types). Notably, 
follow-up incident dementia was only recorded if the earliest 
date of dementia code documentation was after the participant 
had finished wearing the accelerometer. At the time of this study, 
hospital admission data were available until 31 October 2022, 
31 August 2022 and 31 May 2022, for England, Scotland and 
Wales, respectively, and mortality data were available until 30 
November 2022. Dementia-related analyses were censored 
at the date of death, first disease incident or latest update of 
hospital admission data, whichever occurred first.

Statistical analysis
Multivariable linear regression models were used to investigate 
the association between circadian disruption and IDPs as well as 
cognitive impairment. Cognitive test data collected from 2014 
onwards (imaging visit), which was close to the time of acceler-
ometer data collection, were mainly used. However, to maximise 
the utilisation of the data, four cognitive test outcomes (reac-
tion time, pairs matching round 1, pairs matching round 2 and 
numeric memory) from 2006 to 2010 (baseline) with a larger 
sample size were used when screening the tests in the initial asso-
ciation analyses. The Cox proportional hazards model was used 
to examine the association between circadian disruption and 
incident dementia (excluding participants with dementia before 
wearing the accelerometer). The participants were divided 
based on quartiles of circadian disruption (CPD/RA). Those in 
the lowest quartile of CPD or the highest quartile of RA were 
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assigned to the reference group. Several covariates were adjusted 
in the above models based on the results of previous studies 
of the association between circadian disruption and cognitive 
impairment/dementia,12 including age, sex, body mass index, 
Townsend deprivation index, ethnicity, employment status, 
education level, smoking status and drinking status (details on 
how covariates were collected in online supplemental materials).

Analysis of variance (all IDPs, reaction time, trail making A, 
trail making B, numeric memory, digit symbol substitution) or 
the Kruskal-Wallis test (pairs matching round 1, pairs matching 
round 2) was performed to compare the differences in IDPs and 
cognitive tests between individuals with dementia (including 
all-cause dementia and subtypes of dementia) and controls. 
Mediation analyses were also performed to determine whether 
IDPs (and cognitive tests) mediated the relationship between 
circadian disruption and dementia.13 Mediation analyses were 
also used to examine the IDPs that mediated the relationship 
between circadian disruption and cognitive tests. For the IDPs 
that were significant in the mediation analyses, the multivari-
able linear regression model was used to preliminarily explore 
the relationships between circadian disruption and their regional 
topological metrics. Additionally, the Kruskal-Wallis test was 
performed to compare the differences in regional topological 
metrics between individuals with dementia (including all-cause 
dementia and subtypes of dementia) and controls. Furthermore, 
for sensitivity analysis, participants who developed dementia 
within 1 year of the beginning of accelerometry data collection 
were excluded from the Cox and mediation analyses, and more 
extreme groupings based on CPD and RA were considered, 
specifically the lowest 10% of CPD versus the highest 10% of 
CPD or the highest 10% of RA versus the lowest 10% of RA. 
Additionally, stratified analyses were performed in all of the 
above models based on chronotype (definitions in online supple-
mental materials), which is a possible effect modifier.14

Bonferroni correction was used for multiple comparisons 
(details in the online supplemental materials). All p values were 
reported as two-sided tests with significance defined as corrected 
p<0.05. Statistical analyses were performed using R software 
(V.4.2.1, https://www.r-project.org) and Python Software 
(V.3.8.10, https://www.python.org/). All mediation analyses 
were performed using the ‘Mediation’ package (V.4.5.0) or code 
sourced from https://github.com/oyaxbell/covid_diabetesmx.15

FINDINGS
Population characteristics
Of the 103 666 UK Biobank participants who accepted the 
invitation to wear the accelerometer, 88 461 passed the quality 
control (online supplemental figure 1). The characteristics of 
the excluded and included participants were generally compa-
rable, with slight differences in employment status. The mean 
age of the included participants was 62.0±7.8 years, approxi-
mately 57% were women and 97% were white. Detailed demo-
graphic information for the eligible and excluded participants is 
presented in table 1.

Relationship between circadian disruption and brain 
structures
The association between CPD and RA and IDPs was anal-
ysed. This segment of the research was conducted with 16 431 
participants. In the adjusted model, there were five Bonferroni-
corrected significant associations between IDPs and CPD, and 26 
IDPs were significantly associated with RA (online supplemental 
table 2, figure 1A,B). However, none of the IDPs demonstrated 

simultaneous associations with CPD and RA (online supple-
mental table 2, figure 1B). Figure 1A separately labelled the five 
strongest IDPs associated with CPD or RA. The top five CPD-
related IDPs were the whole-brain GMV, volume of the thal-
amus, hippocampus, caudate and total brain. In terms of RA, 
25 of the 26 associated IDPs were located in the cerebellum 
(figure 1B). All significant associations between CPD and IDPs 
were inverse, whereas all significant associations between RA 
and IDPs revealed a positive pattern (online supplemental table 
2), figure 1A). As illustrated in figure 1C, compared with the 
lowest quartile, the highest quartile of CPD was associated with 
1.11% (95% CI 0.64% to 1.59%) lower hippocampal volume 
and a 1.03% (95% CI 0.67% to 1.39%) lower thalamic volume, 
whereas the lowest quartile of RA, compared with the highest 
quartile, was associated with up to a 3.21% (95% CI 2.43% to 
4.00%) lower level of IDPs in the cerebellum.

Relationship between circadian disruption and cognitive test 
performance
Associations between cognitive function and CPD and RA were 
analysed after adjusting for covariates. This part of the study 
was based on 88 213 participants. Higher CPD was signifi-
cantly associated with lower performance in six cognitive tasks 
(table  2), including reaction time (PBonferroni=9.16×10–8), pairs 
matching round 1 (PBonferroni=8.69×10−7), symbol digit substi-
tution (PBonferroni=3.41×10−6), pairs matching round 2 (PBonfer-

roni=1.09×10−3), trail making B (PBonferroni=1.96×10−3) and trail 
making A (PBonferroni=2.96×10−2). Lower RA was significantly 
associated with lower performance in one cognitive task (reac-
tion time (PBonferroni=1.89×10−14)) after Bonferroni correction 
(table 2). All significant association results suggest that circadian 
disruption may lead to decreased cognitive performance.

Relationship between circadian disruption and dementia
The association between circadian disruption and dementia was 
analysed using the Cox proportional hazards model. This part 
of the study was based on 88 384 participants. During a median 
follow-up period of 7.9 years, 714 dementia cases occurred (303 
with AD, 130 with VD and 474 with non-AD/VD dementia). 
As shown in online supplemental figure 2, after adjusting for 
covariates, the highest quartile of CPD was associated with a 
1.37-fold higher risk of all-cause dementia (95% CI 1.18 to 
1.58, p=2.00×10−5), and the lowest quartile of RA was associ-
ated with a 1.78-fold higher risk of all-cause dementia (95% CI 
1.50 to 2.09, p=8.83×10−12). For the outcomes of dementia 
subtypes, the highest quartile of CPD was also found to be 
significantly associated with VD (adjusted HR: 1.47, 95% CI 
1.04 to 2.08, p=0.030) and non-AD/VD dementia (adjusted 
HR: 1.57, 95% CI 1.31 to 1.88, p=6.22×10−7) and suggestively 
associated with AD (adjusted HR: 1.23, 95% CI 0.99 to 1.54, 
p=0.065). Similarly, RA was significantly associated with AD, 
VD and non-AD/VD dementia (online supplemental figure 2).

The incident dementia cases diagnosed after wearing the accel-
erometer and control participants were compared using 31 IDPs 
and six cognitive tasks that showed significant associations with 
circadian disruption. The results showed significant differences 
in 19 IDPs and five cognitive tasks after Bonferroni correction 
(online supplemental tables 3 and 4).

The mediating role of IDPs in the relationship between 
circadian disruption and dementia
A mediation analysis was conducted to investigate whether 
the effect of circadian disruption on dementia was partially 
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mediated by IDPs. The research in this section involves 16 428 
participants. 19 IDPs that showed significant results in the above 
analyses were examined as mediators. For three of the 19 IDPs, 
the whole-brain GMV and the volume of the hippocampus and 
thalamus significantly mediated the effect of CPD on non-AD/
VD dementia. Thalamus volume accounted for the highest 
proportion (about 9%) of the total effect. Hippocampus volume 
and whole-brain GMV accounted for approximately 8.2% and 
6.1% of the total effect, respectively (table 3).

Mediation of IDPs in the relationship between circadian 
disruption and cognitive function
Since only CPD-associated IDPs were found to mediate the rela-
tionship between circadian disruption and dementia, we further 
analysed whether IDPs mediated the association between CPD 
and cognitive function. The research in this section involves 
15 531 participants.

All indirect effects of mediation analyses achieved a threshold 
of p<0.05 before Bonferroni correction. Even after Bonfer-
roni correction, thalamic volume still significantly mediated the 
effect of CPD on the reaction time test. Marginally significant 
mediations of the effects of thalamus, hippocampus volume and 
whole-brain GMV were also observed in the effect of CDP on the 
reaction time and pairs matching round 1 (online supplemental 

table 5). Among these statistically significant results, 13.5% of 
CPD’s total effect on reaction time performance was mediated 
through having a lower thalamic volume (the indirect effect).

Furthermore, we used cognitive test results as mediators to inves-
tigate the relationship between circadian disruption and dementia. 
As shown in online supplemental table 6, across the five cognitive 
tasks, reaction time significantly mediated the effect of CPD on 
non-AD/VD dementia, accounting for 1.2% of the total effect.

Sensitivity analysis
For sensitivity analysis, participants diagnosed with dementia 
within one year of wearing the accelerometer were excluded, or 
more extreme groupings were applied based on CPD and RA, 
namely the lowest 10% of CPD versus the highest 10% of CPD 
or the highest 10% of RA versus the lowest 10% of RA. The 
association between circadian disruption and dementia, as well 
as the mediation effects of IDPs and cognitive tasks, was re-ex-
amined in the remaining participants. The sensitivity analysis 
yielded results similar to those mentioned above (online supple-
mental tables 10–15).

Stratified analysis
Participants were classified into three subgroups: morning, 
evening and intermediate chronotypes. Stratified analysis was 

Table 1  Characteristics of included, excluded and overall participants

Characteristics Included Excluded Overall

Sample size (%) 88 461 (85.33) 15 205 (14.67) 103 666 (100.00)

Age at wearing accelerometer (years, mean±SD.d.) 61.97±7.83 60.61±8.01 61.77±7.87

Female (%) 50 050 (56.58) 8220 (54.06) 58 270 (56.21)

White (%) 85 501 (96.65) 14 483 (95.25) 99 984 (96.45)

Social deprivation index (mean±SD.d.) −1.74±2.81 −1.56±2.93 −1.71±2.83

College degree or more (%) 38 213 (43.20) 6725 (44.23) 44 938 (43.35)

Employed (%) 54 184 (61.25) 10 185 (66.98) 64 369 (62.09)

Current smoker (%) 5991 (6.77) 1284 (8.44) 7275 (7.02)

Daily alcohol drinker (%) 65 325 (73.85) 11 360 (74.71) 76 685 (73.97)

BMI (kg/m2; mean±SD.d.) 26.69±4.51 27.03±4.75 26.74±4.55

Cognitive tests

Reaction time (mean±SD.d.) 0.2493±0.0545 0.2467±0.0542 0.2489±0.0545

Pairs matching round 1 (mean±SD.d.) 0.0049±0.0116 0.0052±0.0119 0.0050±0.0117

Pairs matching round 2 (mean±SD.d.) 0.0266±0.0210 0.0265±0.0212 0.0266±0.0210

Numeric memory (mean±SD.d.) 0.6028±0.1132 0.6008±0.1204 0.6025±0.1143

Trail making test A (mean±SD.d.) 0.0913±0.0362 0.0909±0.0344 0.0913±0.0359

Trail making test B (mean±SD.d.) 0.0956±0.0466 0.0961±0.0490 0.0957±0.0470

Symbol digit substitution (mean±SD.d.) 0.5103±0.1423 0.5186±0.1419 0.5115±0.1422

Global MRI measures

Total grey matter volume (mm3, mean±SD.d.) 613 620.25±55 6300.41 618 878.24±56 4830.85 614 325.20±55 7740.37

Total brain volume (mm3, mean±SD.d.) 1 158 355.84±110 862.89 1 168 458.36±112 259.71 1 159 710.30±111 104.52

White matter hyperintensity volume (mm3, mean±SD.d.) 5104.52±6693.69 4894.51±6859.41 5076.39±6716.50

Dementia

All-cause dementia(n) 714 – –

AD(n) 303 – –

VD(n) 130 – –

Other types of dementia(n) 474 – –

RA (mean±SD.d.) 0.85±0.07 – –

CPD (mean±SD.d.) 1.31±0.90 – –

The cognitive test outcomes of reaction time, pairs matching round 1, pairs matching round two and numeric memory at the baseline and trail making test A, trail making test 
B and symbol digit substitution image visit were used. The test scores were mapped to (0,1) using the equation ‍tnormalized =

t−tmin
tmax−tmin ‍ where ‍tmin‍ is the minimum and 

‍tmax‍ is the maximum. All-cause dementia, AD, VD, other types of dementia showed the number of follow-up incident dementia cases after accelerometry wearing.
AD, Alzheimer’s disease; BMI, body mass index; CPD, composite phase deviation; RA, relative amplitude; VD, vascular dementia.

https://dx.doi.org/10.1136/bmjment-2024-301142
https://dx.doi.org/10.1136/bmjment-2024-301142
https://dx.doi.org/10.1136/bmjment-2024-301142
https://dx.doi.org/10.1136/bmjment-2024-301142
https://dx.doi.org/10.1136/bmjment-2024-301142


5Luo S, et al. BMJ Ment Health 2025;28:1–12. doi:10.1136/bmjment-2024-301142

Open access

performed to evaluate the association between circadian disrup-
tion and brain structure, cognitive tasks and dementia based on 
chronotypes. No significant interactions were observed in the 
stratified analyses (online supplemental tables 16–18).

DISCUSSION
Previous studies have suggested that circadian disruption 
negatively affects cognitive function in humans.3 Brain 
structures could serve as early biomarkers of cognitive 
impairment and dementia, but few studies have investigated 
the relationship between circadian disruption and brain 

structure. The aim of this study was to test the hypothesis 
that certain IDPs mediate the relationship between circa-
dian disruption and cognitive impairment and dementia. 
Here, we found five and 26 IDPs associated with CPD and 
RA, respectively, after Bonferroni correction (online supple-
mental table 2). Among them, three IDPs, encompassing the 
whole-brain GMV and the volume of the hippocampus and 
thalamus, mediated CPD-related dementia. In particular, 
the risk of non-AD/VD dementia could be attributed to IDPs 
and cognitive tasks for up to 8.6% of the total effect (the 
thalamus).

Figure 1  Association of CPD and RA with IDPs. (A) Standardised regression coefficients representing associations between CPD (or RA) and IDPs 
are presented. P values were adjusted using the Bonferroni correction for multiple comparisons. The results were adjusted for age, sex, body mass 
index, Townsend deprivation index, ethnicity, employment status, education level, smoking status and drinking status. IDPs were normalised to head 
size. The results for CPD and RA were separately indicated by red and blue colours, respectively. The Bonferroni-corrected significance threshold was 
marked with a black dashed line. (B) The location of regional IDPs associated with CPD or RA in the cerebrum and cerebellum is presented. The IDPs 
associated with CPD and RA were separately marked with red and blue colours. (C) The top five IDPs with largest volume decrease, associated with 
CPD or RA. CPD, composite phase deviations; IDPs, imaging-derived phenotypes; RA, relative amplitude.

https://dx.doi.org/10.1136/bmjment-2024-301142
https://dx.doi.org/10.1136/bmjment-2024-301142
https://dx.doi.org/10.1136/bmjment-2024-301142
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To the best of our knowledge, this is the first study to demon-
strate that the relative difference of hippocampal, thalamic and 
whole-brain GMV may play a role in non-AD/VD dementia and 
cognitive impairment caused by circadian disruption. Neverthe-
less, our results may still be reasonable. In a generally healthy 
community-based population, adults only experienced 0.18% 
(middle age) to 0.3% (older age) decrease of their hippo-
campal volume per year.16 The 1.11% decrease of hippocampal 
volume associated with CPD in our study suggested that circa-
dian disruption was associated with a 3.7–6.2 year increase in 
ageing of the hippocampus. Similar volume decrease was also 
observed in thalamic and whole-brain GMV, indicating a signifi-
cantly adverse effect of circadian disruption on brain structure. 
Additionally, there has been some evidence indicating their 
roles in cognitive impairment and dementia. In humans, the 
hippocampus makes critical contributions to learning, memory 
and cognition.16 The thalamus, as a part of the limbic system, 
performs various cognitive functions.17 Moreover, atrophy of 
the hippocampus and thalamus has been linked to the emergence 
of dementia in disorders other than AD and VD, such as Parkin-
son’s disease dementia.18 Our results indicated that whole-brain 
GMV mediates the relationship between circadian disruption 
and dementia/cognitive impairment. Whole brain GMV loss has 
been recognised as a common characteristic of neurodegenera-
tive disorders. The reduction of GMV in multiple brain regions 
has also been found to be associated with the development of 
dementia in older people.19 In short, the three important IDP 
atrophies we found were included and comprehended with 
MRI characterisation of brain structures related to mild cogni-
tive impairment and dementia, and these results supported our 
findings. Interestingly, we found that CPD was associated with 
increased nodal degree and nodal efficiency in the left thalamus 
and left hippocampus (online supplemental tables 7–9). This 
might suggest a compensatory mechanism of functional connec-
tivity at an early stage of cognitive impairment induced by circa-
dian disruption before dementia developed. This phenomenon 
is consistent with previous studies, which showed that subjective 

cognitive decline, a stage of mild neuronal injury with clinically 
normal cognitive performance, exhibits higher nodal topolog-
ical properties, including nodal strength, nodal global efficiency 
and nodal local efficiency.20 Collectively, our results suggest 
that hippocampus, thalamus and whole-brain grey matter are 
involved in mediating the association between circadian disrup-
tion and the risk of cognitive impairment and dementia.

Currently, there is no established normal reference value either 
for CPD or RA. According to the previously published studies, it 
is a common practice to categorise CPD and RA into quartiles, 
so as to investigate dose–response relationship and avoid biased 
estimates. We also performed a sensitivity analysis with more 
extreme groupings, where the participants with the lowest 10% 
CPD (or RA) were compared with those with the highest 10% 
of CPD (or RA). The results of sensitivity analysis were consis-
tent with main analysis. Even with a substantial reduction in the 
sample size, most of the positive results in the main association 
analysis remained significant, suggesting that the relationship of 
CPD and RA with the phenotypes was robust.

There are several possible mechanisms underlying the struc-
tural brain changes caused by circadian disruption: (1) the circa-
dian clock participates in various physiological processes in 
human brain such as memory consolidation and adult neurogen-
esis.3 Animal experiments implied that 67% of the total synaptic 
mRNA in the mouse forebrain (including the hippocampus and 
thalamus) showed circadian oscillations.21 Long-term circadian 
disruption may in turn alter gene expression, cellular metabolism 
and redox homeostasis in neurons22 and cause neuronal damage. 
For example, circadian disruption was reported to induce 
neuronal mitochondrial dysfunction23 and a metabolic-related 
loss of dendritic length and neuron complexity.24 (2) Circadian 
disruption has been found to affect waste clearance in the brain,25 
potentially leading to neuroinflammation.26 Notably, Another 
animal study also found that circadian disruption induced cogni-
tive dysfunction through neuroinflammation, characterised by 
microglial activation, and impaired hippocampal neurogenesis.27 
(3) Circadian disruption was also related to depressed levels of 

Table 2  Association of circadian disruption with cognitive test performance

Circadian index Cognitive tests Regression coefficients

P value 
(Bonferroni 
corrected)

CPD Reaction time 0.00107 (0.00071, 0.00144) 9.16×10−8*

CPD Pairs matching round 1 0.00022 (0.00014, 0.0003) 8.69×10−7*

CPD Symbol digit substitution −0.00617 (−0.00851, –0.00383) 3.41×10−6*

CPD Pairs matching round 2 0.00029 (0.00015, 0.00044) 1.09×10−3*

CPD Trail making B 0.00158 (0.00077, 0.00239) 1.96×10−3*

CPD Trail making A 0.00099 (0.00036, 0.00162) 2.96×10−2*

CPD Numeric memory −0.00318 (−0.00557, –0.0008) 1.23×10−1

RA Reaction time −0.01969 (−0.02451, –0.01486) 1.89×10−14*

RA Trail making A −0.00927 (−0.01766, –0.00088) 4.26×10−1

RA Symbol digit substitution 0.02882 (−0.00238, 0.06002) 9.83×10−1

RA Pairs matching round 1 0.00059 (−0.00049, 0.00167) >0.99

RA Trail making B −0.00505 (−0.01586, 0.00576) >0.99

RA Numeric memory 0.00459 (−0.02607, 0.03524) >0.99

RA Pairs matching round 2 −0.00014 (−0.00208, 0.0018) >0.99

Results of multivariable linear regression were reported as regression coefficients. P values underwent Bonferroni correction for multiple comparisons. The analysis was adjusted 
for age, sex, body mass index (BMI), Townsend deprivation index, ethnicity, employment status, education level, smoking status, drinking status. To permit comparison of effect 
size across outcomes, the outcome measures were mapped to (0,1) using the equation ‍tnormalizied =

(
t− tmin

)
/
(
tmax − tmin

)
‍ where ‍tmin‍ is the minimum and 

‍tmax‍ is the maximum before analysis.
*The Bonferroni correction adjusted P value<0.05.
CPD, composite phase deviations; RA, relative amplitude.

https://dx.doi.org/10.1136/bmjment-2024-301142
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melatonin in cerebrospinal fluid.28 The cerebrospinal fluid mela-
tonin rhythm plays an important role in the clearance of toxic 
and pathological molecules from the brain, via the glymphatic 
system.28 A multi-omics study found that melatonin can reduce 
neuron damage by attenuating lipid dyshomeostasis.29 More 
research may be necessary to fully explain how circadian disrup-
tion induces structural brain changes.

Although we found that both CPD and RA were associated 
with dementia and cognitive impairment in this study, they 
affected different brain structures. Only some CPD-related brain 
structures mediate dementia, providing cues for their differential 
effects. Indeed, a previous study supports the hypothesis that 
different dimensions of circadian rhythm may have independent 
effects on the cognitive system.30 These results may be important 
for future studies investigating the potential mechanisms.

Our results highlight the significance of maintaining healthy 
circadian rhythms in preventing cognitive impairment and 
dementia. This knowledge can inform educational campaigns 
and public health initiatives that encourage healthy sleep habits 
and lifestyle choices. For individuals with specific circadian 
disruption such as shift workers, the volume of key brain regions 
such as the hippocampus and thalamus can serve as a poten-
tial marker for occupational health screenings, enabling early 
prediction and treatment of cognitive impairment and dementia.

The present study had some major limitations. First, there was 
a temporal overlap between the recording of MRI data (2014+) 
and accelerometric measurements (2013–2015). It is difficult 
to distinguish between MRI and accelerometric measurements 
in terms of time sequence. Our study only presents evidence 
of cross-sectional associations,12 which precludes the establish-
ment of causal relationships. Prospective studies are needed 
to further validate the results. Second, although reliability and 
validity of unsupervised cognitive tests administered by the UK 
Biobank have been demonstrated,11 the unsupervised nature of 
these measures can lead to a lack of control over certain factors 
that influence cognitive assessment results, such as education 
level. This may introduce additional uncertainty to the estima-
tion of cognitive tests. Third, the mechanisms underlying cogni-
tive performance and dementia are complex with a number of 
potential regulators. While we controlled for several covariates, 
such as age, sex and education level, there could be unmeasured 
residual confounding factors (eg, genetic predisposition, lifestyle 
factors or social–economic status). Future studies should take as 
many confounders as possible into consideration, so as to better 
clarify the effects of circadian disruption on brain structure and 
cognition. Fourth, it is worth mentioning that the association 
between RA and the elevated risk of dementia might be influ-
enced by the level of physical activity during the daytime, which 
serves as a protective factor against dementia. Previous research 
revealed that lower RA was still associated with white matter 
microstructural alterations even when self-reported exercise 
was adjusted, but the effect size may be modified when exer-
cise levels varied.9 Further confirmation from more high-quality 
animal and human studies is warranted. Fifth, we used structural 
brain measures without considering brain area interactions or 
functional organisation. This may have overlooked the adverse 
effects of circadian disruptions on cognition and mental health. 
Further studies are warranted to confirm these findings of the 
present study.

In conclusion, the present study suggests that circadian disrup-
tion is associated with brain structural alterations, including the 
hippocampus and thalamus, involving dementia and cognitive 
impairment. Since circadian disruption is a behaviour-related 
factor that may be exogenously modifiable, our research findings 

may have implications for the prevention and treatment of 
cognitive impairment and dementia.
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