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Abstract

Objective: Delirium is a complex neurocognitive syndrome suspected to be bidirectionally 

linked to dementia. Circadian rhythm disturbances likely contribute to dementia pathogenesis, but 

whether these disturbances are related to delirium risk and progression to all-cause dementia is 

unknown.
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Methods: We analyzed continuous actigraphy data from 53,417 middle-aged or older UK 

Biobank participants during a median 5 years of follow-up. Four measures were used to 

characterize the 24-hour daily rest–activity rhythms (RARs): normalized amplitude, acrophase 

representing the peak activity time, interdaily stability, and intradaily variability (IV) for 

fragmentation of the rhythm. Cox proportional hazards models examined whether RARs predicted 

incident delirium (n = 551) and progression to dementia (n = 61).

Results: Suppressed 24-hour amplitude, lowest (Q1) versus highest (Q4) quartile (hazard ratio 

[HR]Q1 vs Q4 = 1.94, 95% confidence interval [CI] = 1.53–2.46, p < 0.001), and more fragmented 

(higher IV: HRQ4 vs Q1 = 1.49, 95% CI = 1.18–1.88, p < 0.001) rhythms predicted higher delirium 

risk, after adjusting for age, sex, education, cognitive performance, sleep duration/disturbances, 

and comorbidities. In those free from dementia, each hour of delayed acrophase was associated 

with delirium risk (HR = 1.13, 95% CI = 1.04–1.23, p = 0.003). Suppressed 24-hour amplitude 

was associated with increased risk of progression from delirium to new onset dementia (HR = 

1.31, 95% CI = 1.03–1.67, p = 0.03 for each 1-standard deviation decrease).

Interpretation: Twenty-four-hour daily RAR suppression, fragmentation, and potentially 

delayed acrophase were associated with delirium risk. Subsequent progression to dementia was 

more likely in delirium cases with suppressed rhythms. The presence of RAR disturbances before 

delirium and prior to progression to dementia suggests that these disturbances may predict higher 

risk and be involved in early disease pathogenesis.

Delirium is a distressing neurological complication in older adults after major illness or 

surgery. It is characterized by acute changes in attention, awareness, and cognition.1 The 

incidence dramatically increases with aging and is linked to subsequent dementia, which 

suggests delirium and dementia may have shared pathophysiological risk factors.2 Circadian 

rhythms are ~24-hour “body clock” cycles ubiquitous to physiological processes implicated 

in delirium and dementia (eg, brain function, metabolism, and immune modulation)3 that are 

synchronized to the day/night cycle primarily by light and enable the organism to anticipate 

predictable daily changes in the environment.4 Rest–activity rhythms (RARs) of motor 

activity refer to a person’s regular daily 24-hour pattern of being active and resting; they are 

commonly used to estimate circadian rhythms or disturbances, because the circadian timing 

system influences these RARs, and RAR perturbations can also disrupt the underlying 

circadian rhythms. RARs are estimated via actigraphy, an objective measurement of motor/

physical rest and activity over a defined period of time using a noninvasive accelerometer.5

Circadian disturbances are thought to have a bidirectional link to dementia.6,7 At the 

same time, there is increasing realization that many defining features and common risk 

factors for delirium and dementia, such as cognitive performance, executive function, and 

behaviors such as sleep–wake cycle and motor activity levels, are also under circadian 

control.3 Emerging evidence has shown that actigraphy-derived RAR degrades with age 

and predicts cognitive decline, incident mild cognitive impairment (MCI), and Alzheimer 

disease (AD).8–10 In addition, disrupted RARs were found to be associated with amyloid/tau 

pathology even in cognitively intact humans.9,11 The very same pathology has recently 

been implicated in delirium.12,13 Tan et al recently found similar RAR disruption and 

advanced (earlier) timing of peak activity (acrophase) in a small study for delirium.14 

Thus, there is a suspected overlap in the etiology of delirium and dementia.2 Nonetheless, 
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the pathophysiological mechanisms remain unknown, and the relevance of daily rhythm 

disruption in delirium has yet to be determined from large-scale cohorts with extended 

follow-up.

To address these gaps in the literature and better understand the relationship between daily 

rhythm regulation, delirium, and progression to dementia, we examined daily RARs via 

estimations of the daily rhythm of motor activity that was recorded for up to 7 days between 

2013 and 2015, in >53,000 middle-aged or older adults from the UK Biobank. Participants’ 

health was followed via electronic health records documenting hospitalization records for 

up to 7.5 years. We tested 2 hypotheses: (1) participants with more RARs disturbances 

at baseline (ie, suppressed amplitude, advanced peak activity time, reduced stability, and 

increased fragmentation) will have a higher risk for developing new onset delirium during 

hospitalizations and (2) these RARs disturbances can predict those who progress to incident 

MCI and/or all-cause dementia within 3 years of their first delirium episode.

Subjects and Methods

Study Population and Data Source

Between 2013 and 2015, 103,711 community-based participants were recruited for 

actigraphy-based monitoring from the UK Biobank, a longitudinal population-based cohort 

of individuals across the UK aged between 43.5 and 79.1 years (mean age = 63.6, standard 

deviation [SD] = 7.6 years, 54% female). Participants completed extensive questionnaires 

on demographics, lifestyle choices, and medical conditions at initial enrollment (2.8-9.7 

years before actigraphy) and agreed to provide access to their health care records; these 

are collected in the UK Biobank’s Hospital Inpatient Data, an electronic health record 

that includes diagnoses, hospitalization, and operations for each participant from the UK’s 

centralized National Health Service (NHS), where the vast majority of health care is 

accessed in the UK.15 Follow-up for participants was until the occurrence of delirium, death, 

withdrawal, or the latest available data, up to 7.5 (median = 5) years. The demographic and 

clinical characteristics of participants at baseline (with/without delirium) are shown in Table 

1.

Standard Protocol Approvals, Registrations, and Patient Consents

The UK Biobank received National Research Ethics Approval, and participants gave written 

informed consent. This study was conducted under the terms of UK Biobank access number 

33883 and Mass General Brigham Institutional Review Board approval (#2020P002097).

Assessment of RARs

A triaxial accelerometer device (AX3; Axivity, Newcastle, UK) was worn continuously 

for up to 7 days. Data collection and quality checks were performed based on prior work 

with actigraphy in older adults8,10,11 and established criteria from the UK Biobank.16 We 

excluded 11,018 records (10.6%) due to flagged cases with data problems, poor calibration, 

and large gaps/likely off-wrist periods.
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We examined 4 properties of circadian RARs17,18: (1) 24-hour amplitude, the difference 

in the magnitude of activity between the active and rest phases; this was normalized by 

the subject’s SD to account for individual variations in the actigraphy signal, and enable 

between-participant comparison; (2) acrophase of the 24-hour component that presents the 

peak activity time in hours extracted from motor activity recordings based on parametric 

cosinor fitting that extracts the 24-hour component from the raw actigraphy signal, and 

nonparametric assessment for (3) interdaily stability (IS) for assessment of the stability 

of the rhythm (ie, larger IS for more stable rhythms)19; and (4) intradaily variability (IV) 

for assessment of fragmentation of the rhythm (ie, smaller IV for less fragmentation).19 

In addition to the cosinor 24-hour amplitude, we also derived the nonparametric relative 

amplitude (RA)—the difference in activity between the most active 10-hour period and the 

least active 5-hour period in the average 24-hour pattern, normalized by their sum. The UK 

Biobank actigraphy protocol was for 7 days. We used the first 6 available days of data to 

include at least 1 weekend day and excluded those with <6 days (n = 3,634; see Fig 1). 

We kept this consistent for both parametric (cosinor) and nonparametric analyses. We used 

MATLAB (vR2020a; MathWorks, Natick, MA) programs to implement parametric cosinor 

fitting for normalized amplitude/acrophase and nonparametric analyses for IS/IV.

Assessment of Delirium, MCI, and Dementia Diagnoses

The UK Biobank has released hospitalization records linked to study participants during 

the follow-up period within the UK’s NHS. Incident delirium diagnosis was derived as 

the first date of occurrence of the International Classification of Diseases, 10th Revision 

(ICD-10) code F05, included in hospital admission health records during follow-up, in 

keeping with similar studies using these data.20 In addition, we obtained incident MCI 

diagnoses (F06.7) and dementia diagnoses using the UK Biobank’s algorithmically defined 

“date of all-cause dementia” (field 42,018). Thus, our main outcome was “all delirium 

cases.” Separately, we also analyzed operation/procedure coding from the UK Biobank 

and matched dates of operations within 3 days before incident delirium; these were then 

considered as postoperative delirium (POD), our prespecified delirium subset outcome group 

of interest. Given the overlapping link between circadian disturbances and dementia, for 

exploratory analysis, we further identified the following outcome groups by comparing 

the dates of first occurrence (delirium, MCI/dementia): “delirium with pre-existing MCI/

dementia,” “delirium progressing to MCI/dementia,” and “delirium remaining free from 

MCI/dementia” (see Fig 1).

Using the first date of diagnosis and the date of actigraphy assessment, we derived time 

to event (first occurrence of delirium) for our primary analysis and time from delirium 

to incident MCI/dementia progression for our secondary analysis. A total of 53,417 

participants (mean ± SD age at baseline = 58 ± 8 years, range = 40–72 years, female: 52.7%) 

had available actigraphy and covariates (see below), free from delirium at baseline. Unlike 

chronic diseases such as diabetes or dementia, delirium requires a precipitating factor, for 

example, after an illness or operation in a cognitively vulnerable person. Only when a 

person is hospitalized/had an operation are there the conditions for delirium to occur and 

also be diagnosed/recorded in medical records. To ensure all participants were exposed to 
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a precipitating factor at least once, we excluded those with no hospitalization or operations 

after actigraphy (see Fig 1).

Assessment of Covariates

Participants’ medical histories were made available by the UK Biobank through 

a combination of self-reports during nurse-led interviews at initial enrollment and 

medical records at the time of actigraphy. Covariates were grouped into 5 categories: 

demographics (age, sex, ethnicity, education, and deprivation), objective sleep characteristics 

(total nighttime duration [total sleep time] and the number of awakenings), physical 

activity, cognitive performance, and comorbidities (body mass index [BMI], presence of 

cardiovascular disease or risks [CVD], and morbidity burden).

Age at actigraphy was calculated in years based on the date of birth. Sex (male/female) 

and ethnicity (European/non--European, given that the majority was of British or “White” 

European descent [91%]) were self-reported. Education was college level or not. Townsend 

deprivation index (TDI) was a score based on national geographic census data immediately 

before participant enrollment. Sleep duration and awakenings were derived from actigraphy 

consistent with our prior studies.8,10 Physical activity was assessed by the mean total 

daily activity count, also from actigraphy. Cognitive performance was estimated at initial 

enrollment using a raw processing speed test involving the mean reaction time to correctly 

identify card matches. BMI at initial enrollment was calculated as weight in kilograms 

divided by height in meters squared. CVD was based on the presence of hypertension, high 

cholesterol, smoking, diabetes, ischemic heart disease, and peripheral vascular disease. We 

also used a previously described morbidity burden21 based on the summed presence of 

any cancers or respiratory, neurological, gastrointestinal, renal, hematological, endocrine, 

musculoskeletal, connective tissue, or infectious diseases/disorders, and classified as none 

(0)/moderate (1–3)/high (4 or more conditions) at the time of actigraphy.

Statistical Analysis

Descriptive characteristics are presented in Table 1, as means with SDs for quantitative 

variables (normally distributed) or as medians with interquartile range (non-normally 

distributed). Categorical variables are presented as percentages. Our primary analysis 

examined the associations between RAR measures, delirium incidence, and progression 

to MCI/dementia using Cox proportional hazard models, reported as hazard ratios (HRs) 

and corresponding 95% confidence intervals (CIs). In the core models, the normalized 

amplitude of the 24-hour component, and acrophase of the 24-hour component, IS, or IV 

were included separately as predictors alongside demographics (Model A). Adjusted models 

were subsequently used to control for the other 4 categories of covariates (Models B–E). 

Those with RAR disturbances may also have had unmeasured factors that increased the 

chance for closer follow-up, including hospitalizations or surgeries that are the necessary 

triggers for delirium. Thus, all models include the number of hospitalizations during follow-

up to minimize misclassification and surveillance bias, as well as the time lag between initial 

enrollment variables (sex, TDI, BMI, and reaction time) and the time of actigraphy.
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We first included POD cases only for sensitivity analysis, followed by our exploratory 

delirium subset outcome groups defined above (delirium with pre-existing MCI/dementia, 

delirium progressing to MCI/dementia, and delirium remaining free from MCI/dementia). 

In secondary analysis, we examined the association between RAR measures and risk for 

progression from delirium to new onset MCI/dementia using Cox proportional hazard 

models adjusted for age at delirium diagnosis, sex, education, ethnicity, morbidity burden, 

baseline mean reaction times, and the time lag between actigraphy and delirium diagnosis. 

Finally, we tested our primary models by subgroup of interest (age [<65 years/≥65 years], 

sex, sleep duration [<7 hours/7–8 hours/>8 hours], physical activity [above/below median 

mean daily activity counts], cognitive performance [above/below median reaction times], 

and morbidity burden [none/moderate/significant]). The proportional hazards assumption 

was assessed using the global χ2 test in the R package cox.zph (survival) incorporating 

methods described by Grambsch and Therneau.22 All statistical analyses were performed 

using JMP Pro (v16, SAS Institute, Cary, NC). Probability value < 0.05 was used for 

statistical significance.

Results

Participant Characteristics

Baseline demographics, daily rhythmicity characteristics (amplitude, acrophase, IS, and IV), 

sleep (total nighttime duration and number of awakenings), physical activity, cognition, and 

comorbidities are shown in Table 1. During a median 5-year follow-up (range = 2 months to 

7.7 years, SD = 1.0 year), 551 participants developed their first episode of delirium during 

hospitalization after actigraphy assessment. In univariate analysis, compared to those with 

no incident delirium (see Table 1), participants who developed incident delirium were more 

likely to be older (69.5 vs 63.5 years, p < 0.001) and male (60.6% vs 45.0%, p < 0.001), and 

trended toward coming from areas of greater material deprivation per TDI (−1.5 vs −1.7, p = 

0.04). Ethnic background and college education rates were similar between the two groups. 

The delirium group was likelier to be short (<7 hours) or long (>8 hours) sleepers compared 

to normal (7–8 h) sleepers (p = 0.02) but had a similar number of nighttime awakenings (5.3 

vs 5.2), were less active (p < 0.001), and had slower reaction times (581 vs 550 milliseconds, 

p < 0.001), higher BMI (27.9 vs 27.0 kg/m2, p < 0.001) and higher prevalence of CVD (53% 

vs 30%, p < 0.001), and a higher proportion had significant morbidity burden (24 vs 10%, p 
< 0.001).

RARs and Risk for Incident Delirium

Lower normalized 24-hour amplitude was associated with a higher risk for delirium, with 

an HR of 1.28 (95% CI = 1.18–1.39, p < 0.001; Table 2) per 1-SD decrease. When the 

cohort was separated into quartiles, there was a graded decrease in risk across quartiles (Fig 

2A), corresponding to a nearly 2-fold higher cumulative incidence of developing delirium 

for participants in the lowest (Q1) versus the highest quartile (Q4; see Fig 2B; [HR]Q1 vs Q4 

= 1.94, 95% CI = 1.53–2.46, p < 0.001) after adjusting for demographic covariates. This 

association remained significant after further adjustments for covariates, including sleep, 

mean physical activity levels, cognition, and medical comorbidities (Table 3).
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Higher IV, a measure of RAR fragmentation, was also associated with a higher risk for 

delirium (HR = 1.22, 95% CI = 1.11–1.33, p < 0.001; see Table 2) per 1-SD increase. 

There was a graded increase in risk (see Fig 2C) across quartiles corresponding to a 1.5-fold 

higher cumulative incidence for participants in Q4 vs Q1 (see Fig 2D; HR4Q4 vs Q1 = 

1.49, 95% CI = 1.18–1.88, p < 0.001) in participants after adjusting for demographic 

covariates. This association remained significant after further adjustments for covariates but 

was nonsignificant in Model C with mean physical activity levels (see Table 3).

Acrophase (time of peak activity) was not related to incident delirium (for each hour delay, 

HR = 1.07, 95% CI = 0.98–1.15, p = 0.18; see Table 2). Lower IS (regularity of RARs) 

was associated with an increased risk for delirium in the core model (HR = 1.17, 95% CI = 

1.01–1.35, p = 0.04; see Table 2) but was no longer significant with the inclusion of further 

covariates (see Table 3). We also separately tested the effects of sleep duration on delirium 

risk adjusting for demographics and reported here as follows: short sleepers (<7 hours) 

were at increased risk (HR = 1.28, 95% CI = 1.06–1.55, p = 0.01) compared to normal 

sleepers (7–8 hours) adjusted for demographics, but long sleepers (>8 hours) had marginally 

increased risk that was not significant (HR = 1.37, 95% CI = 0.96–1.95, p = 0.08).

RARs in Delirium Subsets

In POD cases only (n = 231, 42%), an increase in risk was observed for lower amplitude 

(HR = 1.18, 95% CI = 1.04–1.36 per 1-SD decrease, p = 0.01) and higher IV (HR = 1.21, 

95% CI = 1.05–1.40 for 1-SD increase, p = 0.007; see Table 2), whereas no associations 

were seen between IS or acrophase and POD. In exploratory subsets, those with delirium 

with a pre-existing diagnosis of MCI/dementia (n = 81) or delirium progressing to MCI/

dementia (n = 61) were also associated with lower amplitude and higher IV (see Table 

2). After the exclusion of all known MCI/dementia before/after delirium, that is, delirium 

remaining free from MCI/dementia (n = 409), participants with delayed acrophase (HR 

= 1.13, 95% CI = 1.04–1.23, p = 0.003 for each 1-hour increase) in addition to lower 

amplitude (HR = 1.18, 95% CI = 1.07–1.31 for each 1-SD decrease, p < 0.001) and higher 

IV (HR = 1.17, 95% CI = 1.05–1.30 for each 1-SD increase, p = 0.007; see Table 2), were 

at increased risk for delirium. Results were consistent across all outcome groups using the 

nonparametric RA (Table S1).

Incident Delirium Risk by Subgroup of Interest

We further examined the amplitude- and IV-associated risk for delirium by subgroup 

(Figure 3, adjusted for demographics). We found that lower amplitude and higher IV 

(per 1 SD) were equally predictive by age (<65/≥65 years), sex, sleep duration (<7 

hours/7–8 hours/>8 hours), cognition (faster/slower reaction times), or morbidity burden 

(low/moderate/significant). In addition, no significant interactions were found for amplitude 

or IV with age, sex, sleep duration, cognition, or morbidity burden (see Fig 3; see p values 

for interaction). However, the association between lower amplitude and delirium risk was 

higher in those with lower mean activity levels (below median; HR = 1.34, 95% CI = 1.18–

1.62, p < 0.001) and was attenuated in those with higher mean activity levels (above median; 

HR = 1.05, 95% CI = 0.88–1.24, p = 0.61), with p = 0.001 for interaction.
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RARs and Risk for Progression to Incident All-Cause Dementia after Delirium

In secondary analysis, we explored the association between RAR features and risk for 

progression to all-cause dementia after the first episode of delirium. Within 551 incident 

delirium cases, 470 (85%) participants were free from a diagnosis of MCI and/or dementia 

(mean age = 74 years, females 39%), and 61 (13.0%) participants developed incident 

MCI/dementia within 3 years of delirium (see Fig 1). Table 4 shows results for our 

4 RAR features and risk for progression to incident all-cause dementia from delirium 

(non-dementia related and postoperative). Lower normalized 24-hour amplitude of RAR 

(per 1-SD decrease) was associated with a higher risk for progression to MCI/all-cause 

dementia in dementia-free (non-dementia related; HR = 1.31, 95% CI = 1.03–1.67, p = 

0.03) and postoperative delirium (HR = 1.55, 95% CI = 1.04–2.33, p = 0.03). Age, sex, 

education, baseline cognition, morbidity burden, and mean activity did not significantly 

predict progression within this subcohort.

Discussion

This is the first large-scale prospective study examining the link between RARs and 

delirium. The key finding is that suppressed (lower 24-hour amplitude) and more fragmented 

(higher IV) rhythm predicted a higher risk of delirium. Additionally, a suppressed rhythm 

predicted progression from delirium to incident MCI and/or all-cause dementia. These 

results were consistent for POD and further exploratory delirium subsets with an additional 

association between delayed acrophase and delirium, but only in those remaining free from 

MCI/dementia. We believe this study presents compelling evidence that certain circadian 

disturbances are linked to delirium vulnerability and progression to dementia, which merits 

further exploration.

Although previous studies have demonstrated disruption to the daily rhythms of various 

physiological outputs such as motor activity (using accelerometry14), hormonal levels 

(eg, melatonin23 or cortisol24), or temperature25 during delirium itself and critical 

illness, few have examined daily disturbances before stressors that precipitate delirium. 

Health maintenance depends on regular alignment between circadian rhythms and actual 

behavioral/environmental rhythms.26 An accepted hallmark of healthy physiology and 

resistance to stressors is a robust circadian system.27 For example, circadian dysregulation 

has been associated with cardiometabolic disease26,28 and brain disorders.3 Thus, both RAR 

disturbances and delirium are suspected to be indicators of physiological frailty, as well as 

possible precipitating and accelerating factors in cognitive and physical decline.29–31

One emerging factor that may account for our observations is the discovery of RAR 

abnormalities in the preclinical phase of AD,8,9,32 which can span more than a decade.33 

We recently showed the same rhythm disturbances (lower normalized amplitude and 

higher IV) predicted incident AD and progression to AD from MCI; worsening cognition 

also correlated with decreasing amplitude and increasing IV.8 At the same time, RAR 

disturbances were found to be associated with preclinical amyloid/tau pathology.9,11 It is 

generally accepted that dementia is a significant risk factor for delirium,2 and those with 

preclinical dementia may already be vulnerable to the stressors precipitating delirium. This 

hypothesis is backed by evidence linking delirium vulnerability to AD-related amyloid and 
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tau pathology burden.13,34 Our results were independent of baseline cognitive reaction time 

and consistent when MCI and dementia cases were excluded; these findings may begin 

to bridge the gap in knowledge of the relationship between circadian disturbances and 

delirium. Nonetheless, the exact time course of the relationship and specific mechanisms, 

particularly in the context of AD-related pathology and cognitive impairment, remains 

unclear.

Why some delirium sufferers appear to be more at risk of developing dementia remains 

unclear.30 Lower 24-hour amplitude (1 SD) predicted a 31% increased risk over 3 

years independent of age at delirium diagnosis, sex, cognition, and socioeconomic status. 

Interestingly, higher IV fragmentation was not significantly related to dementia progression 

(or other RAR measures) despite recent links to dementia diagnosis and pathology.8,9 We are 

not aware of other similar studies using RAR to understand the progression from delirium 

to dementia for comparison. This is likely due to the paucity of large-scale delirium-specific 

cohorts with detailed longitudinal follow-up.35 The Vantaa 85+ study of 553 individuals 

aged ≥85 years showed that traditional neuropathological correlates of dementia (eg, 

amyloid/tau, vascular lesions, or APOE-e4 allele status) were strongly associated with 

subjects who had developed dementia but not in a small subset of 58 subjects who had 

progressed from delirium.36 A more recent study that followed 115 delirium subjects over 

2 years did not report incident dementia but confirmed that higher baseline cognition 

was protective against delirium; surprisingly, they also found that older adults with high 

baseline cognitive function and delirium showed the most significant cognitive decline.31 

Taken together, it is feasible that dementia following delirium represents different etiological 

pathways to the development of dementia—pathways where noncognitive factors, such as 

the suppressed amplitude of RARs, may play a more prominent role.

We did not find significant associations between acrophase and our prespecified main 

outcomes for delirium and POD. However, there is a potential association between delayed 

acrophase and delirium, but only in those who remained free from MCI/dementia. In 

one of the few studies of actigraphy-derived RARs before delirium, Tan et al confirmed 

lower 24-hour amplitude before hospitalization for cardiac surgery in 25 delirium cases 

compared to 18 nondelirium patients.14 However, they also reported a 1.5-hour advanced 

(earlier) acrophase (peak time of RAR rhythm) in delirium patients. Both results should 

be interpreted cautiously and require larger scale confirmation studies. Several factors may 

contribute to these inconsistent results. Their study was small and tailored to the immediate 

period before cardiac surgery, known to have one of the highest rates of delirium.37 In 

contrast, our study is larger but had to account for a time lag between actigraphy and 

hospitalization and included all delirium and operative cases.

Additionally, the relationship between dementia and acrophase is also unclear. For example, 

two landmark studies on women32 and men38 reported that delayed acrophase was 

associated with cognitive decline in women. In contrast, advanced acrophase was associated 

with greater cognitive decline in men. This was not replicated in our recent (much older) 

community cohort,8 where we did not see sex differences in our results. Even if delirium 

and dementia are on the same spectrum of neurodegeneration in relation to circadian 

disruption, it is possible that (1) circadian amplitude and fragmentation changes manifest in 
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earlier stages of neurodegeneration than acrophase changes; (2) the reliability in acrophase 

estimation is more affected or “masked” by the scheduled daily behavioral cycle (e.g., daily 

work-related or study-related schedules) than by other measures, and (3) multiple peaks 

may occur in perturbed daily activity rhythms in people with neurodegeneration; thus, it 

is hard to estimate the acrophase of such a nonsinusoidal oscillation reliably. For now, we 

can only conclude that advancing both delirium care and dementia prevention may benefit 

from considering a patient’s life (rest–activity) rhythms before hospitalization. Further work 

is required to determine the most critical rhythm features and their optimal timing of 

assessment.

Another major factor is sleep disruption, which is under circadian control, and increasingly 

linked to delirium.37,39 It is possible that circadian disturbances can lead to sleep 

disruption that, in turn, uniquely contributes to neurodegenerative diseases, including 

delirium.40 Leung et al showed that patients who developed delirium had significantly 

longer awakenings after nighttime sleep onset before major surgery,41 which makes sleep a 

potentially modifiable target for intervention.42 Although a standard sleep assessment in this 

population-based cohort was lacking at the actigraphy time, we applied validated algorithms 

to estimate nighttime sleep duration and the number of awakenings, but 24-hour amplitude 

and IV results remained significant. How sleep and circadian function interact to affect 

delirium risk will require future studies incorporating both sleep and circadian measures to 

dissect these complex pathways.

In subset analyses, the RAR–delirium association was consistent for delirium remaining free 

from MCI/dementia and POD, which has two important implications: (1) given the known 

relationship between RAR disturbances and dementia, it further suggested that nondementia 

pathways may underlie some of the links between RAR disturbances and delirium risk; 

and (2) POD is the most common surgical complication in older adults,43 and is most 

likely to be intervenable during the preoperative period (compared to acute illness delirium). 

These results should be interpreted with caution, given the small sample sizes from a 

healthy cohort; larger, dedicated delirium cohorts, particularly postoperative, are needed to 

investigate these preliminary findings further.

Whereas no interactions for amplitude or IV were seen with age, sex, sleep duration, 

cognition, or morbidity burden, we found a significant interaction between suppressed 

24-hour amplitude and mean activity levels. Our Model C results showed that the effect of 

24-hour amplitude on delirium was attenuated by mean physical activity level but remained 

significant. We derived mean activity levels from the same actigraphy data, and they may 

have some collinearity with amplitude. Surprisingly, the effects of amplitude on delirium 

risk were mainly in those with lower activity. There may be a few potential factors. (1) 

Low physical activity has been linked to cognitive decline,44 microinfarcts, and disruption 

of white matter integrity,45 which may overlap with delirium etiology,46 but could not be 

accounted for in this study. (2) Low physical activity may also represent sedentary episodes 

of wakefulness versus napping and can influence the interpretation of these results. In 

an older community cohort, we recently showed that longer duration and more frequent 

daytime napping/sedentary episodes were bidirectionally linked to cognitive decline, MCI, 

and AD.10 Although this study did not set out to score/distinguish sedentary episodes 
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when activity is low, a known challenge using actigraphy data alone, these periods may 

contribute to both low activity and overall suppressed amplitude, particularly in those 

with pre-existing neurodegeneration and cognitive vulnerability to delirium. (3) Conversely, 

higher mean physical activity may be indicative of more regular and intense exercise, which 

both can be protective from the adverse cerebrovascular impact of circadian dysfunction 

and also directly impacts circadian regulation through light exposure/feeding or sleep/wake 

times,47 to promote more robust amplitude and attenuate its association with delirium 

risk. (4) Finally, given the above factors, <30% of delirium cases occurred in half of all 

participants with higher activity. This may have reduced the power to show the subgroup 

effects of amplitude on delirium risk while maintaining overall statistical significance in 

the full cohort. Overall, caution should be taken when interpreting subgroup analyses. 

Future confirmatory studies are needed to test whether targeting a combination of circadian 

regulation and objective physical activity levels will be most important to delirium risk 

mitigation.

Strengths and Limitations

This study is unique for the large sample size of objectively measured daily activity and 

prospective design with nearly 8 years of follow-up. Despite this, several limitations must 

be acknowledged. UK Biobank participants are mostly Caucasian of European descent 

and may have healthier behaviors than the general UK population. In addition, those 

who volunteered for additional testing (eg, actigraphy) from the UK Biobank are known 

to be even healthier21; this may underestimate the associations, as selection bias will 

include participants who may have healthier or more regular daily activity patterns, fewer 

comorbidities, and lower rates of delirium/dementia. However, despite the potential for 

selection bias and low participation rate overall (~5%), risk factor associations in the UK 

Biobank are generalizable.48

We controlled for a wide range of confounders and stratified by subgroups. Nonetheless, 

there is likely to be residual confounding in the described relationships, given the complex 

nature of circadian regulation and the heterogeneity of delirium. We used RAR as a proxy 

measure for circadian organization, recognizing that RAR is influenced by other factors 

such as homeostatic sleep pressure dynamics, family/work/school time constraints, and 

emotional, cognitive, environmental, and medical/medication factors. We ascertained data 

on multiple comorbidities as best as possible from health care records at the time of the 

RAR assessment. Nonetheless, we made the assumption that certain variables (ie, TDI 

and education level) remained the same during follow-up. Unfortunately, we did not have 

up-to-date BMI or cognitive testing; we instead controlled for the time lag between baseline 

and actigraphy recruitment. Our multivariable-adjusted models accounted for covariates 

that could be on the causal pathway between RAR and delirium. For example, BMI 

could increase and cognition decline faster, and there could be more hospitalizations, 

in those with low 24-hour amplitude or higher IV fragmentation, influencing delirium 

outcomes. Therefore, the adjusted HRs presented may underestimate the true strength of the 

relationships examined.
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To minimize participant burden, the UK Biobank did not conduct more extensive cognitive 

(e.g., MiniMental State Examination) or independent community living (e.g., Instrumental 

Activities of Daily Living) testing. Therefore, residual confounding might have occurred due 

to baseline cognitive/independent living ability, which could overestimate the association. 

In addition, RAR was assessed only once and could have changed over time. We cannot 

exclude the possibility that some with delirium had undiagnosed MCI/dementia that was 

only later diagnosed after delirium. Reverse causation must also be acknowledged, given 

that delirium does not exclusively occur during hospitalization (e.g., illnesses that occur 

at home, in care settings, after dialysis center visits, or after ambulatory/day surgery that 

does not require hospitalization will not have been captured unless the delirium led to an 

escalation of care, i.e., an extended observation period that constituted a hospitalization 

event). Although these episodes are likely uncommon before actigraphy in our healthy 

cohort (e.g., 1.4% delirium incidence in ambulatory patients >75 years old),49 their 

neurological consequences may have preceded changes in RAR. For these reasons, the 

associations between RAR, delirium, and progression to dementia must be interpreted 

cautiously and in the context of the most severe cases of delirium during hospitalization. 

Carefully designed longitudinal studies monitoring 24-hour RARs and cognition before 

major elective surgery and in the recovery phase after delirium would help to confirm our 

observed links. Finally, clinical data in the UK Biobank cohort were limited to ICD coding. 

Others have used this approach for delirium20,50 and various diseases51–53 within this cohort 

and are highly specific (up to 96%) for delirium,54 but the sensitivity is modest (53–64% 

in recent studies).54,55 Thus, we are likely missing cases, particularly milder or hypoactive 

forms.

Our novel findings are a valuable starting point for research that bridges circadian rhythms 

and delirium. We have shown that suppressed 24-hour amplitude and higher fragmentation 

(IV) in the daily rhythm of motor activity are associated with risk for delirium during 

hospitalization in middle-aged and older adults. Suppressed amplitude also uniquely 

predicted the risk of progression from delirium to MCI and/or all-cause dementia, suggestive 

of a common pathway between delirium and dementia that warrants further investigation. 

Future work is needed to replicate findings alongside better measures of RARs and cognitive 

trajectory, ideally both before major illnesses/surgery and after delirium, with the goals of 

both preventing delirium and delaying the progression to dementia.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1: 
Flowchart of participants in the study. The primary analysis included 551 for all 

cases of delirium, of which 231 were postoperative delirium (POD) cases (denoted by 

asterisk). Eighty-one cases had pre-existing mild cognitive impairment (MCI)/dementia, 61 

progressed to MCI/dementia, and 409 remained free from MCI/dementia (see also Table 2). 

Four hundred seventy (*202 were POD cases) without MCI/dementia were included in the 

secondary analysis (see also Table 4). RAR = rest–activity rhythm.
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FIGURE 2: 
Rest–activity rhythm amplitude, fragmentation, and risk for delirium. Plots show the hazard 

ratio for (A) amplitude quartiles with the 4th (Q4) as the reference level and (B) intradaily 

variability (IV) quartiles with the 1st (Q1) as the reference level for the first occurrence of 

delirium adjusted for age, sex, education, ethnicity, and Townsend deprivation index. (C, 

D) The cumulative incidence for delirium since actigraphy assessment for the 1st and 4th 

quartiles of (C) amplitude and (D) IV. CI = confidence interval.
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FIGURE 3: 
Subgroup analysis of delirium risk by 24-hour amplitude and intradaily variability. Forrest 

plot of hazard ratios with 95% confidence intervals for a 1-standard deviation (SD) decrease 

in (A) amplitude and 1-SD increase in (B) intradaily variability predicting incident delirium 

based on subgroups of patients by age, sex, sleep duration, physical activity level, cognitive 

performance (reaction time), and morbidity burden. “Above” and “Below” are relative to the 

median value for the corresponding groups.
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