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Abstract

Background: Delirium is a distressing neurocognitive disorder recently linked to sleep disturbances. However, the longitudinal relationship
between sleep and delirium remains unclear. This study assessed the associations of poor sleep burden, and its trajectory, with delirium risk
during hospitalization.

Methods: About 321 818 participants from the UK Biobank (mean age 58 = 8 years [SD]; range 37-74 years) reported (2006-2010) sleep
traits (sleep duration, excessive daytime sleepiness, insomnia-type complaints, napping, and chronotype—a closely related circadian measure
for sleep timing), aggregated into a sleep burden score (0-9). New-onset delirium (7 = 4 775) was obtained from hospitalization records during
a 12-year median follow-up. About 42 291 (mean age 64 = 8 years; range 44-83 years) had repeat sleep assessment on average 8 years after
their first.

Results: In the baseline cohort, Cox proportional hazards models showed that moderate (aggregate scores = 4-5) and severe (scores = 6-9)
poor sleep burden groups were 18% (hazard ratio = 1.18 [95% confidence interval: 1.08-1.28], p <.001) and 57% (1.57 [1.38-1.80],
p < .001), more likely to develop delirium, respectively. The latter risk magnitude is equivalent to 2 additional cardiovascular risks. These
findings appeared robust when restricted to postoperative delirium and after exclusion of underlying dementia. Higher sleep burden was
also associated with delirium in the follow-up cohort. Worsening sleep burden (score increase >2 vs no change) further increased the risk
for delirium (1.79 [1.23-2.62], p = .002) independent of their baseline sleep score and time lag. The risk was highest in those younger than
63 years at baseline (p for interaction <.001).

Conclusion: Poor sleep burden and worsening trajectory were associated with increased risk for delirium; promotion of sleep health may be
important for those at higher risk.

Keywords: Chronotype, Circadian rhythms, Napping, Perioperative neurocognitive disorders, Sleep health

Delirium is an acute decline in attention and cognition; unfortu- sleep health, which is composed of multidimensional sleep traits
nately, the prevalence increases dramatically with aging (1). Poor (short/long sleep duration, excessive daytime sleepiness, insomnia-
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like complaints, napping as well as morning/evening chronotype,
a closely related circadian measure of preference for sleep timing),
has emerged as a potentially modifiable risk factor in conditions
implicated in delirium (2-4). For example, many dimensions of
sleep health deteriorate with age, after critical illness (5), or prior
to Alzheimer’s disease (AD) (6-8). These groups are also the most
vulnerable to delirium (9).

Much of the focus on delirium has been on sleep disturbances/
disorders around the time of critical illness (10,11) or in those older
than 65 years (12). Yet, sleep disorders are often underdiagnosed
(13), leading to imprecise associations. Sleep traits are present in all
and can be more readily assessed as a widespread gauge of health;
this makes any links potentially impactful. Others have shown down-
stream effects of poor sleep (14,15) to include neuroinflammation,
autonomic nervous system (ANS) dysfunction, and cardiometabolic
disease. These are also suspected in the etiology of delirium (16,17).
Given that sleep is modifiable, our primary objective was to estab-
lish prospectively whether earlier life poor sleep is a risk factor for
delirium during hospitalization.

In this study, we assessed poor sleep burden, derived from an
aggregate sleep score, and new-onset delirium during a median
12 years of follow-up, within a large community sample from
the UK Biobank. We also explored these relationships in subsets
(postoperative delirium only and after exclusion of underlying de-
mentia). Finally, we tested the trajectory of poor sleep burden and
delirium in a smaller follow-up cohort a median 4 years after the
first assessment.

Method

Study Participants
Between 2006 and 2010, over 500 000 community-based partici-
pants aged between 37 and 70 (mean age 57 = 8 years, 54% female)
from across the United Kingdom were recruited to participate in
the UK Biobank (18). Participants completed extensive question-
naires on demographics, lifestyle choices, and medical conditions.
Blood/serum samples were also obtained for biochemical analysis.
Specific to this study, a total of 321 818 participants (mean age 58 =
8 years; range 37-74 years; female: 54%) and 42 291 (mean age
64 = 8 years; range 44-83 years; female: 54%) who had available
sleep assessment and at least one subsequent hospitalization episode
after baseline and repeat assessments, respectively (Supplementary
Figure 1).

A subset of the baseline cohort (z = 61 063; mean age 64 =
8 years; range 44-83 years) was invited back for reassessment be-
tween 2012 and 2020. Participants were followed for up to 15 years
from baseline, and up to 9 years after the follow-up visit, until
February 2021 (see Supplementary Figure 1 for a flowchart of par-
ticipant selection). The UK Biobank validation efforts for data col-
lected from participants (eg, sample handling and storage procedures
for blood samples or characterization of health-related outcomes)
have been described in detail elsewhere (19).

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 40556
and Mass General Brigham institutional review board approval
(#2020P002097).

Assessment of Sleep Traits

Sleep health traits were recorded during baseline recruitment for
the cohort and at a follow-up visit for a smaller group. For sleep
duration, participants were asked “About how many hours sleep
do you get in every 24 hours (include naps).” We categorized
sleep duration into short (<6 hours/day), normal (6-9 hours), and
long (>9 hours) based on prior evidence for U-shape associations
with disease (3,15,20). Subjective excessive daytime sleepiness,
insomnia-like complaints, and napping were assessed by the an-
swers to the questions: “How likely are you to doze off or fall
asleep during the daytime when you don’t mean to? (eg, when
working, reading, or driving)” (never/rarely, sometimes, often/all
the time), “Do you have trouble falling asleep at night or do you
wake up in the middle of the night?” (never/rarely, sometimes,
usually), and “Do you have a nap during the day?” (never/rarely,
sometimes, usually), respectively. Finally, for chronotype prefer-
ence, participants were asked “Do you consider yourself to be (1)
definitely a ‘morning’ person, (2) more a ‘morning’ than ‘evening’
person, (3) more an ‘evening’ than ‘morning’ person, or (4) def-
initely an ‘evening’ person.” It is a circadian measure related to
preference for the timing of sleep, but is often closely tied to sleep
traits and adaptions to typical work schedules. There is, however,
a significant proportion (12%) who responded: “Do not know.” In
line with other investigators reporting UK Biobank data (21,22),
we have classified this group as an intermediate or “neither a
morning person nor an evening person” group. Based on the prior
association of increasing mortality risk and comorbidities in those
who are evening types within this cohort (21), we categorized
chronotype into “early/intermediate” (1-3) and “late” (4) groups.

Derivation of Poor Sleep Burden and Sleep

Trajectory

For each sleep trait (sleep duration, excessive daytime sleepiness,
insomnia, napping, and chronotype), a score was assigned: 0 for
“normal” 6-9 hours sleep duration, “never/rarely” excessive day-
time sleepiness, insomnia-like complaints, or napping, and “early/
intermediate” chronotype; 1 for “sometimes” experience excessive
daytime sleepiness, insomnia, or napping, and “late” chronotype;
and 2 for generally extremes of sleep duration (“short” or “long”),
“often/all the time/usually” experience excessive daytime sleepiness,
insomnia, or napping. All component scores were summed for each
participant to obtain a sleep score ranging from 0 to 9, where higher
scores are indicative of more tendencies toward a poorer cumula-
tive sleep burden. We used the score to classify poor sleep burden
in a way that keeps group power as balanced as possible with incre-
ments of 2 points (representing one significant or 2 minor poor sleep
traits) as follows: “minimal” (0-1), “mild” (2, 3), “moderate” (4, 5),
and “severe” (6-9; see Supplementary Figure 2A for further details).
Sleep burden trajectory was defined for the repeat assessment group
as the difference between the sleep scores at follow-up and at base-
line. The distribution of the sleep score and change at repeat assess-
ment are shown in Supplementary Figure 2B.

Assessment of Delirium Diagnosis

The UK Biobank has released hospitalization records linked to study
participants during the follow-up period from the National Health
Service of the United Kingdom. These comprise of hospitalization
dates and corresponding International Classification of Disease
(ICD)-10 coded diagnoses. In keeping with similar studies using this
data (23,24), we identified incident delirium diagnosis as the first
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date of occurrence for the code FO3, included in hospital admissions
health records. These cases formed the basis of our main analysis.
The earliest delirium date was compared to (a) date of baseline as-
sessment and (b) date of follow-up assessment, to derive the time-to-
event. Based on this, we excluded 61 and 27 cases where delirium
predated the baseline and follow-up assessment, respectively.

Assessment of Covariates

We assessed participant medical history through a combination of
self-report during nurse-led interviews or health records and medi-
cation use at baseline time of assessment. Covariates were grouped
into (a) demographics, (b) presence of any sleep disorders, (¢) body
mass index (BMI)/lifestyle factors, and (d) significant cardiovas-
cular risk/disease (CVD)/comorbidities and mean reaction time.
Demographics included age, sex, ethnicity, education, and depriv-
ation level. Age at sleep assessment was calculated in years based
on their dates of birth. Sex (male/female) and ethnicity were self-
reported. Because the majority of participants self-identified as of
British or “White” European descent (94%), we included ethnicity
as European and non-European. Education was college-level (yes/
no). Townsend deprivation index (TDI), a median score based on
national geographic census data, was used to classify high/low de-
privation. Existing sleep disorders (any from sleep apnea, insomnia,
and other disorders including hypersomnia, sleep-wake disorders,
and narcolepsy-catalepsy) were derived from ICD-10, within the
group G47, and included as a covariate in models. For BMI/lifestyle
factors, we included physical activity (summed metabolic equivalent
minutes [MET-min] per week for all activities) and alcohol use (<4
drinks/>4 drinks per week), in addition to BMI (calculated as weight
[kg] divided by height squared [m?]). Significant CVD/comorbidities
factors included a risk score (0-5) based on the presence of hyper-
tension, high cholesterol, current smoking, diabetes and ischemic
heart disease (from self-report and ICD-10), cancer (yes/no, in re-
sponse to “has a doctor ever told you that you have had cancer?”),
respiratory diseases (chronic obstructive pulmonary disease, asthma,
or pulmonary fibrosis), dementia/Parkinson’s disease, gastrointes-
tinal disorders (liver disease, inflammatory bowel disease), and renal
disorders (kidney failure, dialysis, nephropathies, or pyeloneph-
ritis). We also included serum 25-hydroxyvitamin D (25[OH]D, a
proxy for vitamin D levels categorized as sufficient >50 nmol/L, low
25-50 nmol/L, and deficient <25 nmol/L), given its recent links to
delirium within the same cohort (23,24). Sunlight exposure is also
a major source of vitamin D via the skin. Although sunlight regu-
lates the circadian timing system, it may also be affected by one’s
sleep traits/behaviors. We also included hypnotic/sedative use self-
reported at the time of sleep assessment (yes/no). Finally, as a proxy
for cognition, reaction time tests (average timed tests of symbol
matching) were completed through a touchscreen tool and recorded
in milliseconds.

Statistical Analysis

The characteristics of those who developed delirium compared to
those who were hospitalized but remained delirium-free during
follow-up were compared using t-tests for continuous variables (eg,
age, BMI, deprivation, physical activity, reaction time, CVD risk
score) or chi-squared tests for categorical variables (eg, sex, ethni-
city, presence/absence of comorbidities). Cox proportional hazards
models were used to assess the predictive value of the continuous
sleep score and the poor sleep burden groups on incident delirium
and reported as hazards ratios (HRs) and corresponding 95%

confidence intervals (Cls). Model A: the core model controlled for
demographics (age, sex, college education, ethnicity, and depriv-
ation); Model B: further controlled for the presence of any sleep
disorder; Model C: accounted for BMI, alcohol use, and physical ac-
tivity; Model D: final adjustment was made for CVD risk, significant
comorbidities, and reaction time. In the smaller follow-up cohort,
we used a modified core model adjusting for demographics and sleep
disorders to avoid overfitting. When testing sleep burden trajectory,
we also included the baseline sleep score and time lag between sleep
assessments.

For sensitivity analysis, we further excluded a small subset of
the delirium group who had “delirium superimposed on dementia”
(F05.1), given the overlapping link between sleep and dementia.
We labeled these cases as “nondementia-related delirium.” At the
same time, we analyzed operation/procedure coding from the UK
Biobank and matched dates of operations within 3 days (25) prior
to incident delirium—these were then considered as a subset cohort
of postoperative delirium and tested separately. We then tested by
subgroups of interest (age, sex, BMI, CVD risk, vitamin D status,
and preexisting sleep disorder). Models were also repeated after ex-
clusion of the “Do not know” group.

Time-to-event was calculated as the time interval in years be-
tween date of sleep assessments and date of delirium. For those who
remained delirium-free, we censored follow-up at February 2021,
the latest date of available records. The proportional hazards as-
sumption was assessed using the global x? test in R-package cox.
zph (survival) incorporating methods described by Grambsch and
Therneau (26). Efron’s method was used to handle ties. All other
statistical analyses were performed using JMP Pro (version 14; SAS
Institute, Cary, NC). A p value of less than .05 was used for statis-
tical significance.

Results

In total, 4 775 (14.8 per 1 000) from 321 818 UK Biobank partici-
pants developed incident delirium (median time: 12.0 years [range
2 months to 15 years; SD 1.8 years]). Compared to those with no
incident delirium (Table 1), participants with incident delirium were
more likely to be older (64.0 years vs 57.8), male (57.3% vs 45.7%),
have lower rates of college attendance (20.7% vs 30.0%), from areas
of greater deprivation (TDI -0.62 vs -1.25), and be slightly less ac-
tive (2 586 vs 2 651 MET-min/week). Ethnic background and al-
cohol consumption were similar between the 2 groups. The delirium
group also had more CVD risks (score 1.24 vs 0.70), higher BMI
(28.7 vs 27.7 kg/m?), higher hypnotic/sedative use (5.3% vs 1.5%),
more comorbidities such as cancer (12.1% vs 8.8%), and higher
rates of vitamin D deficiency (17.1% vs 13.3%).

Participants with incident delirium were more likely to be
short (8.1% vs 6.1%) or long (4.4% vs 2.1%) sleepers and to re-
port “often/all the time” excessive daytime sleepiness (5.8% vs
3.1%), “usually” napping (11.2% vs 5.8%), and slightly more late
chronotypes (8.5% vs 7.9%). While a higher proportion reported
“usually” having insomnia in the delirium group (34.4% vs 30.2%),
this was reversed in those reporting “sometimes” having insomnia
(43.8% vs 47.3%). A higher proportion of delirium participants also
had sleep disorders (1.5% vs 0.9%). The overall incidence of a clin-
ical sleep disorder diagnosis was 1.0% and increased in line with
poor sleep burden groups (there was a 6-fold increase from minimal
to severe poor sleep burden groups; 0.6 %-3.8%, p for trend <0.001;
Supplementary Figure 3A).
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Table 1. Participants Characteristics and Sleep Health Traits in Delirium and Nondelirium Groups

New-Onset Delirium Participants (1 = 4 775)

Nondelirium Participants (7 = 321 818)

Mean (SD), or % Mean (SD), or % P
Demographics
Age at baseline 64.0 (5.4) 57.8(7.9) <.001
Male 57.3% 45.7% <.001
College attendance 20.7% 30.0% <.001
Ethnic background (European) 95.5% 94.2% .078
Townsend deprivation index* -0.62 (3.4) -1.25(3.1) <.001
BMU/lifestyle
Body mass index (kg/m?) 28.7 (5.5) 27.7 (4.9) <.001
Physical activity (MET-min)* 2586 (28395) 2651 (2752) .036
Alcohol (>4 drinks/week) 47.5% 46.5% 15
Cardiovascular risk/comorbidities/cognition
CVD risk scoret 1.24 (1.1) 0.70 (0.9) <.001
Dementia/Parkinson’s disease 2.5% 0.2% <.001
Respiratory disease 14.2% 14.0% .59
Liver/GI disease 9.1% 8.9% .66
Renal disease 1.6% 1.5% .84
Cancer diagnosed 12.1% 8.8% <.001
Vitamin D (deficient)’ 17.2% 13.3% <.001
Hypnotic/sedative use 5.3% 1.5% <.001
Cognition (reaction time)' 613 (145) 563 (119) <.001
Sleep traits and disorders
Sleep disorders! 1.5% 0.9% <.001
Sleep duration (h/day) <.001
Short (<6) 8.1% 6.1%
Normal (6-9) 87.4% 92.7%
Long (>9) 4.4% 21%
Excessive daytime sleepiness <.001
Never/rarely 64.1% 74.5%
Sometimes 30.0% 22.3%
Often/all the time 5.8% 3.1%
Insomnia-like complaints <.001
Never/rarely 21.8% 22.5%
Sometimes 43.8% 47.3%
Usually 34.4% 30.2%
Napping <.001
Never/rarely 41.2% 54.3%
Sometimes 47.6% 39.9%
Usually 11.2% 5.8%
Chronotype .02
Early/intermediate 91.5% 92.1%
Late 8.5% 7.9%
Poor sleep behavior burden <.001
Minimal (0-1) 27.7% 37.8%
Mild (2, 3) 46.5% 46.2%
Moderate (4, 5) 20.1% 13.5%
Severe (>6) 5.8% 2.5%

Notes: SD = standard deviation; CVD = cardiovascular disease; MET = metabolic equivalent; BMI = body mass index; GI = gastrointestinal. UK Biobank par-

ticipant characteristics at baseline expressed as mean (SD) for continuous variables or number (percentage) for categorical variables. Participants were compared

based on delirium status (new-onset delirium vs delirium-free participants). Categorical data presented as a percentage of participants present. p values from one-

way analysis of variance tests for continuous measures and Pearson’s chi-squared tests for categorical data.

*Higher value indicated worse deprivation.

TMETS-min/week increase.

*CVD risk score: summed hypertension, cholesterol, diabetes mellitus, smoking status, and ischemic heart disease.
$Vitamin D levels: sufficient >50 nmol/L, low 25-50 nmol/L, and deficient <25 nmol/L.
'Cognition reaction time in milliseconds: average timed tests of symbol matching.

ISleep disorders: any from sleep apnea, insomnia, and other disorders such as hypersomnia, sleep-wake disorders, and narcolepsy-catalepsy.

Poor Sleep Burden Increases Risk for Incident

Delirium Over Time

After categorizing into increasing extents of poor sleep burden
(none-minimal/mild/moderate/severe), there were stepwise increases

in the risk for incident delirium (Figure 1A). This also translated

into progressively higher cumulative incidence for delirium across

the follow-up period (Figure 1B). For all delirium cases, each 1-point
increase in sleep score predicted a 12% increased risk (HR = 1.12,
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95% CI: 1.10-1.14 p < .001; Table 2, Model A). Moderate
(HR = 1.18, 95% CI: 1.08-1.28, p = .002) and severe (HR = 1.57,
95% CI: 1.38-1.80, p < .001) burden groups remained significantly
predictive in the fully adjusted Model D (Table 2). Mild burden par-
ticipants showed slightly elevated risks in Models A—C, but were no
longer significant in the fully adjusted Model D (HR = 1.05, 95%
CI: 0.98-1.12, p = .18). These results were similar in postoperative
delirium (attenuated for the mild/moderate burden groups) and in
nondementia-related delirium cases. Using coefficients (ratio of the
natural log of HRs) from the full model, the risks of moderate and
severe poor sleep burdens were equivalent to an additional 1.3 and
3.4 years of aging or 0.7 and 1.8 increased CVD risk score, respect-
ively (Supplementary Table 1).

Follow-Up Sleep Score and Worsening Sleep
Trajectory Associated With Increased Risk for

Delirium

In our smaller follow-up cohort, 240 (5.7 per 1 000) from 42 105
participants developed incident delirium (median follow-up time:
4.0 years [range 2 months to 11.2 years; SD 2.7 years]). The me-
dian time lag from baseline sleep assessment was 7.6 years (range
2.5-13.8 years; SD 2.7 years). There was a 0.21 (SD = 1.26) score in-
crease overall. After adjusting for demographics and sleep disorders,
each point increase in the follow-up sleep score was associated with
a 12% increased risk for delirium (Table 3; HR = 1.12, 95% CI:
1.03-1.22, p = .01) and 61% increased risk when categorized into
the moderate/severe burden cohort (Table 3; HR = 1.61, 95% CI:
1.12-2.23, p = .01). After further controlling for a participant’s
baseline sleep score and time lag, an increased sleep burden score
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of 2 or more during repeat assessment was associated with an add-
itional 79% risk (Table 3; HR = 1.79,95% CI: 1.23-2.62,p = .002).
Improvement in the sleep score was not significantly associated with
reduced risk (Table 3; HR = 0.83,95% CI: 0.59-1.16, p = .28).

Incident Delirium Risk by Subgroups

We further examined risk for delirium by hourly sleep duration, as
well as by age, sex, obesity, CVD risk, vitamin D status, and pres-
ence/absence of any sleep disorders (Figure 2). There was a U-shaped
risk profile (adjusted for age, sex, education, and ethnicity) where
more extreme durations away from 7 hours (reference group) were
associated with rising risk for incident delirium (Figure 2A). We also
found a significant interaction between the age of reporting sleep
and the extent of poor sleep burden (moderate/severe vs none/min-
imal) on the risk for incident delirium. Those aged younger than
65 years (cases 2 177/249 949 [8.7 per 1 000]) with moderate/severe
poor sleep burden were at more than double the risk (HR = 2.15,
95% CI: 1.93-2.38, p < .001) compared to those aged 65 years or
older (cases 2 589/71 835 [36.0 per 1 000]; HR = 1.41, 95% CIL:
1.28-1.56, p < .001) at the time of sleep assessment (Figure 2B).
However, poor sleep burden was equally predictive in males and fe-
males, in obese (BMI >30)/nonobese (BMI <30), presence/absence
of CVD, differing levels of vitamin D, and when sleep disorders are
excluded (Figure 2B).

Individual Sleep Health Traits and Incident Delirium

The effects of sleep traits on incident delirium were also estimated
using Cox proportional hazards models (Supplementary Table 2).
After adjusting for age, sex, education, ethnicity, and deprivation,

Poor sleep burden
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Figure 1. Poor sleep burden and incident delirium. (A) Hazard ratios (£95% Cl) for incident delirium using Cox proportional hazards regression models adjusted
for age, sex, education, ethnicity, and deprivation level; percentage of the cohort by sleep disturbance burden group in the panel below. (B) Unadjusted
cumulative incidence plot showing the percentage of cohort with the first diagnosis of delirium over time, in the 4 sleep burden groups (minimal = 0-1,
mild = 2-3, moderate = 4-5, and severe = >6, based on the sleep score). Cl = confidence interval. Full color version is available within the online issue.
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Table 2. Effects of Poor Sleep Burden on Incident Delirium

Nondementia-Related Delirium

All Delirium (1 = 4 775) Postoperative Delirium (7 =1 613) (n=3943)
Poor Sleep Burden HR (95% CI) P HR (95% CI) p HR (95% CI) P
Model A
Sleep score* 1.12 (1.10-1.14) <.001 (1.07-1.13) <.001 1.14 (1.12-1.17) <.001
Mild 1.13 (1.06-1.20) <.001 (1.01-1.26) .02 1.14 (1.06-1.22) .002
Moderate 1.44 (1.34-1.57) <.001 (1.17-1.53) <.001 1.51 (1.40-1.65) <.001
Severe 2.23 (1.98-2.51) <.001 (1.64-2.51) <.001 2.47 (2.17-2.80) <.001
Model B
Sleep score* 1.10 (1.08-1.13) <.001 (1.06-1.13) <.001 1.14 (1.11-1.16) <.001
Mild 1.12 (1.05-1.20) .003 (1.00-1.25) .04 1.13 (1.06-1.21 <.001
Moderate 1.43 (1.33-1.55) <.001 (1.14-1.50) <.001 1.50 (1.37-1.63) <.001
Severe 2.18 (1.93-2.24) <.001 (1.60-2.48) <.001 2.41 (2.11-2.74) <.001
Model C
Sleep score* 1.08 (1.06-1.10) <.001 (1.05-1.11) <.001 1.12 (1.10-1.14) <.001
Mild 1.10 (1.03-1.17) .003 (0.98-1.22) .09 1.11 (1.03-1.19) .005
Moderate 1.37 (1.27-1.48) <.001 (1.09-1.44) .001 1.42 (1.30-1.55) <.001
Severe 2.01 (1.78-2.27) <.001 1.84 (1.48-2.29) <.001 2.17 (1.90-2.48) <.001
Model D
Sleep score* 1.07 (1.06-1.09) <.001 (1.01-1.08) .005 1.07 (1.05-1.09) <.001
Mild 1.05 (0.98-1.12) .18 (0.94-1.19) .33 1.05 (0.97-1.13) 22
Moderate 1.18 (1.08-1.28) .002 (0.94-1.27) 24 1.20 (1.09-1.32) .002
Severe 1.57 (1.38-1.80) <.001 (1.14-1.85) .0025 1.72 (1.49-1.98) <.001

Notes: HR = hazard ratio; 95% CI = 95% confidence interval. Cox proportional hazards models for the continuous sleep score (*each 1-point increase), and

comparing poor sleep burden groups against reference group “none/minimal,” for all delirium cases, postoperative delirium, and nondementia-related delirium

subgroups. Model A is our core model adjusting for demographics (age, sex, education, ethnic background, and deprivation). Model B includes Model A plus sleep

disorders. Model C includes Model B with physical activity, alcohol consumption, and body mass index. Model D adds on Model C with cardiovascular risk score,

reaction time, comorbidities: dementia/Parkinson’s, respiratory disease, gastrointestinal diseases, renal diseases, cancer diagnosis, vitamin D status, and hypnotics.

Two-sided p value for HR in comparison with the reference category, without adjustment for multiple comparisons.

short (HR = 1.39, 95% CI: 1.27-1.53, p < .001) and long sleepers
(HR = 1.89, 95% CI: 1.67-2.15, p < .001) were at increased risk
for incident delirium compared to normal duration sleepers. Those
who reported “sometimes” (HR = 1.21, 95% CI: 1.14-1.28, p <
.001) and “often” (HR = 1.71, 95% CI: 1.53-1.92, p < .001) ex-
cessive daytime sleepiness or “sometimes” (HR = 1.19, 95% CI:
1.12-1.26, p < .001) and “often” (HR = 1.52, 95% CI: 1.39-1.66,
p < .001) napping were similarly at increased risk compared to the
“never/rarely” groups, respectively. However, participants reporting
insomnia symptoms were not found to be at higher risk. Finally,
late chronotype participants (HR = 1.28, 95% CIL: 1.17-1.41, p <
.001) were also at increased risk compared to early/intermediate
chronotype. These results remained significant although effect sizes
were moderately attenuated in our fully adjusted model (Model D,
Supplementary Table 2). Results remained the same for all models
when those reporting “Do not know” for chronotype were excluded
(data not shown). Interestingly, we found an interaction between
sleep duration and napping such that the risk from short or long
sleep was highest within those who reported napping in a 24-hour
period (p for interaction = .007; Supplementary Figure 3B). Someone
reporting sleeping less than 6 hours per day with any napping had
a higher risk (1.85 [1.48-2.31], p < .001) than someone without
napping (1.36 [1.23-1.50], p < .001), compared to normal sleepers
with no naps as reference and after adjusting for demographics. No
interactions were found for sleep duration with the other sleep traits.

Discussion

In this cohort of 321 818 community-based middle-aged to older
men and women, we found that those with moderate and severe poor

sleep burden were 18% and 57% more likely to experience hospital-
diagnosed delirium during follow-up, when compared with those
with none/minimal burden. The findings remained when including
only postoperative delirium and after exclusion of underlying de-
mentia. More recent repeated sleep burden scores in a smaller cohort
of 42 291 confirmed the association with delirium risk, and more
importantly, participants who experienced worsened sleep burden
trajectory (score increase of 22 vs no change from baseline) were at
79% increased risk regardless of their baseline sleep score or time lag
between sleep assessments. Although delirium diagnosis was more
prevalent at an older age, the additional risk from poor sleep ap-
peared to be highest when reported before age of 65 years.

While others have shown that certain sleep characteristics just be-
fore hospitalization may be associated with delirium (4,11,27), this
prospective study provides evidence that patterns of poor sleep may
be an indicator of independent risk years before delirium. Single sleep
characteristics in isolation are important, but the sleep burden metric
integrates multiple dimensions of sleep (28) and is novel in our appli-
cation to delirium. In aggregate, it may act as a better proxy for sleep
regulation (29), and/or circadian misalignment (30,31), mismatches
between our body clocks and the timing of external behaviors. For
example, it is worth noting that even mild burden participants are
at slightly increased risk that was attenuated by comorbidities in the
final model, but to put the severe burden group’s risk magnitude into
context, it is equivalent to the risk of being nearly 4 years older or
having an extra 2 cardiovascular risk factors.

In line with these observations, sleep/circadian regulation has
been associated with both cardiometabolic diseases (diabetes (32),
ischemic heart disease (15), heart failure (33), or stroke (34)) and
neurodegenerative conditions such as mild cognitive impairment (35)
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Table 3. Follow-Up Poor Sleep Burden, Sleep BurdenTrajectory, and Risk for Delirium
N (%) HR (95% CI) P
Poor sleep burden
Sleep score* 42 105 (100%) 1.12 (1.03-1.22) .01
Minimal 15345 (36.5%) REF REF
Mild 20 063 (47.7%) 1.28 (0.90-1.76) 17
Moderate/severe 6695 (15.9%) 1.61 (1.12-2.23) .01
Sleep burden trajectory
Improved (score change -1 or more) 10 000 (23.8%) 0.83 (0.59-1.16) .28
No change (0) 16 652 (39.6%) REF REF
Mild worsening (+1) 10 105 (24.0%) 1.06 (0.73-1.52) .76
Significant worsening (+2 or more) 5348 (12.7%) 1.79 (1.23-2.62) .002

Notes: HR = hazard ratio; CI = confidence interval; REF = reference group. Cox proportional hazards models: results presented as hazard ratio (95% confi-

dence interval) and p value. Our poor sleep burden model used our aggregate sleep score as a continuous measure and categorized into burden groups with non/

minimal as reference, and included age at follow-up date, sex, college education, deprivation, sleep disorders, and ethnic background. Sleep score trajectory model

calculated the change in sleep score from baseline to follow-up and categorized as improved (score change <-1), no change (0; reference group), mild worsening

(+1), significant worsening (>+2) and calculated additional risk after inclusion of demographics, sleep disorders, baseline sleep score, and the time lag from baseline

to follow-up.
*Risk per 1-point increase.
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Figure 2. Subgroup analysis of delirium risk. (A) Delirium risk by hourly sleep duration shows a U-shaped profile (adjusted for age, sex, education, ethnicity,
and deprivation). (B) Forest plot of hazard ratios and 95% confidence intervals for moderate/severe sleep burden (vs none/minimal), predicting incident
delirium based on subgroups of participants by age, sex, BMI, CVD risk, vitamin D levels, and presence of any sleep disorder. BMI = body mass index;

CVD = cardiovascular disease.

and AD (8,36-39). Even though delirium is generally transient after
acute illness and hospitalization, it is also associated with increased
risk for AD (16). This may reflect preclinical AD vulnerability to de-
lirium, which makes our results consistent with recent links between
poor sleep/circadian regulation and AD (8,40). It is thus plausible
that common mechanisms such as neuroinflammation, ANS dys-
function, and cardiometabolic risks, implicated in both sleep (14,15)
and delirium (16,17), interact with normal aging (36) and contribute
to a spectrum of neurodegenerative diseases.

Whether these results point to a causal role, or an unmasking
of cognitive vulnerability, is unclear. We hypothesize that the con-
sequences of poor sleep play a causal role in delirium risk, rather
than underlying disease linked to sleep disturbances being the cul-
prits, as many of these were controlled for in our final model. In
addition, the results were significantly stronger in younger par-
ticipants less than 65 years when there is a lower likelihood of
underlying neurodegenerative diseases, independent of a domain
of cognition (reaction time), and robust when underlying dementia
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was excluded. Given that the UK Biobank was also relatively
healthy at recruitment, this makes the relationship between sleep
and delirium less likely to be fully accounted for by concomitant
underlying disease. Further work is needed to understand the exact
timing of risk increases and through which particular mechanisms.
Here, the baseline cohort had sleep assessed over a decade prior to
incident delirium, but the results were consistent in a smaller re-
peat assessment cohort only 4 years prior. In addition, a worsening
trajectory for the sleep score was associated with additional risk
compared to no change, regardless of a participant’s baseline sleep
score. However, improvements in sleep did not reach significance
for protection, but this warrants further replication as only 240
cases accumulated during the median 4-year follow-up. Altogether,
sleep traits may be on a causal chain of multisystemic contributing
factors, but it appears to be important in delirium risk across time
and age groups.

When we examined individual sleep traits, results suggested that
“excess” sleep behaviors were the strongest predictors for delirium
(long sleep duration, unexpected excessive daytime sleepiness, and
napping outside of the main sleep period). For example, we demon-
strate for the first time, a U-shaped relationship between sleep dur-
ation and delirium, centered at 7 hours, but the effect sizes were
greatest for the longest duration of 10 or more hours (Figure 2A),
and consistent with a recent polysomnography study in delirium pa-
tients (41). Yet, it is important to note that those sleeping less than
6 hours per night (1 in 16) still have a 20% increased risk, con-
sistent with recent links to AD (3) and myocardial infarction (15).
Interestingly, “sometimes” and “often” insomnia-type complaints
had no significant effect on incident delirium beyond the core model.
This is an important finding because insomnia is the most common
sleep complaint in the world, and this was no different in the UK
Biobank, where between a third and half of participants reported
some form of insomnia-type complaint. One explanation is that
these are not true diagnoses of insomnia per se, rather that parti-
cipants were asked about perceived inability to initiate or maintain
sleep. Answers may have been influenced by self-perceptions of sleep
rather than true sleep disruption. Insomnia may also have been
highly correlated with other risk factors we adjusted for.

We also found that evening chronotypes (those who report op-
timal alertness in the evening and preference for later bedtimes)
were at greater risk for delirium than early/intermediate types.
Chronotype is an indication of one’s preference for sleep timing,
an important dimension for sleep health. Evening chronotypes can
struggle to adapt to societally enforced work/education schedules
leading to a mismatch or misalignment with their underlying cir-
cadian rhythm. This underlying circadian misalignment is also seen
in sleep disorders and is thought to contribute to an increased risk
for cardiometabolic disease (42) and mortality (21) relative to early
chronotypes. These relationships may account for the observation
that evening chronotype was at higher risk in all models until CVD
risks and mortality-related commodities were incorporated in Model
D. Clearly, follow-up work examining objective measures of sleep
and circadian rest/activity patterns are needed to untangle these fac-
tors in the context of future delirium risk.

In further sensitivity analysis, poor sleep burden was equally
predictive in men and women and across obesity status, CVD risk,
vitamin D sufficiency, and when those with diagnosed sleep disorders
were removed. A formal sleep disorder diagnosis via ICD-10 or self-
report appeared uncommon (0.6% in none/minimal burden group,
and 3.8% in the severe group) and was likely an underestimation,
but was associated with delirium risk after adjusting demographics

(Supplementary Table 1, Model B). However, this effect was no
longer significant when overlapping risks factors such as BMI and
other lifestyle factors were included. As sleep disorders accumulate
with aging, future work in this cohort may be able to address this
link further; currently, there is insufficient power to confirm whether
baseline sleep disorders independently predict delirium, which is
why a flexible sleep burden metric can be potentially more useful in
clinical practice (43).

Of note, effect sizes were significantly stronger in those younger
than 65 at the time of sleep assessment (Figure 2B; p < .001 for inter-
action). The UK Biobank is a relatively healthy cohort compared to
the general population. And in capturing people during middle age,
where AD plaques/tangles are rarer in the brain, it is less likely that
poor sleep is a symptom of preclinical dementia, rather that these
associations are a true risk factor for delirium risk. Similarly, given
that both comorbidities and sleep disturbances are more common
in older participants, the extrinsic influences of medication or bio-
logical interactions with disease associated with the aging process
may have attenuated the signal (44). For individual sleep traits, the
interaction with age was confirmed for sleep duration, napping, and
insomnia, but not excessive daytime sleepiness nor chronotype (data
not shown). Sleep traits and daily activity patterns often change over
time with age, and the exact relationship with neurodegenerative
disorders remains unclear (36). In addition, the etiology of sleep be-
haviors is multifactorial, and some traits may be more influenced
by personal preference or societal norms than others. For example,
napping or “siestas” outside of the main sleep period is widespread
and even beneficial among certain Mediterranean countries (45) and
mainland China (46), but associated with poor outcome in those
where it is not (47,48). However, it appears that from this UK co-
hort, where siesta is not part of the culture, that frequent napping
at younger ages confers more risk for future incident delirium than
at older ages. We also observed that the combination of short sleep
and napping in a 24-hour period conferred a higher risk than short
sleep alone. One interpretation is that when self-reported sleep dur-
ation during the 24-hour period is partially occupied by napping,
this either limits nighttime sleep duration and together compounds
risk, or conversely, napping is a compensatory behavior and a sign
of inadequate/poor quality nighttime sleep. Additionally, the inter-
action between napping and short sleep duration may contribute
to misalignment between daily behaviors and underlying circadian
rhythms. This chronic stressor is a potential risk factor for delirium
that needs to be formally tested (eg, with objective actigraphy meas-
ures) in future studies. On the other hand, experiencing excessive
daytime sleepiness is unlikely to ever be “normal” and is thus equally
detrimental to risk for delirium, regardless of age. Further work is
needed to untangle which traits and combinations are most sensitive
to delirium risk and at which age groups.

Strengths of this study included the large sample size and prospective
design over nearly 14 years of follow-up with a repeat assessment in a
more recent subset. Sleep disturbances are often underdiagnosed and
worsen with age, so the study’s assessment of multiple domains of
sleep and overall poor sleep burden is a novel starting point for sleep
and delirium fields. Despite these strengths, several limitations must be
acknowledged. This is an observational study and should not be inter-
preted as causal. Sleep measures were based on self-report where poor
recall and misclassification are likely present; the caveat being that
these would reduce the effect sizes and bias our findings toward the
null. While we attempted to categorize poor sleep burden as a starting
point for simplicity and maximize power by inclusion of all levels of
sometimes,” “often”) (43), it should be

2

responses (eg, “never/rarely,
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acknowledged that this measure has not yet been formally validated,
but work in this is ongoing. Future studies should also test the optimal
weighting for each level.

There must also be caution interpreting the repeat assessment
of sleep and its trajectory from baseline given that the repeat as-
sessment cohort was limited in power. The more recent assessment
is informative of the temporal relationship, but relatively few cases
of new-onset delirium occurred. It may also have been underpow-
ered to detect the benefits of score improvement. Ceiling and, in
particular, floor effects may have biased our results to the null.
However, results were unchanged when we excluded the lower (0)
or higher scores (8 and 9; data not shown). The large-scale nature
of the UK Biobank meant that we did not have access to primary
sourced nursing assessment (eg, the Confusion Assessment Method)
results or detailed chart review. We relied on electronic health rec-
ords and ICD-10 coding derived from nursing delirium assessment
throughout the United Kingdom. Others have used this approach
for delirium (23,24) and a variety of diseases (20,49-51) within this
cohort. While this approach is likely highly specific (up to 96%) in
a recent study (52), the sensitivity was also reported at 53% for de-
lirium. Thus, we are likely missing a proportion of cases, particularly
milder or the hypoactive form. However, these novel findings remain
valuable as a starting point for research in sleep health and delirium
as long as they are interpreted with the above caveats.

Although we adjusted for major risk factors, there was likely re-
sidual confounding given the complex nature of sleep biology and
the heterogeneity of delirium. In addition, some of these factors
could be on the causal pathway between sleep and delirium rather
than being confounders. For example, physical activity, alcohol, or
vitamin D levels could be changed because of sleep state and then go
on to influence delirium outcomes. This might have implications for
the interpretation of the results, particularly the attenuation of risks
in those older than 65 years old, where the true effects of sleep are
potentially underestimated. Future studies should aim to examine
larger samples of repeated sleep assessments and covariates to model
the impact of sleep and coexisting risk changes over time on de-
lirium risk, ideally using machine learning techniques. Finally, the
UK Biobank is a single population of mostly Caucasian of European
descent, limiting the generalizability of these results to other parts
of the world.

In conclusion, poor sleep burden is associated with incident de-
lirium a decade later. Poor sleep and delirium are both common
problems in older adults. Sleep traits can be relatively simple to as-
sess, but are often unaddressed in practice. These results provide the
basis for a better understanding of sleep and delirium, particularly
before the age of 65 where there is a potential earlier window for
intervention.
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