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A B S T R A C T

Sleep discrepancy (negative discrepancy reflects worse self-reported sleep than objective mea
sures, such as actigraphy, and positive discrepancy the opposite) has been linked to adverse 
health outcomes. This study is first to investigate the relationship between sleep discrepancy and 
brain glucose metabolism (assessed globally and regionally via positron emission tomography), 
and to evaluate the contribution of insomnia severity and depressive symptoms to any associa
tions. Using data from cognitively unimpaired community-dwelling older adults (N = 68), cluster 
analysis was used to characterise sleep discrepancy (for total sleep time (TST), wake after sleep 
onset (WASO), and sleep efficiency (SE)), and logistic regression was used to explore sleep dis
crepancy’s associations with brain glucose metabolism, while controlling for insomnia severity 
and depressive symptoms. Lower glucose metabolism across multiple brain regions was associ
ated with negative discrepancy for WASO and SE, and positive discrepancy for WASO only (large 
effect sizes; β ≥ 0.5). Higher glucose metabolism in the superior parietal and posterior cingulate 
regions was associated with negative discrepancy for TST (large effect sizes; β ≥ 0.5). These as
sociations remained when controlling for insomnia severity and depressive symptoms, suggesting 
a unique role of sleep discrepancy as a potential early behavioural marker of brain health.

Abbreviations: OSA, obstructive sleep apnoea; TST, total sleep time; SE, sleep efficiency; WASO, wake after sleep onset.
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1. Introduction

Sleep discrepancy is the discordance between an individual’s self-reported sleep compared to behavioural or physiological mea
sures of sleep quantity/quality (e.g., sleep diaries or questionnaires vs. actigraphy or polysomnography). Greater sleep discrepancy is 
associated with adverse health outcomes, including insomnia [1], depression [2]), cognitive impairment [3], poor quality of life [4], 
and all-cause mortality [5]. Importantly, sleep discrepancy is common amongst older adults [6], with preliminary findings that greater 
sleep discrepancy is linked to poorer cognitive function [7,8]. However, research on sleep discrepancy and biomarkers of brain health 
in older adults is scant, despite evidence that indicators of brain pathology can precede observable cognitive decline by many years [9]. 
Therefore, the current study aims to explore sleep discrepancy in cognitively unimpaired community-dwelling older adults and its 
relationship to brain health as indexed by brain glucose metabolism measured with [18F]-fluoro-2-deoxyglucose positron emission 
tomography (FDG-PET).

Sleep discrepancy is typically operationalised using a difference score (e.g., sleep discrepancy = self-reported sleep – actigraphy- 
determined sleep) and may be evident across multiple parameters, including total sleep time (TST), sleep onset latency (SOL; i.e., 
amount of time taken to fall asleep), wake after sleep onset (WASO; i.e., amount of time spent awake after falling asleep), sleep ef
ficiency (SE; i.e., ratio of TST to time in bed), and number of awakenings (NWAK) [10]. While a greater magnitude of discrepancy is 
often linked to worse health outcomes [4], discrepancy in a “negative” direction (i.e., where self-reported sleep is worse than suggested 
by behavioural or physiological measures), and discrepancy in a “positive” direction (i.e., where self-reported sleep is better than 
suggested by behavioural or physiological measures), have each been linked to somewhat distinct adverse health outcomes. For 
example, insomnia and depression have generally both been linked to negative discrepancy, while obstructive sleep apnoea (OSA) and 
cognitive decline have been associated with positive sleep discrepancy [11–13].

The existing literature appears to provide initial evidence for a relationship between sleep discrepancy and brain health [3,14–18]. 
For example, sleep discrepancy continues to increase in magnitude as neurodegenerative disease progresses, such as in early-moderate 
stage Alzheimer’s disease (AD), where the predictive capacity of self-reported measures of sleep becomes virtually non-existent [15]. 
Furthermore, researchers have found sleep discrepancy to predict performance in certain cognitive domains, such as delayed memory, 
in older adult samples [7], including those with cognitive impairment [19]. Naturally, given the high incidence of sleep discrepancy, 
cognitive decline, and brain changes (e.g., due to neurodegeneration) in late life, it is reasonable to suggest that disruption to certain 
neural regions, such as those governing learning and memory (e.g., hippocampus), may be responsible for eliciting the cognitive 
dysfunction that underpins inaccurate reporting of one’s sleep duration or quality, thus increasing sleep discrepancy. However, the 
mechanisms behind this proposed relationship between sleep discrepancy and brain changes have not been well-studied (nor the sleep 
measure – self-report or objective – that contributes most to the relationship determined), although it is speculated that sleep 
discrepancy may be a marker or risk factor for advancing neuropathology.

To our knowledge, prior studies investigating the relationship between sleep discrepancy and biomarkers of brain health are scarce, 
although some preliminary results have emerged. Specifically, a study by Kay et al. [20] evaluated the relationship between sleep 
discrepancy and brain glucose metabolism measured during sleep, finding that in both individuals with insomnia as well as “good 
sleepers” (N = 32 and 30, respectively), SOL discrepancy was associated with higher regional glucose metabolism across the right 
anterior insula and middle/posterior cingulate cortex. Notably, however, this sample was relatively young (i.e., mean ages of 37 and 
39 for the insomnia and “good sleeper” groups, respectively). As such, while these findings provide initial evidence of a link between 
sleep discrepancy and biomarkers of brain health, it is difficult to interpret these results in the context of cognitive ageing and late-life 
neurodegenerative disease.

Recent research by Winer et al. [8] is perhaps more relevant in this regard; the authors examined the relationship between sleep 
discrepancy, cognition, and biomarkers of brain health in cognitively unimpaired community-dwelling older adults (N = 89). 
Regarding cognition, the authors found that greater absolute and negative discrepancy (i.e., poorer self-reported sleep quality, 
including TST, SE, and fragmentation, compared with actigraphy) was associated with poorer executive function (i.e., set-shifting), but 
not working memory or episodic memory. In addition, Winer et al. [8] found that greater absolute and negative discrepancy was 
associated with greater brain beta-amyloid (Aβ), but not tau, burden; two hallmarks of AD. It is theorised by some that the presence of 
brain Aβ may indicate the initial stage of a cascade of processes that ultimately results in AD [21], and a relationship between sleep 
discrepancy and Aβ may implicate the former as a sensitive behavioural marker of the disease process. Therefore, Winer et al.’s [8]
findings provide intriguing initial evidence that sleep discrepancy may be associated with at least one biomarker of late-life neuro
pathology as well as, potentially, cognitive decline. In saying this, their analytical approach precluded answering certain questions. For 
instance, sleep discrepancy was evaluated in a linear manner (i.e., assuming that discrepancy in a more positive direction is associated 
with better clinical outcomes); this is a limitation as negative and positive forms of discrepancy may each be related to brain health, 
and perhaps in different ways. Indeed, previous research demonstrates associations between positive discrepancy and adverse health 
outcomes such as OSA [7,12] and cognitive impairment [3,15,19]. In such conditions, underestimation of sleep problems may arise 
due to undetected awakenings and disruptions to sleep cycles, or the effects of cognitive decline on accurate reporting of sleep [20]. 
Moreover, given Winer et al.’s [8] findings focus on Aβ as a biomarker of brain health, future research in older adults would benefit 
from incorporating other functional neuroimaging outcomes, such as brain glucose metabolism, assessed via FDG-PET.

The current study adds to the literature by thoroughly characterising the relationship between sleep discrepancy and brain glucose 
metabolism, a dynamic biomarker of brain health, in cognitively unimpaired community-dwelling older adults. This characterisation 
was achieved using a cluster analytic approach to analysing sleep discrepancy, which considered both the magnitude and direction of 
sleep discrepancy (i.e., negative and positive discrepancy), better and worse self-reported sleep and actigraphy-determined sleep, and 
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examined multiple nights of data across three sleep parameters (i.e., sleep diary vs. actigraphy for TST, WASO, and SE). This approach 
allowed us to identify groups of older adults with specific sleep discrepancy characteristics and accounts for some limitations of linear 
approaches [22].

Given that neurobiological changes precede cognitive decline, and the importance of early detection of neurodegenerative pro
cesses, the current study also extended upon previous work by examining an indicator of brain health that is more sensitive to early 
changes due to a variety of etiologies of neuropathology – namely, brain glucose metabolism as indexed by FDG-PET [23]. Further, the 
current study evaluated the contribution of important potential covariates – specifically, insomnia severity and depressive symptoms, 
which have significant theoretical/empirical overlap. In both insomnia and depression, the following has been found: a negative bias 
towards information processing [24,25], evidence of negative [6,26] and positive [27,28] sleep discrepancy, and associations with 
poorer cognitive function [29,30] and brain health [31–33]. Controlling for insomnia severity and depressive symptoms in the current 
study’s analyses allowed for greater isolation of the sleep discrepancy construct, and evaluation of its clinical potential (e.g., 

Table 1 
Demographic and health characteristics of the sample.

Variable Mean (SD) or N (%) Range

Age, years 70.00 (7.09) 55–89
Sex, N = female (%) 43 (63.24) –
Education, years 14.12 (2.60) 8–20
MMSE Total Score 27.84 (1.54) 23–30
BMI, kg/m2 26.94 (3.78) 18.92–38.06
DASS-21 Score ​ ​

Depression# 4.85 (5.03) 0–24
Anxiety# 3.91 (3.76) 0–18
Stress# 10.00 (6.46) 0–30

Berlin Risk Score, N = low OSA risk (%) 55 (80.88) –
ISI Total Score 6.54 (5.13) 0–19
Sleep Diary ​ ​

TST, minutes 407.94 (57.37) 225.23–558.57
WASO, minutes 27.40 (24.36) 0.86–116.31
SE, % 79.09 (10.88) 38.71–100.00

Actigraphy ​ ​
TST, minutes 415.00 (52.65) 242.17–597.77
WASO, minutes 42.52 (22.18) 6.14–95.57
SE, % 90.10 (4.49) 78.00–98.01

Sleep Discrepancy^ ​ ​
TST, minutes − 7.29 (51.36) − 258.27–100.16
WASO, minutes 15.12 (28.90) − 53.31–82.50
SE, % − 10.99 (11.54) − 48.10–10.91

FDG-PET, SUVR ​ ​
Neocortex 1.03 (0.07) 0.85–1.22
Frontal cortex 1.06 (0.08) 0.85–1.27
Temporal cortex 0.79 (0.05) 0.67–0.92
Inferior parietal cortex 1.06 (0.08) 0.91–1.35
Left superior parietal cortex 1.09 (0.10) 0.89–1.43
Right superior parietal cortex 1.06 (0.10) 0.74–1.39
Left posterior cingulate cortex 1.21 (0.10) 1.03–1.51
Right posterior cingulate cortex 1.20 (0.09) 0.98–1.48
Left entorhinal cortex 0.58 (0.08) 0.39–0.74
Right entorhinal cortex 0.60 (0.08) 0.44–0.81
Left hippocampus 0.73 (0.05) 0.60–0.84
Right hippocampus 0.74 (0.05) 0.64–0.88
Left amygdala 0.68 (0.06) 0.54–0.82
Right amygdala 0.71 (0.05) 0.59–0.82
Sleep assessment to PET scan, weeks 11.87 (11.19) 0.43–45.29

Note. N = 68. Abbreviations: Berlin = Berlin Questionnaire, measure of obstructive sleep apnoea risk; BMI = Body Mass Index 
(kilograms/metres2); DASS-21 = Depression Anxiety and Stress Scales, where higher scores indicate greater depression, anxiety, 
and stress symptoms, respectively; FDG-PET = [18F]-fluoro-2-deoxyglucose positron emission tomography, measure of brain 
glucose metabolism; ISI = Insomnia Severity Index, where higher scores indicate greater insomnia severity; MMSE = Mini 
Mental State Examination, where higher scores indicate greater global cognitive function; OSA = Obstructive Sleep Apnoea; SD 
= standard deviation; SE = Sleep Efficiency, ratio of total sleep time to time in bed (%); SUVR = standardized update value ratio; 
TST = Total Sleep Time, amount of time spent asleep (minutes); WASO = Wake After Sleep Onset, amount of time spent awake 
after falling asleep (minutes).
^Sleep discrepancy was calculated using difference scores (i.e., sleep diary–actigraphy). #Scores were multiplied by two, such 
that higher scores indicate greater symptomology. Note, WASO discrepancy scores were reversed as higher WASO indicates 
poorer sleep, while higher TST and SE reflect better sleep. Negative values for TST, WASO, and SE discrepancy reflect a negative 
sleep discrepancy, where self-reported sleep is worse than objective sleep, whilst positive values reflect a positive sleep 
discrepancy, where self-reported sleep is better than objective sleep. Mean values (≥5 nights) were used for all sleep parameters.
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independent associations with brain health).
Specifically, the current exploratory study investigated the relationship between sleep discrepancy and brain glucose metabolism, 

an indicator of brain health, in a sample of cognitively unimpaired community-dwelling older adults, while controlling for relevant 
demographic and sleep-related factors found to be associated with suboptimal brain health and poor sleep/sleep discrepancy (e.g., age, 
sex, education, and OSA risk). We investigated 1) whether clusters characterised by greater sleep discrepancy (negative or positive) 
and/or poor sleep (self-report and/or actigraphy-determined) are associated with lower global or regional brain glucose metabolism; 
and 2) whether there is a unique relationship between sleep discrepancy and global or regional brain glucose metabolism when 
controlling for insomnia severity and depressive symptoms, respectively, as covariates. To further isolate the sleep discrepancy 
construct, post-hoc analyses were conducted controlling for actigraphy-determined sleep.

2. Method

2.1. Participants

The current study used cross-sectional archival data from the Western Australia Memory Study (WAMS), an ongoing observational 
study of age-related cognitive change in community-dwelling older adults, conducted at the Australian Alzheimer’s Research Foun
dation (AARF; now Alzheimer’s Research Australia (ARA)) in Perth, Western Australia. From the larger WAMS cohort, cognitively 
unimpaired individuals who had undergone FDG-PET and participated in a sleep and thinking skills sub-study in collaboration with the 
Healthy Ageing Research Project (HARP) at the University of Western Australia (UWA) were included in the current study (N = 68). 
These participants are a subset of those included in a previous study exploring the relationship between sleep discrepancy and 
cognitive function in older adults (N = 221) [7]. Participants were recruited to WAMS and HARP in several ways, including public 
information sessions and word of mouth. Data were collected between 2014 and 2017. Study approval was obtained from the UWA 
Human Research Ethics Office (2019/RA/4/1/8884 and 2021/ET000261). Written informed consent was obtained from individuals 
prior to study participation.

Exclusion criteria for the current study were as follows: significant psychiatric (e.g., bipolar disorder, psychosis) or neurological (e. 
g., stroke, acquired brain injury) disorders that could impact cognitive performance; previous loss of consciousness for over 30 min; 
less than five valid nights of concurrent sleep diary and actigraphy data, following American Academy of Sleep Medicine recom
mendations [34]. We did not implement exclusion based on cognitive scores suggestive of cognitive impairment (e.g., Mini Mental 
State Examination [MMSE] score < 24; N = 1), to increase generalizability to community-dwelling older adults; however, no par
ticipants met criteria for dementia. Demographic and health characteristics of the sample are shown in Table 1.

2.2. Materials

2.2.1. Self-reported sleep
Self-reported sleep was measured with the Consensus Sleep Diary [35], a 15-item self-report measure of daily sleep patterns over 

seven consecutive nights. The current study examined the following self-reported sleep parameters: TST (minutes), WASO (minutes), 
and SE (%). TST was calculated by subtracting the sum of WASO (“In total, how long did these awakenings last?”) and SOL (“How long 
did it take you to fall asleep?”) from the sleep period (“What time did you try to go to sleep?” – “What time was your final awak
ening?”). SE was calculated by dividing TST by time in bed (“What time did you get into bed?” – “What time did you get out of bed for 
the day?”).

2.2.2. Actigraphy-determined sleep
Our ‘objective’ measure of sleep was derived from wrist-worn actigraphy (Tri-axial wGT3X-BT activity monitor, Actigraph LLC, FL, 

USA). Actigraphy data were automatically scored using the ActiLife software (version 6.13.4) and Cole-Kripke algorithm, [36] over 24- 
hour periods and in 60-second epochs. Autoscored bed/rise times were defined according to sleep diary estimates (i.e., “What time did 
you try to go to sleep?” and “What time was your final awakening?”, respectively). Data were then visually inspected for missing or 
unusual values. If sleep diary bed/rise times were missing, or actigraphy data differed from sleep diary estimates of the sleep period by 
> 60 min, visual manual scoring was conducted in accordance with the Society of Behavioural Sleep Medicine guidelines [37], 
whereby both sleep diary estimates and typical movement patterns of bed/rise times were considered to define the sleep period. 
Additionally, nights with non-wear time within five minutes of bed/rise time, and those with fewer than 300 min of sleep opportunity, 
were excluded from analyses, due to questionable validity of the sleep period.

All sleep parameters were continuous variables, with higher WASO, and lower TST and SE, indicating worse self-reported and 
actigraphy-determined sleep. Mean values (≥5 nights) were used for all sleep parameters.

2.2.3. Brain glucose metabolism
Brain glucose metabolism was indexed by [18F]-fluoro-2-deoxyglucose positron emission tomography (FDG-PET), which was 

performed and analysed per standard protocols, described previously [38]. To summarise, FDG retention was quantified using a 
standardised uptake value ratio (SUVR); that is, tracer uptake divided by the average uptake in the cerebellum as the reference region. 
The SUVR for the neocortex was calculated as the mean SUVR in the grey matter masked neocortical region, comprising of the frontal, 
superior parietal, lateral temporal, occipital, as well as anterior and posterior cingulate regions. SUVRs were also calculated for regions 
of interest, which were selected a priori based on existing literature regarding their relevance to sleep and brain health (reviewed in 
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Fig. 1. Scatter plots of self-reported sleep (i.e., sleep diary), objective sleep (i.e., actigraphy), and sleep discrepancy clusters for each sleep 
parameter. Mean values (≥5 nights) were used for all sleep parameters. Abbreviations: SE, Sleep Efficiency (ratio of total sleep time to time in bed, 
%); TST, Total Sleep Time (amount of time spent asleep, minutes); WASO, Wake After Sleep Onset (amount of time spent awake after falling asleep, 
minutes). The colouring scheme depicts a two-cluster solution for TST, where, Cluster 1 (purple) = “TST 1: no sleep discrepancy and longer sleep 
duration”; Cluster 2 (orange) = “TST 2: negative sleep discrepancy and shorter sleep duration”. For WASO, there is a three-cluster solution, where, 
Cluster 1 (purple) = “WASO 1: no sleep discrepancy and good sleep quality”; Cluster 2 (orange) = “WASO 2: negative sleep discrepancy and poor 
sleep quality”; Cluster 3 (red) = “WASO 3: positive sleep discrepancy and poor sleep quality”. For SE, there is a two-cluster solution, where, Cluster 1 
(purple) = “SE 1: no sleep discrepancy and good self-reported sleep quality”; Cluster 2 (orange) = “SE 2: negative sleep discrepancy and poor self- 
reported sleep quality”. Sleep discrepancy was calculated using difference scores (i.e., sleep diary – actigraphy). Note, WASO discrepancy scores 
were reversed as higher WASO indicates poorer sleep, while higher TST and SE reflect better sleep. Negative values for TST, WASO, and SE 
discrepancy reflect a negative sleep discrepancy, where self-reported sleep is worse than objective sleep, whilst positive values reflect a positive 
sleep discrepancy, where self-reported sleep is better than objective sleep. Solid black horizontal and vertical lines correspond to cut-offs consistent 
with National Sleep Foundation guidelines for adequate sleep for sleep diary and actigraphy values. Solid black horizontal and vertical lines for sleep 
discrepancy correspond to a cut-off of 0. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.)
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[39]): frontal cortex (sum of SUVRs for the dorsolateral prefrontal cortex, ventrolateral prefrontal cortex, orbitofrontal cortex, and 
gyrus rectus, averaged by the number of regions included), temporal cortex (sum of SUVRs for the temporooccipital cortex, temporal 
cortex, inferior temporal cortex, amygdala, hippocampus, parahippocampus, fusiform gyrus, and entorhinal cortex, averaged by the 
number of regions included), and inferior parietal cortex (sum of SUVRs for the supramarginal gyrus and angular gyrus, averaged by 
the number of regions included), as well as the bilateral superior parietal cortex, posterior cingulate cortex, entorhinal cortex, hip
pocampus, and amygdala.

2.2.4. Covariates
Covariates included insomnia severity, depressive symptoms, OSA risk, age, sex, education, and time between sleep data collection 

and FDG-PET. Insomnia severity was measured using the Insomnia Severity Index (ISI) [40], a self-report questionnaire assessing 
insomnia symptoms over the past two weeks, with higher scores (scores range from 0 to 28) indicating greater insomnia severity; 
continuous scores were included in analyses. Depressive symptoms were measured using the depression subscale of the Depression, 
Anxiety, and Stress Scale (DASS-21) [41], a self-report questionnaire evaluating depressive, anxiety, and stress symptoms over the past 
week. The depression subscale was summed and multiplied by two, such that higher scores (scores range from 0 to 42) indicate greater 
depressive symptoms; continuous scores were included in analyses. OSA risk was measured using the Berlin Questionnaire [42], a self- 
report measure that categorises individuals as being “high risk” or “low risk” for OSA, based on snoring, excessive daytime sleepiness, 
and high blood pressure, and obesity (defined based on body mass index). “High risk” and “low risk” for OSA were parameterised as 1 
and 0, respectively, in the current study. Age (years), sex (male/female), and education (years) were determined via participant self- 
report.

2.3. Procedure

Participants underwent a comprehensive neuropsychological assessment for approximately three hours, including completion of 
several questionnaires (e.g., ISI, DASS-21, and Berlin Questionnaire). Participants were then given sleep measures (i.e., sleep diary and 
actigraphy) to complete/wear at home across seven consecutive nights. Participants completed FDG-PET either before or after the 
sleep study. Upon completion of data collection, participants were reimbursed for their time and travel expenses. All measures were 
selected due to their wide use and adequate psychometric properties [40,43–46].

2.4. Statistical analysis

All statistical analyses were conducted using the R programming language (version 4.3.1) [47]. Outliers for continuous variables 
were winzorised based on a cut-off of greater/less than 3 SD from the mean (N = 1 value for DASS-21 depression subscale). Sleep 
discrepancy was calculated using difference scores (i.e., sleep diary – actigraphy). WASO difference scores were reversed as higher 
WASO indicates poorer sleep, while higher TST and SE reflect better sleep. Negative values for TST, WASO, and SE discrepancy reflect 
a negative sleep discrepancy, whilst positive values reflect a positive sleep discrepancy. Per our previous study, which included sleep 
data from the current sample [7], SOL and NWAK were omitted from cluster analyses as all participants had a negative SOL 
discrepancy, which may reflect a tendency for actigraphy to overestimate sleep in older adults [48], and all participants had a positive 
NWAK discrepancy, which may reflect an inability for individuals to recall awakenings less than a certain duration [49].

Patterns of sleep discrepancy for the sleep parameters of TST, WASO, and SE were defined via agglomerative hierarchical clustering 
using a Euclidean distance and complete linkage method, performed on diary/actigraphy/discrepancy data for each of the three sleep 
parameters. Participants’ cluster assignments in the current study (N = 68) were allocated based on those described in Soh et al. [7]
given the overlap of samples: two clusters for TST and SE, and three clusters for WASO. TST, WASO, and SE clusters are shown in Fig. 1. 
Demographic and health summary statistics across each sleep parameter cluster are shown in Table 2. For continuous variables, in
dependent samples t-tests were performed to compare means across TST and SE clusters, while a one-way between-subjects analysis of 
variance was conducted to compare group means across WASO clusters. For categorical variables, Fisher’s exact tests were performed 
to compare proportions of sex (female/male) and OSA risk (low/high) across clusters. See Soh et al. [7] for further information on the 
data cleaning/preparation and cluster analytic approach.

Given the sample size of the current study, stepwise model selection (forward and backward selection) by Akaike Information 
Criteria (AIC; stepAIC function from the Modern Applied Statistics with S [MASS] package) [50] was performed, to select an optimal 
set of features from the following covariates: age, sex, education, OSA risk, and time between sleep diary/actigraphy and FDG-PET. 
Subsequently, education was used to model TST, age and education to model WASO, and age to model SE. FDG-PET (SUVR) vari
ables were z-transformed to improve model stability. To address our exploratory aims, three models were performed for each sleep 
parameter (i.e., TST, WASO, SE):

1) Sleep parameter cluster ~ SUVR + covariates.
2) Sleep parameter cluster ~ SUVR + insomnia severity + covariates.
3) Sleep parameter cluster ~ SUVR + depressive symptoms + covariates.
Binary logistic regressions were performed for analyses involving TST and SE, while Multinomial logistic regressions were per

formed for analyses involving WASO. Separate models were performed for each of the 14 brain regions of interest.
After completion of the planned analyses, questions regarding the role of actigraphy-determined sleep were identified and a post- 

hoc analysis to address this was conducted. Specifically, to further isolate the sleep discrepancy construct, a model with the inclusion of 
actigraphy-determined sleep was performed for each sleep parameter:
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Table 2 
Demographic and health characteristics across Total Sleep Time, Wake After Sleep Onset, and Sleep Efficiency clusters.

Total Sleep Time (N = 65) Wake After Sleep Onset (N = 68) Sleep Efficiency (N = 67)

Cluster 1 (N = 55) Cluster 2 (N = 10) Cluster 1 (N = 42) Cluster 2 (N = 12) Cluster 3 (N = 14) Cluster 1 (N = 38) Cluster 2 (N = 29)

Demographics Mean 
(SD) or N 
(%)

Range Mean 
(SD) or N 
(%)

Range Mean 
(SD) or N 
(%)

Range Mean 
(SD) or N 
(%)

Range Mean 
(SD) or N 
(%)

Range Mean 
(SD) or N 
(%)

Range Mean 
(SD) or N 
(%)

Range

Age, years 71.40 
(6.45)

63–83 69.75 
(7.34)

55–89 71.00 
(7.07)

56–89 70.33 
(7.62)

55–83 66.71 
(6.08)

55–77 68.66 
(6.27)

55–83 71.93 
(7.81)

55–89

Sex, female, N (%) 7 (70.00) – 33 
(60.00)

– 27 
(64.29)

– 9 (75.00) – 7 (50.00) – 22 
(57.89)

– 20 
(68.97)

–

Education, years 12.80 
(3.49)

8–20 14.31 
(2.42)

10–20 14.50 
(2.71)

10–20 13.33 
(2.53)

8–16 13.64 
(2.24)

10–18 13.92 
(2.46)

10–20 14.31 
(2.82)

8–20

Health ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
MMSE Total Score 28.20 

(1.69)
25––30 27.75 

(1.53)
23–30 27.98 

(1.35)
25–30 27.58 

(1.62)
25–30 27.64 

(2.02)
23–30 27.74 

(1.57)
23–30 27.97 

(1.57)
25–30

BMI, kg/m2 25.29 
(3.28)

19.42–29.41 27.29 
(3.78)

18.92–38.06 26.53 
(3.40)*

18.92–35.83 25.47 
(3.38)*

21.19–33.13 29.43 
(4.29)*

23.45–38.06 27.3 
(4.12)

18.92–38.06 26.36 
(3.13)

19.42–33.13

DASS-21 Score ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
Depression# 6.60 

(4.99)
0–12 4.58 

(5.14)
0–24 3.57 

(3.41)**
0–14 6.00 

(5.46)**
0–16 7.71 

(7.31)**
0–24 5.00 

(5.48)
0–24 4.76 

(4.55)
0–16

Anxiety# 6.00 
(5.89)

0–18 3.53 
(3.20)

0–14 3.29 
(3.64)

0–18 5.83 
(4.39)

0–14 4.14 
(3.18)

0–12 3.63 
(3.83)

0–18 4.14 
(3.70)

0–14

Stress# 10.80 
(6.41)

2–22 10.11 
(6.50)

2–30 9.33 
(5.79)

2–26 10.33 
(7.85)

0–28 11.71 
(7.27)

2–30 10.11 
(6.88)

2–30 10.07 
(6.01)

0–28

Sleep Measures ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​
Berlin, low OSA 
risk, N (%)

9 (90.00) – 43 
(78.18)

– 35 
(83.33)

– 11 
(91.67)

– 9 (64.29) – 30 
(78.95)

– 24 
(82.76)

–

ISI Total Score 9.00 
(3.74)*

1–9 6.05 
(5.01)*

0–19 5.64 
(4.87)

0–16 8.92 
(5.55)

1–19 7.21 
(5.6)

1–19 5.21 
(4.75)*

0–19 7.86 
(4.85)*

0–16

Sleep Diary 426.00 
(39.95)**

351.62–558.57 325.71 
(23.78)**

284.03–361.29 18.20 
(13.84)

0.86–49.29 68.57 
(19.06)

47.14–116.31 19.70 
(15.71)

3.00–48.14 86.10 
(6.01)**

75.20–100.00 71.30 
(6.91)**

48.19–79.47

Actigraphy 421.14 
(41.13)**

344.71–502.86 373.00 
(26.05)**

328.00–411.43 30.90 
(13.43) 
**

6.14–58.43 46.59 
(16.27)**

27.14–70.86 73.89 
(15.23) 
**

50.71–95.57 88.78 
(5.01)**

78.00–98.01 91.94 
(2.97)**

83.15–96.01

Sleep 
Discrepancy^

4.86 
(33.26)**

− 81.00–74.64 − 49.22 
(25.23)**

− 91.34–− 13.91 12.69 
(15.95) 
**

− 26.57–39.57 − 21.98 
(21.33)**

− 53.31–7.89 54.18 
(13.55) 
**

30.71–82.50 − 2.65 
(5.90)**

− 12.36–10.91 − 20.64 
(5.70)**

− 34.96–− 11.87

FDG-PET, SUVR
Neocortex 1.05 

(0.08)
0.94–1.22 1.03 

(0.07)
0.90–1.22 1.04 

(0.07)
0.92–1.22 0.98 

(0.07)
0.85–1.10 1.01 

(0.07)
0.90–1.15 1.04 

(0.07)
0.90–1.22 1.01 

(0.07)
0.85–1.22

Frontal cortex 8.66 
(0.56)

7.93–9.84 8.43 
(0.61)

7.33–10.15 8.58 
(0.61)

7.42–10.15 8.08 
(0.60)

6.82–9.18 8.34 
(0.58)

7.33–9.49 8.55 
(0.61)

7.33–10.15 8.31 
(0.64)

6.82–9.84

Temporal cortex 12.60 
(0.76)

11.32–13.99 12.64 
(0.80)

11.20–14.76 12.74 
(0.74)

11.20–14.76 12.07 
(0.66)

10.72–12.96 12.66 
(1.00)

11.30–14.65 12.82 
(0.86)*

11.30–14.76 12.33 
(0.67)*

10.72–13.99

Inferior parietal 
cortex

4.35 
(0.42)

3.94–5.38 4.22 
(0.30)

3.67–5.13 4.31 
(0.34)*

3.67–5.38 4.07 
(0.25)*

3.62–4.54 4.14 
(0.27)*

3.75–4.72 4.30 
(0.30)

3.75–5.13 4.15 
(0.33)

3.62–5.38

(continued on next page)
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Table 2 (continued )

Total Sleep Time (N = 65) Wake After Sleep Onset (N = 68) Sleep Efficiency (N = 67)

Cluster 1 (N = 55) Cluster 2 (N = 10) Cluster 1 (N = 42) Cluster 2 (N = 12) Cluster 3 (N = 14) Cluster 1 (N = 38) Cluster 2 (N = 29)

Demographics Mean 
(SD) or N 
(%) 

Range Mean 
(SD) or N 
(%) 

Range Mean 
(SD) or N 
(%) 

Range Mean 
(SD) or N 
(%) 

Range Mean 
(SD) or N 
(%) 

Range Mean 
(SD) or N 
(%) 

Range Mean 
(SD) or N 
(%) 

Range

Left superior 
parietal cortex

1.12 
(0.11)

0.89–1.30 1.09 
(0.10)

0.90–1.43 1.12 
(0.09)*

0.90–1.43 1.05 
(0.10)*

0.89–1.18 1.06 
(0.09)*

0.90–1.23 1.10 
(0.11)

0.90–1.43 1.09 
(0.09)

0.89–1.30

Right superior 
parietal cortex

1.12 
(0.13)

0.92–1.39 1.05 
(0.10)

0.74–1.28 1.08 
(0.11)

0.74–1.39 1.01 
(0.08)

0.88–1.13 1.03 
(0.07)

0.91–1.18 1.06 
(0.10)

0.85–1.28 1.05 
(0.12)

0.74–1.39

Left posterior 
cingulate cortex

1.27 
(0.11)

1.10–1.51 1.20 
(0.09)

1.04–1.41 1.23 
(0.09)*

1.09–1.51 1.17 
(0.09)*

1.03–1.31 1.17 
(0.09)*

1.04–1.35 1.21 
(0.10)

1.04–1.41 1.20 
(0.10)

1.03–1.51

Right posterior 
cingulate cortex

1.25 
(0.10)

1.11–1.48 1.20 
(0.09)

1.01–1.42 1.22 
(0.09)*

1.06–1.48 1.16 
(0.09)*

0.98–1.29 1.17 
(0.09)*

1.01–1.32 1.21 
(0.09)

1.01–1.42 1.19 
(0.10)

0.98–1.48

Left entorhinal 
cortex

0.58 
(0.10)

0.39–0.73 0.58 
(0.08)

0.42–0.74 0.58 
(0.08)

0.39–0.73 0.56 
(0.10)

0.42–0.73 0.58 
(0.08)

0.46–0.74 0.59 
(0.08)

0.45–0.74 0.57 
(0.09)

0.39–0.73

Right entorhinal 
cortex

0.58 
(0.09)

0.45–0.69 0.61 
(0.08)

0.44–0.81 0.61 
(0.07)

0.45–0.81 0.56 
(0.07)

0.44–0.65 0.62 
(0.09)

0.45–0.78 0.62 
(0.08)*

0.45–0.81 0.58 
(0.07)*

0.44–0.70

Left hippocampus 0.72 
(0.06)

0.64–0.83 0.73 
(0.05)

0.65–0.84 0.73 
(0.04)

0.66–0.84 0.69 
(0.05)

0.60–0.78 0.73 
(0.05)

0.65–0.82 0.73 
(0.05)

0.65–0.84 0.72 
(0.05)

0.60–0.83

Right 
hippocampus

0.74 
(0.05)

0.67–0.83 0.75 
(0.05)

0.66–0.88 0.75 
(0.05)

0.66–0.88 0.71 
(0.04)

0.64–0.78 0.75 
(0.05)

0.69–0.85 0.76 
(0.05)*

0.68–0.88 0.73 
(0.04)*

0.64–0.83

Left amygdala 0.66 
(0.05)

0.57–0.73 0.69 
(0.05)

0.54–0.82 0.69 
(0.05)

0.54–0.80 0.64 
(0.05)

0.54–0.71 0.70 
(0.07)

0.59–0.82 0.69 
(0.06)*

0.54–0.82 0.66 
(0.04)*

0.54–0.73

Right amygdala 0.70 
(0.06)

0.61–0.79 0.71 
(0.05)

0.61–0.82 0.72 
(0.05)

0.61–0.80 0.67 
(0.04)

0.59–0.75 0.72 
(0.06)

0.65–0.82 0.72 
(0.05)*

0.65–0.82 0.69 
(0.05)*

0.59–0.79

Sleep assessment 
to PET scan, 
weeks

8.43 
(7.35)

1.00–22.14 11.98 
(11.48)

0.43–45.29 11.31 
(11.92)

0.43–45.29 15.10 
(10.50)

1.71–37.00 10.80 
(9.58)

1.14–33.86 10.28 
(10.01)

0.71–36.57 13.09 
(11.82)

0.43–45.29

Note. Abbreviations: Berlin = Berlin Questionnaire, measure of obstructive sleep apnoea risk; BMI = Body Mass Index (kilograms/metres2); DASS-21 = Depression Anxiety and Stress Scales, where higher 
scores indicate greater depression, anxiety, and stress symptoms, respectively; FDG-PET SUVR = [18F]-fluoro-2-deoxyglucose positron emission tomography, measure of brain glucose metabolism; ISI =
Insomnia Severity Index, where higher scores indicate greater insomnia severity; MMSE = Mini Mental State Examination, where higher scores indicate better global cognitive function; OSA = Obstructive 
Sleep Apnoea; SD = standard deviation; SE = Sleep Efficiency, ratio of total sleep time to time in bed (%); SUVR = standardized update value ratio; TST = Total Sleep Time, amount of time spent asleep 
(minutes); WASO = Wake After Sleep Onset, amount of time spent awake after falling asleep (minutes). For TST, there is a two-cluster solution, where Cluster 1 = “TST 1: no sleep discrepancy and longer 
sleep duration”; Cluster 2 = “TST 2: negative sleep discrepancy and shorter sleep duration”. For WASO, there is a three-cluster solution, where Cluster 1 = “WASO 1: no sleep discrepancy and good sleep 
quality”; Cluster 2 = “WASO 2: negative sleep discrepancy and poor sleep quality”; Cluster 3 = “WASO 3: positive sleep discrepancy and poor sleep quality”. For SE, there is a two-cluster solution, where 
Cluster 1 = “SE 1: no sleep discrepancy and good self-reported sleep quality”; Cluster 2 = “SE 2: negative sleep discrepancy and poor self-reported sleep quality”.
#Scores were multiplied by two, such that higher scores indicate greater symptomology.
^Sleep discrepancy was calculated using difference scores (i.e., sleep diary – actigraphy). Note, WASO discrepancy scores were reversed as higher WASO indicates poorer sleep, while higher TST and SE 
reflect better sleep. Negative values for TST, WASO, and SE discrepancy reflect a negative sleep discrepancy, where self-reported sleep is worse than objective sleep, whilst positive values reflect a positive 
sleep discrepancy, where self-reported sleep is better than objective sleep. Independent-samples t-tests and analysis of variance (ANOVA) were performed to compare continuous variable means across 
clusters, whilst Fisher’s exact tests were used to compare categorical variables across clusters.
*p < 0.05, **p < 0.01.
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Table 3 
Binary logistic regression analyses exploring brain glucose metabolism as a predictor of Total Sleep Time cluster membership.

Total Sleep Time (TST; Negative vs. No Sleep Discrepancy)

Model 1 Model 2 Model 3 Model 4

Brain region β SE OR [95 % ECI] p β SE OR [95 % ECI] p β SE OR [95 % ECI] p β SE OR [95 % ECI] p

Neocortex 0.42 0.37 0.66 [0.31, 
1.39]

0.26 0.44 0.39 0.64 [0.30, 
1.41]

0.26 0.45 0.38 1.57 [0.74, 
3.35]

0.23 0.17 0.43 1.19 [0.49, 
2.73]

0.69

Frontal cortex 0.44 0.38 0.64 [0.30, 
1.38]

0.25 0.54 0.41 0.58 [0.25, 
1.31]

0.19 0.49 0.39 1.63 [0.75, 
3.62]

0.22 0.19 0.46 1.20 [0.47, 
2.95]

0.69

Temporal cortex − 0.08 0.38 1.09 [0.53, 
2.47]

0.82 − 0.17 0.42 1.19 [0.54, 
2.88]

0.68 − 0.08 0.38 0.93 [0.41, 
1.91]

0.84 − 0.45 0.42 0.64 [0.26, 
1.40]

0.28

Inferior parietal cortex 0.50 0.36 0.61 [0.29, 
1.27]

0.17 0.52 0.37 0.59 [0.28, 
1.27]

0.16 0.54 0.37 1.72 [0.82, 
3.62]

0.14 0.38 0.40 1.46 [0.63, 
3.23]

0.35

Left superior parietal cortex 0.40 0.37 0.67 [0.32, 
1.37]

0.27 0.34 0.39 0.71 [0.33, 
1.55]

0.39 0.42 0.37 1.52 [0.74, 
3.24]

0.26 0.24 0.44 1.27 [0.53, 
3.11]

0.59

Right superior parietal 
cortex

0.90 0.40 0.41 [0.18, 
0.88]

0.03* 0.83 0.41 0.44 [0.19, 
0.97]

0.05* 0.92 0.41 2.51 [1.16, 
5.88]

0.02* 0.72 0.46 2.06 [0.84, 
5.32]

0.12

Left posterior cingulate 
cortex

0.87 0.39 0.42 [0.18, 
0.88]

0.03* 0.88 0.40 0.43 [0.18, 
0.88]

0.03* 0.89 0.39 2.44 [1.16, 
5.60]

0.02* 0.79 0.43 2.20 [0.96, 
5.49]

0.07

Right posterior cingulate 
cortex

0.70 0.39 0.50 [0.22, 
1.06]

0.07 0.70 0.39 0.50 [0.22, 
1.07]

0.08 0.74 0.39 2.10 [0.99, 
4.76]

0.06 0.60 0.43 1.82 [0.79, 
4.49]

0.17

Left entorhinal cortex − 0.09 0.38 1.10 [0.51, 
2.37]

0.81 − 0.25 0.40 1.29 [0.59, 
2.91]

0.53 − 0.11 0.39 0.90 [0.41, 
1.93]

0.78 − 0.55 0.46 0.58 [0.22, 
1.37]

0.23

Right entorhinal cortex − 0.42 0.37 1.53 [0.76, 
3.26]

0.25 − 0.57 0.39 1.76 [0.84, 
4.00]

0.15 − 0.50 0.38 0.61 [0.27, 
1.26]

0.19 − 1.19 0.56 0.30 [0.08, 
0.79]

0.03*

Left hippocampus − 0.12 0.39 1.12 [0.53, 
2.52]

0.77 − 0.26 0.41 1.30 [0.59, 
3.09]

0.53 − 0.12 0.39 0.89 [0.40, 
1.88]

0.77 − 0.46 0.45 0.63 [0.25, 
1.49]

0.31

Right hippocampus − 0.16 0.39 1.17 [0.57, 
2.65]

0.68 − 0.14 0.41 1.15 [0.53, 
2.72]

0.73 − 0.12 0.40 0.89 [0.39, 
1.90]

0.77 − 0.35 0.46 0.70 [0.27, 
1.66]

0.44

Left amygdala − 0.62 0.41 1.86 [0.86, 
4.40]

0.13 − 0.78 0.46 2.18 [0.93, 
5.75]

0.09 − 0.63 0.42 0.53 [0.22, 
1.17]

0.13 − 1.01 0.49 0.36 [0.12, 
0.86]

0.04*

Right amygdala − 0.28 0.39 1.33 [0.63, 
3.04]

0.48 − 0.38 0.42 1.46 [0.67, 
3.57]

0.36 − 0.26 0.40 0.77 [0.33, 
1.65]

0.51 − 0.63 0.44 0.53 [0.20, 
1.19]

0.15

Note. Abbreviations: β = standardized beta-weight; ECI = exponentiated confidence interval; OR = odds ratio; SE = standard error; TST = Total Sleep Time, amount of time spent asleep (minutes). Sleep 
discrepancy was calculated using difference scores (i.e., sleep diary – actigraphy). Negative values for TST discrepancy reflect a negative sleep discrepancy, where self-reported sleep is worse than 
objective sleep, whilst positive values reflect a positive sleep discrepancy, where self-reported sleep is better than objective sleep. Brain glucose metabolism was assessed using [18F]-fluoro-2- 
deoxyglucose positron emission tomography (FDG-PET) standardized update value ratio. Insomnia severity was assessed with the Insomnia Severity Index. Depressive symptoms were assessed with 
the depression subscale of the Depression, Anxiety, and Stress Scales. For TST, there is a two-cluster solution, where Cluster 1 = “TST 1: no sleep discrepancy and longer sleep duration”; Cluster 2 = “TST 2: 
negative sleep discrepancy and shorter sleep duration”. Model 1 = glucose metabolism in each brain region predicting TST discrepancy cluster membership, controlling for education (years). Model 2 =
glucose metabolism in each brain region predicting TST discrepancy cluster membership, controlling for education (years) and insomnia severity. Model 3 = glucose metabolism in each brain region 
predicting TST discrepancy cluster membership, controlling for education (years) and depressive symptoms. Model 4 = glucose metabolism in each brain region predicting TST discrepancy cluster 
membership, controlling for education (years) and objective TST. *p < 0.05, **p < 0.01.
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Table 4 
Multinomial logistic regression analyses exploring brain glucose metabolism as a predictor of Wake After Sleep Onset cluster membership.

Wake After Sleep Onset (WASO; Negative vs. No Sleep Discrepancy)

Model 1 Model 2 Model 3 Model 4

Brain region β SE OR [95 % ECI] p β SE OR [95 % ECI] p β SE OR [95 % ECI] p β SE OR [95 % ECI] p

Neocortex − 1.42 0.52 0.24 [0.09, 
0.66]

0.01* − 1.69 0.80 0.19 [0.06, 
0.59]

0.004** − 1.38 0.52 0.25 [0.09, 
0.69]

0.01** − 1.81 0.77 0.16 [0.04, 
0.73]

0.02*

Frontal cortex − 1.33 0.50 0.26 [0.10, 
0.70]

0.01** − 1.40 0.53 0.25 [0.09, 
0.70]

0.01** − 1.32 0.50 0.27 [0.10, 
0.72]

0.01** − 1.64 0.76 0.26 [0.04, 
0.87]

0.03*

Temporal cortex − 1.35 0.52 0.26 [0.09, 
0.71]

0.01** − 1.59 0.57 0.20 [0.07, 
0.63]

0.01** − 1.31 0.51 0.27 [0.10, 
0.74]

0.01* − 1.48 0.62 0.23 [0.07, 
0.77]

0.02*

Inferior parietal cortex − 1.33 0.54 0.26 [0.09, 
0.76]

0.01* − 1.59 0.61 0.20 [0.06, 
0.68]

0.01** − 1.28 0.54 0.28 [0.10, 
0.80]

0.02* − 1.85 0.75 0.16 [0.04, 
0.68]

0.01*

Left superior parietal 
cortex

− 0.96 0.43 0.38 [0.16, 
0.89]

0.03* − 1.33 0.51 0.26 [0.10, 
0.72]

0.01** − 0.94 0.44 0.39 [0.17, 
0.92]

0.03* − 1.54 0.65 0.21 [0.06, 
0.76]

0.02*

Right superior parietal 
cortex

− 1.01 0.45 0.36 [0.15, 
0.87]

0.02* − 1.44 0.54 0.24 [0.08, 
0.69]

0.01** − 0.99 0.46 0.37 [0.15, 
0.91]

0.03* − 1.40 0.58 0.25 [0.08, 
0.78]

0.02*

Left posterior cingulate 
cortex

− 0.75 0.41 0.47 [0.21, 
1.04]

0.06 − 0.94 0.46 0.39 [0.16, 
0.96]

0.04* − 0.71 0.41 0.49 [0.22, 
1.09]

0.08 − 0.91 0.51 0.40 [0.15, 
1.10]

0.08

Right posterior cingulate 
cortex

− 1.03 0.43 0.36 [0.15, 
0.84]

0.02* − 1.30 0.50 0.27 [0.10, 
0.72]

0.01** − 0.97 0.44 0.38 [0.16, 
0.89]

0.03* − 1.25 0.61 0.29 [0.09, 
0.94]

0.04*

Left entorhinal cortex − 0.33 0.36 0.72 [0.36, 
1.44]

0.35 − 0.41 0.36 0.66 [0.33, 
1.35]

0.26 − 0.34 0.37 0.72 [0.35, 
1.47]

0.36 − 0.23 0.41 0.80 [0.36, 
1.77]

0.58

Right entorhinal cortex − 0.78 0.38 0.46 [0.22, 
0.97]

0.04* − 0.83 0.40 0.43 [0.20, 
0.94]

0.03* − 0.86 0.40 0.42 [0.19, 
0.93]

0.03* − 1.01 0.52 0.37 [0.13, 
1.02]

0.06

Left hippocampus − 1.29 0.48 0.28 [0.11, 
0.71]

0.01** − 1.50 0.53 0.22 [0.08, 
0.63]

0.01** − 1.27 0.49 0.28 [0.11, 
0.73]

0.01** − 1.08 0.52 0.34 [0.12, 
0.95]

0.04*

Right hippocampus − 1.18 0.49 0.31 [0.12, 
0.80]

0.02* − 1.30 0.54 0.27 [0.09, 
0.79]

0.02* − 1.12 0.49 0.33 [0.12, 
0.86]

0.02* − 0.95 0.49 0.39 [0.15, 
1.02]

0.06

Left amygdala − 1.03 0.40 0.36 [0.16, 
0.78]

0.01** − 1.11 0.43 0.33 [0.14, 
0.77]

0.01** − 1.04 0.40 0.35 [0.16, 
0.78]

0.01** − 1.17 0.51 0.31 [0.11, 
0.84]

0.02*

Right amygdala − 1.39 0.50 0.25 [0.09, 
0.66]

0.01** − 1.68 0.57 0.19 [0.06, 
0.56]

0.003** − 1.39 0.51 0.25 [0.09, 
0.67]

0.01** − 1.28 0.55 0.28 [0.10, 
0.82]

0.01*

Wake After Sleep Onset (WASO; Positive vs. No Sleep Discrepancy)

Model 1 Model 2 Model 3 Model 4

Brain region β SE OR [95 % ECI] p β SE OR [95 % ECI] p β SE OR [95 % ECI] p β SE OR [95 % ECI] p
Neocortex − 0.78 0.44 0.46 [0.19, 

1.09]
0.08 − 0.59 0.45 0.45 [0.18, 

1.09]
0.08 − 0.75 0.45 0.47 [0.19, 

1.16]
0.10 − 1.59 0.90 0.20 [0.03, 

1.20]
0.08

Frontal cortex − 0.79 0.44 0.46 [0.19, 
1.08]

0.07 − 0.77 0.44 0.46 [0.19, 
1.10]

0.08 − 0.79 0.46 0.45 [0.18, 
1.12]

0.09 − 1.36 0.89 0.26 [0.04, 
1.48]

0.13

Temporal cortex − 0.23 0.35 0.79 [0.40, 
1.58]

0.51 − 0.23 0.35 0.79 [0.40, 
1.59]

0.51 − 0.23 0.37 0.79 [0.38, 
1.64]

0.53 − 0.30 0.75 0.74 [0.17, 
3.23]

0.69

Inferior parietal cortex − 0.99 0.48 0.37 [0.15, 
0.95]

0.04* − 1.01 0.49 0.36 [0.14, 
0.95]

0.04* − 0.90 0.48 0.41 [0.16, 
1.05]

0.06 − 2.04 0.96 0.13 [0.02, 
0.84]

0.03*

Left superior parietal 
cortex

− 0.96 0.43 0.38 [0.16, 
0.90]

0.03* − 1.10 0.47 0.33 [0.13, 
0.84]

0.02* − 0.99 0.45 0.37 [0.15, 
0.90]

0.03* − 2.12 0.91 0.12 [0.02, 
0.71]

0.02*

Right superior parietal 
cortex

− 0.97 0.45 0.38 [0.16, 
0.92]

0.03* − 1.08 0.48 0.34 [0.13, 
0.86]

0.02* − 0.94 0.46 0.39 [0.16, 
0.97]

0.04* − 2.19 1.03 0.11 [0.01, 
0.85]

0.03*

(continued on next page)
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Table 4 (continued )

Wake After Sleep Onset (WASO; Negative vs. No Sleep Discrepancy)

Model 1 Model 2 Model 3 Model 4

Brain region β SE OR [95 % ECI] p β SE OR [95 % ECI] p β SE OR [95 % ECI] p β SE OR [95 % ECI] p

Left posterior cingulate 
cortex

− 0.80 0.41 0.45 [0.20, 
1.00]

0.05* − 0.85 0.42 0.43 [0.19, 
0.98]

0.04* − 0.77 0.42 0.46 [0.20, 
1.05]

0.06 − 1.74 0.83 0.18 [0.03, 
0.89]

0.04*

Right posterior cingulate 
cortex

− 0.91 0.42 0.40 [0.18, 
0.92]

0.03* − 0.98 0.44 0.37 [0.16, 
0.89]

0.03* − 0.83 0.43 0.44 [0.19, 
1.02]

0.06 − 1.66 0.80 0.19 [0.04, 
0.91]

0.04*

Left entorhinal cortex − 0.17 0.35 0.84 [0.43, 
1.66]

0.62 − 0.19 0.35 0.82 [0.41, 
1.64]

0.58 − 0.21 0.37 0.81 [0.39, 
1.68]

0.57 0.61 0.65 1.84 [0.51, 
6.65]

0.35

Right entorhinal cortex 0.01 0.34 1.01 [0.52, 
1.96]

0.98 0.003 0.34 1.00 [0.51, 
1.96]

0.99 − 0.07 0.37 0.93 [0.46, 
1.91]

0.86 0.77 0.80 2.15 [0.45, 
10.22]

0.34

Left hippocampus − 0.19 0.34 0.82 [0.42, 
1.61]

0.57 − 0.21 0.34 0.81 [0.42, 
1.59]

0.55 − 0.22 0.36 0.81 [0.40, 
1.63]

0.55 0.37 0.63 1.45 [0.42, 
5.01]

0.55

Right hippocampus − 0.13 0.34 0.88 [0.45, 
1.70]

0.70 − 0.10 0.35 0.90 [0.46, 
1.78]

0.77 − 0.01 0.36 0.99 [0.49, 
2.00]

0.98 0.36 0.61 1.43 [0.43, 
4.68]

0.56

Left amygdala 0.18 0.34 1.20 [0.61, 
2.35]

0.60 0.22 0.36 1.25 [0.62, 
2.50]

0.54 0.29 0.39 1.33 [0.63, 
2.84]

0.45 0.85 0.79 2.35 [0.50, 
11.01]

0.28

Right amygdala − 0.11 0.34 0.90 [0.46, 
1.75]

0.76 − 0.11 0.35 0.90 [0.45, 
1.78]

0.76 − 0.04 0.37 0.96 [0.47, 
1.98]

0.91 0.16 0.64 1.18 [0.34, 
4.10]

0.80

Note. Abbreviations: β = standardized beta-weight; ECI = exponentiated confidence interval; OR = odds ratio; SE = standard error; WASO = Wake After Sleep Onset, amount of time spent awake after 
falling asleep (minutes). Sleep discrepancy was calculated using difference scores (i.e., sleep diary – actigraphy). WASO discrepancy scores were reversed given that higher WASO indicates worse sleep 
quality. Negative values for WASO discrepancy reflect a negative sleep discrepancy, where self-reported sleep is worse than objective sleep, whilst positive values reflect a positive sleep discrepancy, where 
self-reported sleep is better than objective sleep. Brain glucose metabolism was assessed using [18F]-fluoro-2-deoxyglucose positron emission tomography (FDG-PET) standardized update value ratio. 
Insomnia severity was assessed with the Insomnia Severity Index. Depressive symptoms were assessed with the depression subscale of the Depression, Anxiety, and Stress Scales. For WASO, there is a three- 
cluster solution, where Cluster 1 = “WASO 1: no sleep discrepancy and good sleep quality”; Cluster 2 = “WASO 2: negative sleep discrepancy and poor sleep quality”; Cluster 3 = “WASO 3: positive sleep 
discrepancy and poor sleep quality”. Negative and positive sleep discrepancy clusters were compared to the no sleep discrepancy cluster as a reference. Model 1 = glucose metabolism in each brain region 
predicting WASO discrepancy cluster membership, controlling for age (years) and education (years). Model 2 = glucose metabolism in each brain region predicting WASO discrepancy cluster membership, 
controlling for age (years), education (years), and insomnia severity. Model 3 = glucose metabolism in each brain region predicting WASO discrepancy cluster membership, controlling for age (years), 
education (years), and depressive symptoms. Model 4 = glucose metabolism in each brain region predicting WASO discrepancy cluster membership, controlling for age (years), education (years), and 
objective WASO. *p < 0.05, **p < 0.01.

N
. Soh et al.                                                                                                                                                                                                            

Neurobiology of Aging Science 6 (2024) 100130 

11 



Table 5 
Binary logistic regression analyses exploring brain glucose metabolism as a predictor of Sleep Efficiency cluster membership.

Sleep Efficiency (Negative vs. No Sleep Discrepancy)

Model 1 Model 2 Model 3 Model 4

Brain region β SE OR [95 % ECI] p β SE OR [95 % ECI] p β SE OR [95 % ECI] p β SE OR [95 % ECI] p

Neocortex − 0.32 0.27 0.73 [0.41, 
1.22]

0.24 − 0.33 0.29 0.72 [0.39, 
1.23]

0.25 − 0.33 0.28 0.72 [0.40, 
1.22]

0.24 − 0.53 0.30 0.59 [0.31, 
1.03]

0.07

Frontal cortex − 0.31 0.27 0.73 [0.42, 
1.23]

0.26 − 0.26 0.28 0.77 [0.43, 
1.33]

0.36 − 0.31 0.27 0.73 [0.41, 
1.23]

0.26 − 0.54 0.30 0.58 [0.31, 
1.02]

0.07

Temporal cortex − 0.65 0.31 0.52 [0.27, 
0.92]

0.04* − 0.72 0.32 0.49 [0.24, 
0.89]

0.03* − 0.65 0.31 0.52 [0.27, 
0.92]

0.04* − 0.90 0.36 0.41 [0.19, 
0.77]

0.01*

Inferior parietal cortex − 0.45 0.29 0.64 [0.34, 
1.09]

0.12 − 0.47 0.31 0.63 [0.32, 
1.11]

0.14 − 0.46 0.30 0.63 [0.33, 
1.09]

0.12 − 0.69 0.32 0.50 [0.25, 
0.90]

0.03*

Left superior parietal cortex 0.01 0.26 1.01 [0.60, 
1.67]

0.98 − 0.07 0.27 0.93 [0.54, 
1.57]

0.80 0.01 0.26 1.01 [0.60, 
1.68]

0.98 − 0.10 0.28 0.91 [0.51, 
1.55]

0.72

Right superior parietal 
cortex

0.02 0.26 1.02 [0.60, 
1.71]

0.94 − 0.12 0.28 0.89 [0.51, 
1.52]

0.67 0.02 0.26 1.02 [0.60, 
1.72]

0.93 − 0.13 0.28 0.88 [0.49, 
1.52]

0.64

Left posterior cingulate 
cortex

− 0.05 0.26 0.95 [0.57, 
1.57]

0.85 − 0.06 0.26 0.94 [0.55, 
1.57]

0.81 − 0.05 0.26 0.95 [0.57, 
1.58]

0.85 − 0.20 0.27 0.82 [0.47, 
1.39]

0.46

Right posterior cingulate 
cortex

− 0.10 0.26 0.90 [0.53, 
1.48]

0.68 − 0.13 0.26 0.88 [0.51, 
1.46]

0.61 − 0.11 0.26 0.90 [0.53, 
1.49]

0.69 − 0.27 0.27 0.76 [0.44, 
1.29]

0.32

Left entorhinal cortex − 0.15 0.26 0.86 [0.51, 
1.43]

0.56 − 0.31 0.28 0.73 [0.41, 
1.26]

0.27 − 0.15 0.26 0.86 [0.51, 
1.43]

0.56 − 0.17 0.27 0.84 [0.49, 
1.43]

0.53

Right entorhinal cortex − 0.49 0.28 0.61 [0.34, 
1.04]

0.08 − 0.62 0.32 0.54 [0.28, 
0.97]

0.05 − 0.49 0.28 0.61 [0.34, 
1.04]

0.08 − 0.54 0.30 0.58 [0.31, 
1.02]

0.07

Left hippocampus − 0.27 0.27 0.76 [0.44, 
1.28]

0.32 − 0.33 0.28 0.72 [0.40, 
1.23]

0.24 − 0.27 0.27 0.76 [0.44, 
1.28]

0.31 − 0.41 0.29 0.66 [0.36, 
1.16]

0.16

Right hippocampus − 0.49 0.28 0.61 [0.34, 
1.03]

0.08 − 0.45 0.29 0.64 [0.34, 
1.10]

0.12 − 0.50 0.28 0.60 [0.34, 
1.03]

0.07 − 0.66 0.31 0.52 [0.27, 
0.92]

0.03*

Left amygdala − 0.65 0.31 0.52 [0.26, 
0.92]

0.04* − 0.70 0.34 0.50 [0.24, 
0.91]

0.04* − 0.65 0.31 0.52 [0.26, 
0.92]

0.04* − 0.87 0.38 0.42 [0.18, 
0.82]

0.02*

Right amygdala − 0.66 0.29 0.52 [0.28, 
0.89]

0.03* − 0.76 0.33 0.47 [0.23, 
0.85]

0.02* − 0.67 0.30 0.51 [0.27, 
0.89]

0.02* − 0.91 0.34 0.40 [0.19, 
0.75]

0.01**

Note. Abbreviations: β = standardized beta-weight; ECI = exponentiated confidence interval; OR = odds ratio; SE = standard error. Sleep Efficiency refers to the ratio of total sleep time to time in bed (%). 
Sleep discrepancy was calculated using difference scores (i.e., sleep diary – actigraphy). Negative values for Sleep Efficiency discrepancy reflect a negative sleep discrepancy, where self-reported sleep is 
worse than objective sleep, whilst positive values reflect a positive sleep discrepancy, where self-reported sleep is better than objective sleep. Brain glucose metabolism was assessed using [18F]-fluoro-2- 
deoxyglucose positron emission tomography (FDG-PET) standardized update value ratio. Insomnia severity was assessed with the Insomnia Severity Index. Depressive symptoms were assessed with the 
depression subscale of the Depression, Anxiety, and Stress Scales. For Sleep Efficiency, there is a two-cluster solution, where Cluster 1 = “Sleep Efficiency 1: no sleep discrepancy and good self-reported 
sleep quality”; Cluster 2 = “Sleep Efficiency 2: negative sleep discrepancy and poor self-reported sleep quality”. Model 1 = glucose metabolism in each brain region predicting Sleep Efficiency discrepancy 
cluster membership, controlling for age (years). Model 2 = glucose metabolism in each brain region predicting Sleep Efficiency discrepancy cluster membership, controlling for age (years) and insomnia 
severity. Model 3 = glucose metabolism in each brain region predicting Sleep Efficiency discrepancy cluster membership, controlling for age (years) and depressive symptoms. Model 4 = glucose 
metabolism in each brain region predicting Sleep Efficiency discrepancy cluster membership, controlling for age (years) and objective Sleep Efficiency. *p < 0.05, **p < 0.01.
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4) Sleep parameter cluster ~ SUVR + actigraphy-determined sleep + covariates.
Given that the current study is exploratory in nature and involves a small sample size, adjustment for multiple comparisons was not 

performed [51].
To aid the interpretability of the FDG-PET data, tests of normality (Shapiro-Wilk) [52] and skewness (test.skew from the statpsych 

package; a monte carlo p-value based on 250,000 replications) [53] were performed on the SUVR values, for all brain regions and the 
neocortex.

3. Results

Tests of normality and skewness performed on the FDG-PET SUVR data, were non-significant for all brain regions (data not shown), 
suggesting glucose metabolism remains within the “normal” range for all participants.

As shown in Table 2, there were no significant differences across TST and SE clusters with respect to demographic, cognitive, mood 
and health measures. Across WASO clusters, however, there were significant differences in BMI and DASS depression subscale scores. 
For WASO, FDG-PET SUVR values differed across clusters for the inferior parietal cortex, left superior parietal cortex, and bilateral 
posterior cingulate cortex. Across SE clusters, there were differences in FDG-PET SUVR values for the temporal cortex, right entorhinal 
cortex, left hippocampus, and bilateral amygdala. As expected, differences were observed for sleep measures across TST, WASO and SE 
clusters. Specifically, there were differences in actigraphy and sleep discrepancy measures across clusters for all three sleep param
eters. While TST and SE clusters exhibited differences in sleep diary measures, WASO clusters did not. Moreover, there were differences 
in ISI total scores across TST and SE, but not WASO, clusters.

3.1. Predicting sleep discrepancy cluster membership with brain glucose metabolism

3.1.1. Total sleep time
A summary of regression output for the TST models, including standardized beta-weights, odds ratios, and p-values, is shown in 

Table 3. Higher glucose metabolism in the right superior parietal and left posterior cingulate regions was associated with a greater 
likelihood of belonging to the “TST 2: negative sleep discrepancy and shorter sleep duration” versus “TST 1: no sleep discrepancy and 
longer sleep duration” cluster, with large effect sizes observed (Model 1). Neither insomnia severity nor depressive symptoms (Models 
2 and 3, respectively) had significant effects on the relationship between TST discrepancy and brain glucose metabolism. See Sup
plementary Tables 1.1–1.3 for models including covariates (i.e., education, insomnia severity, and depressive symptoms) across TST 
clusters.

3.1.2. Wake after sleep onset
A summary of regression output for the WASO models, including standardized beta-weights, odds ratios, and p-values, is shown in 

Fig. 2. Visual representation of logistic regression models, with regional brain glucose metabolism predicting sleep discrepancy cluster member
ship, for each sleep parameter. Regions are shaded on a Desikan-Killiany atlas, representing the magnitude of the p-value for each region analysed as 
a predictor of cluster membership. Within each quadrant, the top two images represent a mid-sagittal view of the left and right hemisphere, 
respectively, while the bottom two images represent a lateral view of the left and right hemisphere, respectively. The figure was generated using 
ggseg in R. Abbreviations: SE, Sleep Efficiency (ratio of total sleep time to time in bed, %); TST, Total Sleep Time (amount of time spent asleep, 
minutes); WASO, Wake After Sleep Onset (amount of time spent awake after falling asleep, minutes).
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Table 4. Lower glucose metabolism in most brain regions (neocortex, frontal cortex, temporal cortex, inferior parietal cortex, bilateral 
superior parietal cortex, right posterior cingulate cortex, right entorhinal cortex, bilateral hippocampus, and bilateral amygdala) was 
associated with a greater likelihood of belonging to the “WASO 2: negative sleep discrepancy and poor sleep quality” versus “WASO 1: 
no sleep discrepancy and good sleep quality” cluster, with large effect sizes observed (Model 1). For most brain regions, neither 
insomnia severity nor depressive symptoms (Models 2 and 3, respectively) had significant effects on the relationship between WASO 
discrepancy and brain glucose metabolism.

Lower glucose metabolism in the inferior parietal cortex, bilateral superior parietal cortex, and bilateral posterior cingulate cortex 
was associated with a greater likelihood of belonging to the “WASO 3: positive sleep discrepancy and poor sleep quality” versus “WASO 
1: no sleep discrepancy and good sleep quality” cluster, with large effect sizes observed (Model 1); the same pattern of results was 
found when controlling for insomnia severity (Model 2). When controlling for depressive symptoms, lower glucose metabolism in the 
bilateral superior parietal cortex remained significantly associated with a greater likelihood of belonging to the “WASO 3: positive 
sleep discrepancy and poor sleep quality” versus “WASO 1: no sleep discrepancy and good sleep quality” cluster, with large effect sizes 
evident, but the association with inferior parietal cortex glucose metabolism disappeared (Model 3). See Supplementary Tables 2.1–2.3
for models including covariates (i.e., age, education, insomnia severity, and depressive symptoms) across WASO clusters.

3.1.3. Sleep efficiency
A summary of regression output for the SE models, including standardized beta-weights, odds ratios, and p-values, is shown in 

Table 5. Lower glucose metabolism in the temporal cortex and bilateral amygdala was associated with a greater likelihood of belonging 
to the “SE 2: negative sleep discrepancy and poor self-reported sleep quality” versus “SE 1: no sleep discrepancy and good self-reported 
sleep quality” cluster, with large effect sizes observed (Model 1). Neither insomnia severity nor depressive symptoms (Models 2 and 3, 
respectively) had significant effects on the relationship between SE discrepancy and brain glucose metabolism. See Supplementary 
Tables 3.1–3.3 for models including covariates (i.e., age, insomnia severity, and depressive symptoms) across SE clusters.

A visual representation of logistic regression results is shown in Figs. 2 and 3. Fig. 2 uses a Desikan-Killiany atlas [54] to illustrate p- 
value magnitudes across the frontal, temporal, inferior parietal, left and right superior parietal, left and right posterior cingulate, and 
left and right entorhinal cortices. Fig. 3 uses an automatic subcortical segmentation atlas [55] to visualise p-values for subcortical 
regions, namely the left and right hippocampus, and left and right amygdala. As Figs. 2 and 3 illustrate, the significant brain regions of 
interest varied across the three sleep parameters. For example, lower glucose metabolism across most brain regions assessed was 

Fig. 3. Visual representation of logistic regression models, with regional brain glucose metabolism predicting sleep discrepancy cluster member
ship, for each sleep parameter. Regions are shaded on an automatic subcortical segmentation (aseg) atlas, representing the magnitude of the p-value 
for each subcortical structure analysed as a predictor of cluster membership. The figure was generated using ggseg in R. Abbreviations: SE, Sleep 
Efficiency (ratio of total sleep time to time in bed, %); TST, Total Sleep Time (amount of time spent asleep, minutes); WASO, Wake After Sleep Onset 
(amount of time spent awake after falling asleep, minutes).
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associated with negative WASO discrepancy, while higher/lower brain glucose metabolism across fewer brain regions was associated 
with negative TST discrepancy (i.e., right superior parietal and left posterior cingulate), and negative SE discrepancy (i.e., temporal 
cortex and bilateral amygdala).

3.1.4. Post-Hoc exploratory analyses with actigraphy-determined sleep
For TST, when controlling for actigraphy-determined sleep, lower glucose metabolism in the right entorhinal cortex and left 

amygdala was associated with a greater likelihood of belonging to the “TST 2: negative sleep discrepancy and shorter sleep duration” 
versus: “TST 1: no sleep discrepancy and longer sleep duration” cluster, with large effect sizes seen (Table 3, Model 4).

For WASO, when controlling for actigraphy-determined sleep, lower glucose metabolism in the neocortex, frontal cortex, temporal 
cortex, inferior parietal cortex, bilateral superior parietal cortex, right posterior cingulate cortex, left hippocampus, and bilateral 
amygdala was associated with a greater likelihood of belonging to the “WASO 2: negative sleep discrepancy and poor sleep quality” 
versus “WASO 1: no sleep discrepancy and good sleep quality” cluster (Table 4, Model 4). In addition, for WASO, lower glucose 
metabolism in the inferior parietal cortex, bilateral superior parietal cortex, and bilateral posterior cingulate cortex was associated 
with a greater likelihood of belonging to the “WASO 3: positive sleep discrepancy and poor sleep quality” versus “WASO 1: no sleep 
discrepancy and good sleep quality” cluster (Table 4, Model 4).

For SE, when controlling for actigraphy-determined sleep, lower glucose metabolism in the temporal cortex, inferior parietal 
cortex, right hippocampus, and bilateral amygdala was associated with a greater likelihood of belonging to the “SE 2: negative sleep 
discrepancy and poor self-reported sleep quality” versus “SE 1: no sleep discrepancy and good self-reported sleep quality” cluster 
(Table 5, Model 4). See Supplementary Tables 1.4, 2.4, and 3.4 for models including covariates and actigraphy-determined sleep, 
across TST, WASO and SE clusters.

4. Discussion

In a sample of cognitively unimpaired community-dwelling older adults, the current exploratory study investigated the relationship 
between sleep discrepancy and brain glucose metabolism (both global and regional), an indicator of brain health, by examining: 1) 
whether clusters characterised by greater sleep discrepancy (either negative or positive) and/or poor sleep (self-reported and/or 
actigraphy-determined) are associated with lower brain glucose metabolism; and 2) whether there is a unique relationship between 
sleep discrepancy and brain glucose metabolism when controlling for insomnia severity and depressive symptoms, respectively, as 
covariates. To further isolate the sleep discrepancy construct, post-hoc analyses were conducted controlling for actigraphy-determined 
sleep. Analyses focussed on the sleep parameters of TST, WASO, and SE.

For TST, somewhat unexpectedly, higher glucose metabolism in the right superior parietal and left posterior cingulate cortex was 
associated with a greater likelihood of belonging to the cluster characterised by a negative sleep discrepancy (versus no sleep 
discrepancy). The superior parietal and posterior cingulate regions form part of the default mode network (DMN), a group of brain 
regions that is active during idle mental states. Higher neural activation in these regions, which can be reflected by higher levels of 
glucose metabolism, may represent a “compensatory” process (i.e., an attempt to compensate for the decrease in activity in DMN areas) 
or an inability to deactivate the DMN, and is observed in pre-clinical cases of neurodegenerative disease, such as AD. For example, 
individuals with MCI and early AD, compared to healthy controls, show hyperactivation in core areas of the DMN [56]). In the current 
study, higher activation in the superior parietal and posterior cingulate cortex was associated with negative TST discrepancy. Together 
with previous findings that positive TST discrepancy may predict cognitive impairment [6], our results suggest TST discrepancy in 
either direction may be a prognostic marker of AD risk. Although, it should be noted that other aspects of the DMN were not directly 
examined; future research is needed to replicate the current study and further explore the role of TST discrepancy.

For SE, lower glucose metabolism in the temporal cortex and bilateral amygdala was associated with a greater likelihood of 
belonging to the cluster characterised by a negative sleep discrepancy (versus no sleep discrepancy). That is, there appears to be an 
association between negative SE discrepancy and lower glucose metabolism in brain regions central to emotional functioning and 
learning/memory – this is the opposite pattern to that observed for TST in the current study, and is somewhat surprising, given that SE 
is calculated as TST divided by time in bed. This pattern may therefore implicate the time in bed variable as responsible for the shift in 
direction of effect and brain regions involved. For example, longer time in bed may represent greater time spent ruminating about sleep 
throughout the night. Alternatively, discordant findings may be because SE is more difficult to estimate than other sleep parameters. SE 
involves summation of multiple pieces of information, and findings may reflect poorer cognitive capacity impacting accurate recall of 
sleep, resulting in sleep discrepancy. This notion is consistent with not only the regions linked to negative SE discrepancy in the current 
study, but also our previous study [7], where we found negative SE discrepancy to be associated with poorer delayed memory in 
cognitively unimpaired older adults.

For WASO, lower glucose metabolism in most brain regions (neocortex, frontal cortex, temporal cortex, inferior parietal cortex, 
bilateral superior parietal cortex, right posterior cingulate cortex, right entorhinal cortex, bilateral hippocampus, and bilateral 
amygdala) was associated with a greater likelihood of belonging to the negative sleep discrepancy (versus no sleep discrepancy) 
cluster. This suggests a relationship between negative WASO discrepancy and lower glucose metabolism across almost the entire 
cortex, which is consistent with the negative association observed in the neocortex. In comparison, for positive WASO discrepancy, 
there were associations with glucose metabolism across fewer brain regions. Specifically, lower glucose metabolism in the inferior 
parietal cortex, bilateral superior parietal cortex, and bilateral posterior cingulate cortex was associated with a greater likelihood of 
belonging to the cluster characterised by a positive sleep discrepancy (versus no sleep discrepancy). Hypometabolism in these regions 
associated with positive WASO discrepancy has previously been identified as a biomarker for early AD [57,58]. It is possible that this 
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may constitute a link between positive WASO discrepancy and early AD-related brain changes, although such a notion is speculative 
and pending replication given the exploratory nature of the current study and the novelty of this research area.

When controlling for insomnia severity and depressive symptoms, the same pattern of results was largely found across TST, WASO, 
and SE analyses. That is, insomnia severity and depressive symptoms did not appear to affect the relationship, suggesting a unique 
association between sleep discrepancy and brain glucose metabolism. Further, when controlling for actigraphy-determined sleep, 
results remained mostly consistent for WASO and SE analyses. This suggests that the link between WASO and SE discrepancy and brain 
glucose metabolism may not simply be due to the deleterious neurobiological effects of poor objective sleep on brain health (e.g., less 
clearance of neurotoxic waste products during sleep) [59]. Instead, the remaining two components of the clusters – self-reported sleep 
and the difference score – appear to be the driving factors behind the relationship between sleep discrepancy and brain glucose 
metabolism for WASO and SE. It is possible that perceived poor sleep may contribute towards high levels of allostatic load, the cu
mulative burden of chronic stress and physiological dysregulation of multiple body systems [60]. Specifically, the stress of perceiving 
oneself as sleep-deprived may contribute to negative health outcomes [61–63] such as lower brain glucose metabolism. Alternatively, 
some have proposed that perception of sleep may confer a kind of “placebo” effect, such that perception of sleep quantity/quality on a 
given night can lead to better or worse neurobiological function the next day depending on the direction (i.e., negative or positive) of 
sleep discrepancy [64–66].

As noted before, negative TST discrepancy was associated with several nodes in the DMN; interestingly, controlling for actigraphy- 
determined sleep resulted in a different pattern of findings, where associations with DMN nodes were lost, and instead, lower glucose 
metabolism in the right entorhinal cortex and left amygdala was associated with a greater likelihood of belonging to the cluster 
characterised by a negative sleep discrepancy (versus no sleep discrepancy). As such, it is possible that the relationship between sleep 
discrepancy and altered DMN activity is attributable to actigraphy-determined TST, at least in part, while self-reported TST and/or the 
difference score may be contributing towards altered activity in regions involved in emotional functioning and learning/memory. 
Again, while speculative, these hypotheses provide, at least, some framework by which to understand the construct of sleep 
discrepancy and its relationship with neurobiological systems, although more theoretical development is required in this area.

To our knowledge, only one previous study has directly explored the relationship between sleep discrepancy and neuroimaging 
biomarkers of brain health in community-dwelling older adults [8]. In a sample similar to the current study, Winer et al. [8] found that 
greater absolute and negative sleep discrepancy was associated with greater brain Aβ, but not tau, burden. Given that changes in 
regional brain glucose metabolism and Aβ deposition (relative to tau accumulation) may represent early stages in the AD process 
[21,67], our findings and those of Winer et al. [8] suggest that sleep discrepancy may be a prognostic marker for early AD. In line with 
this, greater sleep discrepancy, as well as both negative [3,7,8] and positive [6,15,19] forms of sleep discrepancy, are associated with 
poorer cognitive function in cognitively unimpaired older adults and commonly occur in MCI/AD samples. While collectively, these 
findings are intriguing, as mentioned previously, the role of sleep discrepancy as a marker or risk factor for AD remains tentative and 
any conclusions are pending support from future research, especially where the limitations of the current study are addressed.

In the current study, the use of wrist-mounted actigraphy meant that ‘objective’ sleep measurement was constrained by partici
pants’ self-reported estimate of their in-bed and out-of-bed times, as reported in their sleep diary. Moreover, actigraphy as a proxy for 
objective sleep has some drawbacks, given that it infers sleep through lack of movement. Although in saying this, research has shown 
actigraphy to demonstrate high accuracy (i.e., >80 %) compared to polysomnography [68], which is recognised as the “gold standard” 
objective measure of sleep. Of note, polysomnography also shows some degree of inaccuracy, and is more resource-intensive and 
challenging to implement across multiple nights, making it less amenable to the seven-day “averaging” method of sleep discrepancy 
employed in the current study. This “averaging” approach is particularly important, given that there is considerable night-to-night 
variability in sleep discrepancy in older adults [69], and measurement across one or two nights via polysomnography might yield 
unrepresentative estimates. Future sleep discrepancy research would benefit from using wearables that are both easy to use, but also 
address limitations by incorporating additional measures, such as heart rate, as well as offering independent bed/rise time detection.

Another potential limitation of the current study relates to the operationalisation of the sleep discrepancy clusters. These were 
labelled based on a series of validation steps, including comparison to consensus guidelines for sleep quantity/quality, contingency 
tables, visual inspection, and mean comparisons of discrepancy values across clusters – while most of these metrics aligned with our 
cluster labels, other factors, such as the range of discrepancy between clusters, are overlapping, and suggests that the clusters 
themselves may not completely map onto discrete discrepancy subtypes.

In the current study, brain scans and sleep measures were not conducted simultaneously; however, stepwise model selection (see 
Statistical Analysis Methods) suggested that time between brain scan and sleep assessment not be included in subsequent analysis. An 
additional consideration relates to multiple comparisons, which were not performed given that the current study is exploratory in 
nature and comprised a small sample [51]. Nevertheless, our findings represent an important contribution to this area of research, 
identifying potential relationships of interest (e.g., with specific brain regions) to investigate further in larger samples. Finally, the 
cross-sectional design of the current study precludes understanding of temporal relationships; future research would benefit from 
investigating the link between sleep discrepancy and biomarkers of brain health longitudinally.

In summary, this study was the first to explore the relationship of sleep discrepancy to brain glucose metabolism, a dynamic 
biomarker of brain health, in community-dwelling older adults. Specifically, we found associations between sleep discrepancy and 
higher/lower resting-state glucose metabolism across multiple brain regions in community-dwelling older adults. This is a novel 
finding and provides preliminary evidence to support the idea that sleep discrepancy may constitute a marker or risk factor for early 
brain changes in older adults. This could potentially provide a foundation from which to further understand the higher incidence of 
sleep discrepancy in older adult populations, which also tends to increase alongside the advancement of neurodegenerative disease. 
The current study also showed that associations between sleep discrepancy and brain glucose metabolism survived correction for 
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insomnia severity and depressive symptoms, suggesting that sleep discrepancy itself may impact neurobiological function indepen
dently of these related constructs. However, any conclusions described herein should be considered in the context of the study lim
itations described above. Nevertheless, effect sizes observed in the current study were typically large, and future research into this area 
is clearly warranted. In the case where our preliminary findings are supported by future studies, this may implicate sleep discrepancy 
as a unique and salient predictor of brain changes in later life.
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