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As suggested by previous research, sleep health is assumed to be a key determinant of future morbidity and mortality. In line with this, 
recent studies have found that poor sleep is associated with impaired cognitive function. However, to date, little is known about brain 
structural abnormalities underlying this association. Although recent findings link sleep health deficits to specific alterations in grey 
matter volume, evidence remains inconsistent and reliant on small sample sizes. Addressing this problem, the current preregistered 
study investigated associations between sleep health and grey matter volume (139 imaging-derived phenotypes) in the UK Biobank 
cohort (33 356 participants). Drawing on a large sample size and consistent data acquisition, sleep duration, insomnia symptoms, 
daytime sleepiness, chronotype, sleep medication and sleep apnoea were examined. Our main analyses revealed that long sleep dur
ation was systematically associated with larger grey matter volume of basal ganglia substructures. Insomnia symptoms, sleep medi
cation and sleep apnoea were not associated with any of the 139 imaging-derived phenotypes. Short sleep duration, daytime sleepiness 
as well as late and early chronotype were associated with solitary imaging-derived phenotypes (no recognizable pattern, small effect 
sizes). To our knowledge, this is the largest study to test associations between sleep health and grey matter volume. Clinical implica
tions of the association between long sleep duration and larger grey matter volume of basal ganglia are discussed. Insomnia symptoms 
as operationalized in the UK Biobank do not translate into grey matter volume findings.
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Introduction
Sleep is a complex physiological process regulated by various 
brain circuits and neurotransmitter systems.1 Decades of em
pirical research have clearly demonstrated that different as
pects of sleep health (SH) are related to future morbidity 
and mortality, e.g. short and long sleep duration,2,3 difficul
ties initiating or maintaining sleep,4-6 sleep medication use,7

excessive daytime sleepiness8 and the sleep apnoea syn
drome.9 The same SH dimensions, as well as chronotype, 
have been linked to impaired cognitive function, in particu
lar in the domains of attention, memory and executive func
tions.10-13 However, it is unclear whether neurostructural 
abnormalities underlie the relationships between SH dimen
sions and cognitive function. Several small-scale cross- 
sectional case–control studies have supported this hypoth
esis, however, the results so far are somewhat inconclusive. 
Self-reported short sleep duration has been linked to cortical 
thinning within fronto-temporal regions,14 hippocampal 
volume loss15 and increased rates of ventricular expansion.16

Insomnia has been found to be associated with smaller hip
pocampal volume,17 smaller frontal grey matter volume 
(GMV)18-20 and larger anterior cingulate cortex volume.21

Daytime sleepiness has been reported to be related to a re
duction of GMV in the medial orbitofrontal cortex.22 Sleep 
apnoea syndrome has been found to be associated with smal
ler GMV in several cortical and subcortical areas including 
the anterior cingulate cortex, frontal and temporal lobes, 
cortical motor areas and the cerebellum.23,24 Markers of 
sleep apnoea severity as well as sleep-disordered breathing 
have been found to be associated with ‘larger’ GMV and 
greater amyloid burden in multiple cortical and subcortical 
brain regions.25,26 In addition, associations have been re
ported between brain structure and sleep quality27,28 and 
objectively-determined sleep fragmentation.29

However, other studies have found conflicting results or 
have reported null findings.28,30,31 After reviewing the meth
odological quality of brain imaging studies in this field, it has 
been suggested that the observed inconsistencies are likely to 
be related to small sample sizes and other sources of hetero
geneity such as sample characteristics, data acquisition and 
image processing.32,33 Thus, in light of recent doubts about 
replicability and low power in neuroimaging studies,34,35

the current study sought to investigate the independent asso
ciations between several SH variables (sleep duration, insom
nia symptoms, daytime sleepiness and chronotype) and brain 
morphometry in a large sample of individuals of the UK 
Biobank.

Materials and methods
Preregistration
Full details of the current analysis plan were officially prere
gistered at Open Science Framework (https://osf.io/vyjfw) on 
14 May 2020. As a consequence, all (non-explorative) 

analysis steps had been determined before the current dataset 
was downloaded from the UK Biobank (UKBB) server on 2 
May 2022.

Participants
The UKBB project is a prospective epidemiological study. 
Between 2006 and 2010, over 500 000 adults aged 40 to 69 
years were enrolled at various locations in the UK (initial visit  
= Instance 0).36 In 2014, multimodal magnetic resonance im
aging (MRI) was introduced with a planned subgroup size of 
n = 100 000 (first imaging visit = Instance 2). By the time the 
current analysis was conducted, imaging data were available 
for 42 801 participants. However, to eliminate systematic 
biases, participants were excluded in advance if they reported 
a neurological condition (n = 1026; see Supplementary 
Table 1 for a list of conditions). Furthermore, participants 
were excluded from the remaining sample if they lacked 
data or responded ‘do not know’ or ‘prefer not to answer’ 
at Instance 2 for insomnia symptoms (n = 311), sleep dur
ation (n = 387), excessive daytime sleepiness (n = 330), 
chronotype (n = 3972), socioeconomic status (n = 40), 
depressive symptoms (n = 1321), body mass index (BMI, 
n = 1418) or qualifications (n = 2994) leaving a study sample 
of 33 356 participants. All research procedures within the 
UKBB project are approved by the NHS National Research 
Ethics Service (Ref. 11/NW/0382), and all participants had 
to give written informed consent before inclusion. Ethical 
standards are continuously controlled by a concerned 
Ethics Advisory Committee (EAC, http://www.ukbiobank. 
ac.uk/ethics), based on a project-specific Ethics and 
Governance Framework (given in full at http://www. 
ukbiobank.ac.uk/wp-content/uploads/2011/05/EGF20082. 
pdf). The current analyses were conducted under UK Biobank 
application number 6818.

Sleep-related variables
The current operationalization of SH is based on previous 
considerations (representing central aspects of SH, maintain
ing consistency with previous SH studies and providing a 
multifaceted picture of SH).37 Accordingly, the selected vari
ables were sleep duration, insomnia symptoms, daytime 
sleepiness and chronotype.

Sleep duration was assessed by asking participants ‘About 
how many hours sleep do you get in every 24 hours? (please 
include naps)’. In light of previously established U-shape re
lationships with health and cognition,38 sleep duration was 
categorized into short (<7 hours), normal (7–9 hours) and 
long (>9 hours) referring to recent guidelines.39 Insomnia 
symptoms were assessed by asking participants ‘Do you 
have trouble falling asleep at night or do you wake up in 
the middle of the night?’ with responses ‘never/rarely’, 
‘sometimes’ and ‘usually’. Participants were categorized as 
having frequent insomnia symptoms if they answered ‘usual
ly’ to this question, while the remaining participants made up 
the group without frequent insomnia symptoms. Daytime 
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sleepiness was assessed by asking participants ‘How likely 
are you to doze off or fall asleep during the daytime when 
you don’t mean to? (e.g. when working, reading or driving)’ 
with responses ‘never/rarely’, ‘sometimes’ and ‘often’. 
Participants were categorized as having excessive daytime 
sleepiness if they answered ‘often’, the remaining partici
pants made up the group without excessive daytime sleepi
ness. No participant answered ‘all of the time’. 
Dichotomization of the SH dimensions insomnia symptoms 
and daytime sleepiness served for comparison between parti
cipants with and without clinically relevant symptoms.11,24

Chronotype was assessed by asking ‘Do you consider your
self to be definitely a “morning” person/more a “morning” 
than an “evening” person/more an “evening” than a “morn
ing” person/definitely an “evening” person?’. Participants 
were categorized as early chronotype if they answered ‘defin
itely a “morning” person’ and as late chronotype if they an
swered ‘definitely an “evening” person’, the remaining 
participants made up the reference group (intermediate 
chronotype). Complementing sleep-related variables were 
sleep medication use and sleep apnoea. The former (hypno
tics and sedatives as specified in Dashti et al.40; see 
Supplementary Table 2 for a complete list) was assessed by 
reports to a research nurse. The latter was assessed by means 
of self-reported non-cancer illness codes.

Magnetic resonance imaging
MRI acquisition protocols, processing pipelines and derived 
measures of brain structure [imaging-derived phenotypes 
(IDPs)] for the brain imaging project of the UK Biobank 
have been described previously in full detail,41 with docu
mentation available online (http://biobank.ctsu.ox.ac.uk/ 
crystal/refer.cgi?id=2367 and http://biobank.ctsu.ox.ac.uk/ 
crystal/refer.cgi?id=1977). Of particular importance for the 
current analysis, FMRIB’s Automated Segmentation Tool 
(FAST42) was used for brain segmentation to generate 139 
IDPs within regions-of-interest. These regions-of-interest 
were defined in MNI152 space, combining parcellations 
from the HarvardOxford cortical and subcortical 
atlases (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases) and the 
Diedrichsen cerebellar atlas (http://www.diedrichsenlab. 
org/imaging/propatlas.htm). A full list of these IDPs is pro
vided in Supplementary Table 3.

Covariates
Socioeconomic status was quantified by the Townsend index 
of material deprivation. Due to skewed distribution, the 
measure was log-transformed with an ln(x + 7) equation 
(minimum of non-transformed index: −6.26). Educational 
qualifications were assessed by asking ‘Which of the follow
ing qualifications do you have? (You can select more than 
one)’ with responses ‘College or University degree’, ‘A le
vels/AS levels or equivalent’, ‘O levels/GCSEs or equivalent’, 
‘CSEs or equivalent’, ‘NVQ or HND or HNC or equivalent’ 
and/or ‘Other professional qualifications eg: nursing, 

teaching’. Participants were categorized as academics if 
they answered ‘College or University degree’, while the re
maining participants made up the group without academic 
training. Depressive symptoms were assessed by asking 
‘Over the past two weeks, how often have you felt down, de
pressed or hopeless?’ with responses ‘not at all’, ‘several 
days’, ‘more than half the days’ or ‘nearly every day’. 
Participants were categorized as having depressive symptoms 
if they answered ‘several days’, ‘more than half the days’ or 
‘nearly every day’, the remaining participants made up the 
group without depressive symptoms. Intracranial brain vol
ume (ICV; volume of grey and white matter plus volume of 
ventricular cerebrospinal fluid), BMI, sex and age as well as 
psychotropic medication use (antidepressants, antipsychotics 
and mood stabilizers; see Supplementary Table 4) were also 
incorporated as covariates in the analyses. All data were ta
ken, if available, from Instance 2.

Statistical analysis
Participants who responded ‘do not know’ or ‘prefer not to 
answer’ at Instance 2 (if data available) were excluded 
from the current analysis (insomnia symptoms: n = 3, sleep 
duration: n = 135, excessive daytime sleepiness: n = 69, 
chronotype: n = 4434, depressive symptoms: n = 1285 and 
educational qualifications: n = 3476). Descriptive data are 
presented as mean values and standard deviations. 
Associations between SH variables and brain morphometry 
were analysed using multivariate linear regression models 
(LMs) for each IDP, with sleep duration (three factor levels, 
reference category: normal sleep duration), insomnia symp
toms (two factor levels), excessive daytime sleepiness (two 
factor levels), chronotype (three factor levels, reference cat
egory: intermediate type), sleep medication use (two factor 
levels) and sleep apnoea (two factor levels) as predictor vari
ables and the respective IDP as dependent variable.

Socioeconomic status, educational qualifications, depres
sive symptoms, ICV, BMI, sex, age and psychotropic medica
tion use were incorporated as covariates. This way, all 
variables were used as specified in our preregistration, refer
ring to our previous studies on SH.11,37 Given the analysis of 
139 IDPs, the alpha level was set at P < 3.6 × 10−4 (0.05/139; 
two-tailed) for all analyses.

Following the principle of parsimony for statistical mod
els, variables were introduced gradually starting with a base
line model (SH variables only: insomnia symptoms, sleep 
duration, excessive daytime sleepiness, chronotype; LM1), 
continuing with an adjusted model (adding basic demo
graphic covariates: socioeconomic status, level of education, 
ICV, BMI, sex, age; LM2) and ending with a fully developed 
model comprising all described variables (adding remaining 
sleep-related variables and clinical covariates: sleep medica
tion use, sleep apnoea, depressive symptoms, psychotropic 
medication use; LM3, see Supplementary Table 5). Hereby, 
the prioritization of self-reported insomnia symptoms, sleep 
duration, excessive daytime sleepiness, and chronotype over 
sleep medication use and sleep apnoea is supposed to reflect 
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the study’s primary focus on psychological aspects of SH ra
ther than on pharmaceutical aspects and sleep-related 
breathing disorders. All models were compared by the means 
of partial F-tests.

As a sensitivity analysis, we examined (i) if an alternative 
operationalization of sleep apnoea might help to detect the 
presence or absence of sleep apnoea more accurately (see 
Supplementary Fig. 10). At this, our rationale was to reduce 
the amount of undetected positives in the control group (by 

excluding participants who reported snoring ‘and’ excessive 
daytime sleepiness) and to increase the amount of detected 
positives in the sleep apnoea group (by including combina
tions of indirectly indicative variables). Results relying on 
the non-cancer illness code variable only might have been 
prone to underestimating the actual prevalence of sleep ap
noea in the current sample. Additionally, (ii) we addressed 
possible collinearity effects underlying the original analysis 
by implementing separate linear models for each SH vari
able. With respect to previous findings of age- and sex- 
dependent associations between sleep and brain imaging 
variables in the UK Biobank,43 we also implemented ex
ploratory linear models comprising interaction effects be
tween age or sex and sleep-related variables (iii).

Results
The sample consisted of 17 936 female (53.8%) and 15 420 
male (46.2%) participants (=33 356) with a mean age of 
63.5 ± 7.6 years. Further sample characteristics are de
scribed in Table 1.

Long sleep duration was associated with larger GMV of 
the right cingulate gyrus, posterior division (β = 118.2, cor
responding to 2.2% difference to the normal sleep duration 

Table 1 Sample characteristics

Short,  
n (%) Normal, n (%)

Long,  
n (%)

Sleep duration 7871 (23.6) 25 102 (75.3) 383 (1.1)
Early, n (%) Intermediate,  

n (%)
Late, n (%)

Chronotype 9235 (27.7) 20 911 (62.7) 3210 (9.6)
Yes, n (%) No, n (%)

Insomnia symptoms 10 438 (31.3) 22 918 (68.7)
Excessive daytime 

sleepiness
7564 (22.7) 25 792 (77.3)

Sleep medication use 90 (0.3) 33 266 (99.7)
Sleep apnoea 133 (0.4) 33 223 (99.6)
Psych. medication use 2016 (6) 31 340 (94.0)
Depressive symptoms 5914 (17.7) 27 442 (82.3)

Figure 1 Results of LM3 (one-sixth; adjusted linear model): associations between long sleep duration and GMV of all 139 IDPs as 
indexed in Supplementary Table 3. The vertical axis indicates the P-value, and colours indicate the direction of difference (plus percentage 
difference). Significant associations after Bonferroni correction: IDPs 60, 99, 100 and 104 (see Supplementary Table 3).
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group; P = 4.3 × 10−5), the left caudate (β = 138.4, corre
sponding to 4.5%; P = 2.3 × 10−5), the right caudate (β =  
128.4, corresponding to 3.9%; P = 1.6 × 10−4) and the right 
pallidum (β = 8.9, corresponding to 14.9%; P = 6.2 × 10−5). 
Associations between long sleep duration and GMVs are 
presented in Fig. 1.

Short sleep duration was associated with smaller GMV of 
the right middle temporal gyrus, anterior division (β =  
−13.7; corresponding to −0.9% difference to the normal 
sleep duration group; P = 2.9 × 10−4) and the left lateral oc
cipital cortex, inferior division (β = −51.0, corresponding to 
−0.7%; P = 2.6 × 10−4), as well as with larger GMV of the 
cerebellar vermis lobule X (β = 2.7, corresponding to 
1.2%; P = 7.0 × 10−7). Associations between short sleep dur
ation and GMVs are presented in Fig. 2.

Excessive daytime sleepiness was associated with smaller 
GMV of the right paracingulate gyrus (β = −35.1, corre
sponding to −0.6% difference to the group without excessive 
daytime sleepiness; P = 1.3 × 10−4), the left occipital pole 
(β = −57.4, corresponding to −0.7%; P = 2.3 × 10−4) and 
the right cerebellar lobule VIIIb (β = −25.6, corresponding 
to −0.9%; P = 9.5 × 10−5). Associations between excessive 
daytime sleepiness and GMVs are presented in Fig. 3.

Late chronotype was associated with smaller GMV of the 
left temporal fusiform cortex, anterior division (β = −15.4, 

corresponding to −1.0% difference to the intermediate 
chronotype group; P = 2.3 × 10−4). Early chronotype was as
sociated with smaller GMV of the left frontal orbital cortex 
(β = −31, corresponding to −0.5% difference to the inter
mediate chronotype group; P = 8.2 × 10−5). Associations be
tween both chronotypes and GMVs are presented in Figs 4
and 5.

Insomnia symptoms were not associated with GMV 
(Fig. 6). Associations between the remaining variables and 
GMV are presented in Supplementary Figs 1–9. All results 
refer to LM3 (for the results of all applied partial F-tests, 
see Supplementary Table 6; full LM3 summaries available 
in the supplementary material).

Sensitivity analysis 1: Aiming for a more differentiated op
erationalization of sleep apnoea, we implemented an alterna
tive system of detecting the presence or absence of sleep 
apnoea, which is oriented towards previous research44 and 
described in Supplementary Fig. 10 (new sample size: n =  
28 115). Replacing the previous with the new definition of 
sleep apnoea in LM3, long sleep duration was associated 
with larger GMV of the right and left cingulate gyrus, poster
ior division (β = 147.5 and 117.8, corresponding to 2.7% 
and 2.3% difference to the normal sleep duration group; 
P = 7.1 × 10−6 and 1.8 × 10−4) and the right and left caudate 
(β = 147.6 and 151.2, corresponding to 4.5% and 5.0%; 

Figure 2 Results of LM3 (two-sixths; adjusted linear model): associations between short sleep duration and GMV. The vertical 
axis indicates the P-value, and colours indicate the direction of difference (plus percentage difference). Significant associations after Bonferroni 
correction: IDPs 22, 45 and 138 (see Supplementary Table 3).
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P = 1.0 × 10−4 and 3.7 × 10−5). Associations between GMV 
of other basal ganglia substructures (putamen and pallidum) 
and long sleep duration were not significant, although reach
ing small P-values (left putamen: P = 1.3 × 10−2; right palli
dum: P = 1.0 × 10−2) and/or large effect sizes (right and left 
pallidum: β = 6.4 and 3.8, corresponding to 10.7% and 
9.1% difference to the normal sleep duration group). 
Associations between long sleep duration and GMVs (sensi
tivity analysis) are presented in Supplementary Fig. 11. The 
new defined sleep apnoea variable was not associated with 
any brain morphometry variable either. For an overview, 
see Supplementary Fig. 12.

Sensitivity analysis 2: Aiming for an exclusion of possible 
collinearity effects, we examined associations between SH 
variables and GMVs without adding multiple SH variables 
to the model ‘simultaneously’. However, after implementing 
a separate linear model for each SH variable (sLM1-6), re
sults did not deviate considerably from abovementioned 
core findings (see Supplementary Figs 13–20; full sLM sum
maries available in the supplementary material).

Sensitivity analysis 3: Taking into account that age or sex 
may affect associations between SH and GMV, we imple
mented an exploratory linear model with interaction effects 
between age or sex and all sleep-related variables (sleep dur
ation, insomnia symptoms, daytime sleepiness, chronotype, 

sleep medication use, sleep apnoea; sLM7): age and long 
sleep duration interacted significantly regarding their asso
ciations with GMV of the right and left caudate (β = 18.4 
and 18.3; P = 3.7 × 10−5 and 2.0 × 10−5; Figs 7 and 8). Age 
and daytime sleepiness interacted significantly regarding 
their associations with GMV of the right and left caudate 
(β = 5.7 and 4.5; P = 4.8 × 10−7 and 4.5 × 10−5; see 
Supplementary Figs 21 and 22) as well as with GMV of the 
right and left pallidum (β = 0.3 and 0.2; P = 2.4 × 10−5 and 
3.4 × 10−4; see Supplementary Figs 23 and 24). Further sig
nificant findings were interaction effects between age and 
daytime sleepiness regarding GMV of diverse cerebellar lo
buli as well as an interaction effect between age and sleep 
medication regarding GMV of the left middle frontal gyrus 
(see full sLM7 summaries in the supplementary material). 
There were no significant interaction effects between sex 
and any sleep-related variable regarding their association 
with GMV.

Discussion
The current results suggest that long sleep duration is asso
ciated with larger GMV of the right cingulate gyrus (poster
ior division), the left and right caudate and the right 

Figure 3 Results of LM3 (three-sixths; adjusted linear model): associations between excessive daytime sleepiness and GMV. 
The vertical axis indicates the P-value, and colours indicate the direction of difference (plus percentage difference). Significant associations after 
Bonferroni correction: IDPs 56, 95 and 133 (see Supplementary Table 3).
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Figure 4 Results of LM3 (four-sixths; adjusted linear model): associations between late chronotype and GMV. The vertical axis 
indicates the P-value, and colours indicate the direction of difference (plus percentage difference). Significant associations after Bonferroni 
correction: IDP 73 (see Supplementary Table 3).

Figure 5 Results of LM3 (five-sixths; adjusted linear model): associations between early chronotype and GMV. The vertical axis 
indicates the P-value, and colours indicate the direction of difference (plus percentage difference). Significant associations after Bonferroni 
correction: IDP 65 (see Supplementary Table 3).
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Figure 6 Results of LM3 (six-sixths; adjusted linear model): associations between insomnia symptoms and GMV. The vertical axis 
indicates the P-value, and colours indicate the direction of difference (plus percentage difference). Significant associations after Bonferroni 
correction: None.

Figure 7 Results of sLM7 (one-half; interaction effects between sex/age and all sleep-related variables included): group-wise mean 
GMV, illustrating interaction effects between sleep duration and age regarding their association with GMV of the left caudate (β =  
18.4, P = 3.7 × 10−5). For visualization purposes, the continuous variable age has been factorized into three categories (‘younger’, ‘reference’ and 
‘older’), with a uniform division of the range between minimal and maximal age. Bars indicate group-wise standard error. Units of measurement (GMV) 
are mm3.
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pallidum. Short sleep duration was found to be associated 
with smaller GMV of the right middle temporal gyrus (anter
ior division) and the left lateral occipital cortex (inferior div
ision) as well as with larger GMV of the cerebellar vermis 
lobule X. Furthermore, the current analyses suggest that exces
sive daytime sleepiness is associated with smaller GMV of the 
right paracingulate gyrus, the left occipital pole and the right 
cerebellar lobule VIIIb. Late chronotype was found to be asso
ciated with smaller GMV of the left temporal fusiform cortex 
(anterior division), while early chronotype was associated 
with smaller GMV of the left frontal orbital cortex. The current 
results do not suggest any association between insomnia symp
toms, sleep medication, or sleep apnoea and GMV.

Insomnia symptoms
It must be considered a particularly striking result that in
somnia symptoms were not related to any alteration in brain 
morphometry. Also, most of the brain areas that have been 
previously connected to insomnia or poor sleep (e.g. frontal 
lobe substructures and the hippocampus) did not show al
terations for any of the SH variables tested in the current ana
lysis. This might indicate that inconsistent findings of 

previous studies have come about due to the absence of clear- 
cut associations in combination with insufficient sample sizes 
and, hence, statistical power. Notably, the main difference 
compared to these studies is that the current investigation re
lies only on one self-report item for assessing nocturnal in
somnia symptoms while previous investigations have 
examined well-characterized groups of patients with insom
nia disorder. However, considering the large sample size of 
the UKBB cohort, statistical power to detect small effect sizes 
could still be guaranteed in severely contaminated group 
comparisons (e.g. healthy good sleepers falsely categorized 
as patients with insomnia).

Thus, it is unlikely that the definition of insomnia in the 
current study explains the discrepant results compared to 
previous studies. It might consequently be assumed that in
somnia symptoms are reflected in other neurobiological 
parameters than mere GMV. A more differentiated approach 
could be, for example, shape analysis methods as used by 
several recent studies.45,46 Also, the current results do not 
contradict functional imaging findings suggesting associa
tions between insomnia symptoms and aberrant brain acti
vation or connectivity (e.g. default mode network 
hyperconnecitvity47,48).

Figure 8 Results of sLM7 (two-twos; interaction effects between sex/age and all sleep-related variables included): group-wise 
mean GMV, illustrating interaction effects between sleep duration and age regarding their association with GMV of the right 
caudate (β = 18.3, P = 2.0 × 10−5). For visualization purposes, the continuous variable age has been factorized into three categories (‘younger’, 
‘reference’ and ‘older’), with a uniform division of the range between minimal and maximal age. Bars indicate group-wise standard error. Units of 
measurement (GMV) are mm3.
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Long sleep duration and basal ganglia
Regarding the magnitude of significant GMV differences the 
findings for sleep duration stand out. In particular, the re
sults indicate an association between long sleep duration 
and an extensive enlargement of basal ganglia substructures. 
This association is quite clear-cut as GMV differences for 
long sleep duration were the highest for the exact 6 out of 
139 IDPs representing basal ganglia (left and right caudate, 
pallidum and putamen). It is however challenging to inter
pret this outcome since literature about larger GMV of basal 
ganglia is scarce. One approach could be based upon a study 
by Kumar et al.49: their findings suggest an association be
tween sleep apnoea syndrome and larger basal ganglia vol
ume at an early stage of the disorder. Since there is good 
reason to assume that (early) sleep apnoea syndrome might 
often have been undetected in the current sample (assessment 
via self-report and no systematic screening), and since indivi
duals with sleep apnoea syndrome often display a prolonged 
sleep duration,50 this interpretation seems likely. However, it 
remains unclear why excessive daytime sleepiness, another 
indicator for sleep apnoea syndrome,51 was not associated 
with GMV of basal ganglia. Additionally, the absence of 
an association between the new defined sleep apnoea vari
able and GMV might suggest that a fully developed sleep ap
noea syndrome does not (or no longer) go along with larger 
basal ganglia substructures. Nevertheless, considering that 
our sensitivity analysis (sLM7) yielded greater associations 
between long sleep duration as well as excessive daytime 
sleepiness and larger GMV of basal ganglia in older persons, 
the initial interpretation might still be valid for a subpopula
tion of higher age. While previous research did not find asso
ciations between sleep apnoea and larger GMV of basal 
ganglia, markers of sleep apnoea (hypoxaemia, respiratory dis
turbances and sleep fragmentation) have been shown to be as
sociated with larger GMV of multiple cortical and subcortical 
brain regions.25 These findings are assumed to represent adap
tive brain mechanisms compensating for deficits related to 
early stage sleep apnoea. Considering this, our results might in
dicate a compensation effect for impairments induced by sleep 
apnoea-related long sleep duration or excessive daytime sleepi
ness in older persons. In the context of sleep-disordered breath
ing, these impairments might be represented by a greater 
amyloid burden, as suggested in a study on middle-aged and 
older adults.26 Conclusively, the current finding can only be 
a starting point for future studies on this topic.

Further findings
Long sleep duration was also found to be related to larger 
GMV of the right cingulate gyrus (posterior division). The pos
terior cingulate gyrus has previously been shown to play a key 
role in the default mode network (DMN),52 a resting state con
nectivity pattern that is assumed to be altered or unbalanced in 
insomnia as well as in obstructive sleep apnoea.53,54 It is prob
lematic to integrate morphometry findings into (directed) 

connectivity theories since morphometric alterations cannot 
be translated into aberrant functionality without further con
sideration. However, speculatively, the current findings might 
underline the association between sleep apnoea and 
DMN-related cognitive symptoms like extensive self- 
referential processing (e.g. rumination).

The findings regarding short sleep duration, excessive day
time sleepiness and chronotype indicate relatively small, 
non-systematic GMV alterations (mostly under 1.0% differ
ence). Interpretive approaches based on previous research 
are presented in the supplementary material (see ‘Further 
findings’ section).

Conclusions
Although we reported significant associations between neu
rocognitive function and long sleep duration, sleep medica
tion use and the two extreme chronotypes,11 these findings 
do not translate into GMV findings. This discrepancy may 
tell us that neurocognitive impairment does not necessarily 
imply GMV alterations. However, it should also be noted 
that the sample size of the current study is considerably smal
ler than the one of our previous investigation. Still, our find
ings contradict the idea of considering alterations in GMV as 
sufficient biomarker for SH-related impairment of neurocog
nitive function.

Limitations and outlook
One limitation of this study is that the UK Biobank sample is 
relatively healthy55 resulting in a low number of individuals 
suffering from sleep apnoea syndrome and a low number of 
cases with sleep or psychiatric medication. However, in com
parison with previous reports on the association between SH 
and brain morphometry, the larger sample size of this study 
may compensate for this limitation. As described above, this 
form of compensation also applies for possible weaknesses in 
operationalization. Nevertheless, it must be mentioned that 
statistical power differed considerably between comparisons 
involving characteristics of low prevalence (e.g. sleep apnoea 
syndrome or long sleep duration) and comparisons involving 
characteristics of moderate or high prevalence only. 
Furthermore, it must be assumed that sample characteristics 
have been influenced by selection processes from recruitment 
to imaging visit. Persons participating in the UK Biobank pro
ject are most likely not unrestrictedly representative for the 
(older) population of the UK but, among others, tend to be 
healthier. Potential biases arising from this circumstance 
must be kept in mind when interpreting the current results.56

For future research, it might be of particular interest to ex
perimentally examine if patients with obstructive sleep ap
noea display morphometric alterations of basal ganglia 
substructures. At this, it seems to be crucial to differentiate 
between early and late stages of the disorder. Finding reliable 
associations between distinct stages of obstructive sleep ap
noea and specific morphometric alterations (=biomarkers) 
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might serve as a helpful tool in diagnostics and prevention. 
Furthermore, the current results indicate that neurobiological 
correlates of insomnia cannot be detected by only considering 
GMVs. Much rather, future research should focus on either 
functional neuroimaging (e.g. connectivity analyses) or more 
differentiated morphometric data (e.g. shape analyses).

Supplementary material
Supplementary Tables 1–6, Supplementary Figs 1–24 and 
secondary discussion points (see ‘Further findings’ section) 
are available at Brain Communications online.

Full LM3 (original and alternative operationalization of 
sleep apnoea), sLM1-6 and sLM7 summaries are available 
in the Supplementary material at Brain Communications 
online.
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