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Edinburgh and Lothians area of Scotland, were recruited into the 
LBC1936 at Wave 1 (N�=�1091, aged ~70�years). Cognitive, health 
and physical function were assessed between 2004 and 2007, 
including self-reported years of education (M�=�10.75, SD�=�1.13). 
Participants were subsequently assessed triennially at Wave 2 
(N�=�866, from 2007 to 2011)�and at Wave 3 (N�=�697, from 2011 
to 2013)� at ages ~73 and ~76, respectively. When contacted to 
arrange an appointment, participants were able to choose from 
a range of appointment start times (typically between 9 am 
and 11 am); whereas we did not systematically control time 
since waking, this would have allowed some compatibility with 
individual differences in chronotype.

Medical assessments

Among other assessments, a medical interview at each wave 
collected information on cardiovascular disease history and 
arthritis, and whether they had received a diagnosis of diabetes, 
hypertension, and dementia from a medical practitioner. Height 
and weight were measured from which body mass index (BMI) 
was calculated. Participants completed the Hospital Anxiety and 
Depression Scale (HADS [52]) and the MMSE [53] at each wave, as 
an indicator of possible pathological cognitive aging.

Sleep

At wave 3 (age ~76), participants also completed a questionnaire 
in which they were asked to rate various aspects of their sleep, 
with reference to weekdays and weekends separately. From 
their responses, we obtained six variables of interest: sleep 
quality, bedtime, latency, wake time, nighttime sleep duration 
and daytime sleep duration. Sleep quality was assessed with the 
question �During the past month, how would you rate your sleep 
quality overall?� from 0 (very bad) to 3 (very good), taken from 
the Pittsburgh Sleep Quality Index [54]. Based on the Patient-
Partner Questionnaire used in the Respiratory Medicine Unit, 
Royal In�rmary of Edinburgh (author R.L.R.), participants were 
also asked to provide estimates for their bedtime (�What time do 
you usually go to bed at night?�), sleep latency (�How long does 
it take you to fall asleep at night?�), wake time (�What time do 
you usually get up in the morning?�), as well as sleep duration 
at night (�How many hours of actual sleep do you usually get at 
night?�) and during the day (�How long do you usually spend 
asleep during the day and evening?�).

Cognitive testing

We �tted structural equation models to investigate cognitive 
abilities at the domain level using test scores from waves 1�3 
(see Statistical Analysis). Categorization of the individual 
subtests into cognitive domains was as follows, consistent with 
prior work on the correlational structure of the cognitive test 
battery in the LBC1936 study [55, 56]:

Visuospatial ability comprised Matrix Reasoning and Block 
Design from the Wechsler Adult Intelligence Scale 3rd UK 
Edition (WAIS-III-UK [57]), and Spatial Span (sum of forward 
and backward) from the Wechsler Memory Scale, 3rd UK Edition 
(WMS-III-UK [58]).

Processing Speed included the Symbol Search and Digit-
Symbol Substitution tests from the WAIS-III-UK. It also used 

a measure of Four-Choice Reaction Time [59] and Visual 
Inspection Time [60]. In the former, participants were presented 
with a number (1�4) in each of 40 trials, and have to press a 
corresponding response key as quickly as possible. The outcome 
is the average response time overall correct responses. In the 
latter, the goal is to identify which of two possible (markedly 
different, and backward-masked) �gures they have been 
presented within each trial. There is no response time limit, but 
the presentation time varies across 15 increments (10 trials each) 
from 6 to 200�ms. The outcome measure is the total number of 
correct responses.

Verbal Memory ability was derived from Logical Memory 
(sum of immediate and delayed), and Verbal Paired Associates 
(sum of immediate and delayed) from the WMS-III-UK, and the 
Digit Span Backward subtest from the WAIS-III-UK.

PGS for chronotype and sleep duration

Using venous blood drawn from the LBC1936 participants, 
DNA was extracted and genotyping was conducted using the 
Illumina 610-Quadv1 whole-genome SNP array (San Diego, CA) 
at the Wellcome Trust Clinical Research Facility, Western General 
Hospital, Edinburgh. We used summary data of a recent GWAS of 
chronotype (morningness: �De�nitely a �morning� person�, �More 
a �morning� than �evening� person�, �More an �evening� than a 
�morning� person�, �De�nitely an �evening� person� or �Do not 
know�) and sleep duration (an estimate of the average number of 
hours slept in a 24-hour period) in 128 266 individuals [44]. From 
these, we created PGS in all genotyped LBC1936 participants 
using PRSice software [61]. PRSice calculates the sum of alleles 
associated with the phenotype of interest across many genetic 
loci, weighted by their effect sizes estimated from a GWAS of the 
corresponding phenotype in an independent sample. Clumping 
was used to obtain SNPs in linkage disequilibrium with an 
r2<0.25 within a 250 kb window. SNPs used to create the PGS 
were selected according to the signi�cance of their association 
with the phenotype at the following signi�cance thresholds: 
0.01, 0.05, 0.1, 0.5, and 1, where the latter denotes the use of all 
SNPs. Four multidimensional scaling (MDS) components were 
obtained as the �rst four components of a principal components 
analysis of all SNPs, and were included as covariates in 
subsequent PGS analyses to account for any possible effects of 
population strati�cation among this white Scottish sample (see 
next section).

Statistical analysis

Participants with self-reported history of dementia or an MMSE 
score of <24 (at any wave) were removed prior to analyses. For 
the sleep data, in instances where two values were entered (e.g. 
what time do you fall asleep�=��2200�2230�), the average value 
was used. Nonnumerical responses for numerical �elds (e.g. 
how long does it take you to fall asleep��not long�) were not 
included. Ratings of how quickly participants fell asleep and 
how long they slept during the day were log transformed to 
correct skewness. Daytime sleep duration (reported in minutes) 
was converted to hours prior to entry into the models. Weekend 
and weekday measures were highly correlated in all instances (r 
> .864, p < .001), and so average values were used in subsequent 
analyses.
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Discussion

In this longitudinal study of generally healthy, community-
dwelling older adults, individuals reporting a longer sleep 
latency showed signi�cantly poorer (cross-sectional) levels of 
visuospatial reasoning, processing speed, and verbal memory. 
Those who reported sleeping longer during the day and evening 
also exhibited signi�cantly lower processing speed, and steeper 
longitudinal declines in visuospatial reasoning and processing 
speed ability over the preceding 6-year period. All cross-
sectional associations were attenuated to nonsigni�cance when 
additionally controlling for health status. However, associations 
between daytime sleep duration and declining visuospatial 
reasoning and processing speed abilities from 70 to 76� years 
remained signi�cant once both cognitive and sleep variables 
had been corrected for depressive symptoms, BMI, hypertension, 
diabetes, cardiovascular history, and arthritis. Finally, we found 
that higher PGS of chronotype and sleep duration, derived from 
a large GWAS in an independent sample, were associated with 
corresponding self-reported phenotypes in the LBC1936, but 
that these scores did not predict cognitive level or change in any 
domain after FDR correction.

The association between decline in cognitive abilities and 
length spent sleeping during the day correspond with�and 
extend�previous studies in samples with wider age ranges that 
reported associations between excessive daytime sleepiness 
(including daytime napping) and poorer cognitive functioning 
[25�33]. To the best of our knowledge, the present study is the 
�rst to show a relationship between daytime sleep duration and 
longitudinal decline of processing speed and visuospatial ability 
in older age. To date, prior work has mainly constituted global 
cognitive outcomes on cross-sectional [26, 28] and longitudinal [30] 
data, or detailed cognitive testing but using only cross-sectional 
data [27]. Tsapanou and colleagues [29] examined longitudinal 
change in different cognitive domains with sleep characteristics, 
and found a signi�cant association between greater daytime 
somnolence and more steeply declining processing speed in a 
similar-size cohort of similar age (M�=�75.3, SD�=�6.1�years) over 
a shorter (3.2�year) follow-up. However, their measure of daytime 
somnolence also incorporated self-report of daytime drowsiness, 
dif�culty staying awake, and measured whether naps >5 minutes 
were taken during the day. On the other hand, our �ndings point 
to the amount of time spent asleep during the day (measured 
as a continuous variable) as an important correlate of cognitive 
decline in the eighth decade of�life.

Moreover, we considered important health covariates that 
confounded the initially signi�cant associations between 
longer sleep latency and lower levels of cognitive function. This 
could indicate that these health factors are related to poorer 
cognitive function because they interfere with the time taken 
to fall asleep (e.g. discomfort caused by arthritis). However, were 
this a causal path, we might have expected to �nd (at least) 
indicative associations between sleep latency and cognitive 
decline as well as with level. An alternative explanation is that 
of reverse causation [8]. That is: those with higher cognitive 
function are less likely to suffer from health issues [68], some 
of which might prolong sleep latency. Thus, general cognitive 
level might in�uence health factors that might impact sleep 
latency, but sleep latency may not be exerting a causal effect 
on cognitive function. We found little evidence that cognitive 
reserve (years of education) could account for as much of the 
associations between sleep latency and cognitive level as could 
health measures (with the exception of memory), though the 
presence of some modest attenuation could be indicative that 
these possible explanations are not mutually exclusive. It is 
particularly notable that the longitudinal associations between 
daytime sleep duration and cognitive function were not similarly 
confounded, and that there were associations between daytime 
sleep duration and cognitive level as well as change.

We also investigated the prediction of self-reported sleep 
facets in LBC1936 based on the participants� genetic information 
alone, using the summary statistics from a recent large GWAS 
of chronotype and sleep duration. The PGS for sleep duration 
was associated�at p�<�0.05�with self-reported sleep duration 
at all thresholds in the same direction, though none survived 
FDR correction. Similarly, PGS for chronotype (being a �morning 
person�) was nominally related to an earlier bed time and an 
earlier wake time at the majority of thresholds, as well as with 
longer daytime sleep duration, though none of these survived 
correction for multiple comparisons. However, we did not �nd 
that these PGS (at the most inclusive threshold: p � 1)� were 
associated with cognitive level and change. Whereas the 
predictive accuracy of PGS is driven primarily by the size of the 
sample in which the originating GWAS was conducted [47], and 
that we were adequately powered to detect associations of the 
magnitude reported in prior work in this cohort (which identi�ed 
signi�cant associations between PGS for schizophrenia and 
both cognitive function and brain imaging metrics [69, 70]), 
we acknowledge that larger, multi-cohort, meta- and mega-
analytic strategies (e.g. [71, 72]) will provide additional statistical 

Table 4.  Polygenic score predictors (p � 1)�of cognitive ability level at age 76, and change from 70 to 76�years

 Intercept Slope

 Estimate SE p Estimate SE p

Chronotype
  Visuospatial 0.016 0.054 0.764 �0.003 0.006 0.617
  Speed �0.016 0.041 0.694 �0.005 0.004 0.214
  Memory �0.024 0.057 0.679 �0.008 0.008 0.319
Duration
  Visuospatial 0.029 0.055 0.597 �0.012 0.006 0.049
  Speed 0.057 0.042 0.174 �0.000 0.004 0.988
  Memory 0.072 0.059 0.224 0.006 0.008 0.456

Unstandardized estimates from latent growth curve models are reported. No associations survived FDR correction.
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