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Shorter sleep duration and better
sleep quality are associated with
greater tissue density in the brain
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Poor sleep quality is associated with unfavorable psychological measurements, whereas sleep

duration has complex relationships with such measurements. The aim of this study was to identify the
associations between microstructural properties of the brain and sleep duration/sleep quality in a young
adult. The associations between mean diffusivity (MD), a measure of diffusion tensor imaging (DTI), and
sleep duration/sleep quality were investigated in a study cohort of 1201 normal young adults. Positive
correlations between sleep duration and MD of widespread areas of the brain, including the prefrontal
cortex (PFC) and the dopaminergic systems, were identified. Negative correlations between sleep
quality and MD of the widespread areas of the brain, including the PFC and the right hippocampus, were
also detected. Lower MD has been previously associated with more neural tissues in the brain. Further,
shorter sleep duration was associated with greater persistence and executive functioning (lower Stroop
interference), whereas good sleep quality was associated with states and traits relevant to positive
affects. These results suggest that bad sleep quality and longer sleep duration were associated with
aberrant neurocognitive measurements in the brain in healthy young adults.

Sleep is an essential part of life, and the duration and quality of sleep are associated with many important variables
that impact the quality of life. For example, too little or too much sleep is associated with an increased risk for
the development of obesity, alcohol dependence, disease progression, and mortality,(for summary, see') as well
as memory impairment in the elderly® In children, poor sleep quality and shorter sleep duration are associated
with poor academic performance, although this association tends to disappear as children age®. Short sleep dura-
tion is associated with lower cognitive performance, particularly in early childhood*. In addition, extended sleep
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duration is strongly associated with lower levels of extroversion in the young adult, whereas better sleep quality
is associated with many positive affects"”. In addition, interventional studies have shown that sleep deprivation
negatively impacts mood and lowers cognitive performance®.

Neuroscientific studies have demonstrated the involvement of dopamine in the modulation of sleep and wak-
ing (for review of this hypothesis, see’). Large doses of dopamine receptor agonists induce behavioral arousal
and increased waking’, while compounds with dopamine receptor blocking properties reduce waking’. Studies
of knockout mice also indicated that postsynaptic dopamine D1 and D2 receptors have a facilitatory role in the
modulation of behavioral arousal’. Further, Parkinson’s disease, which is characterized by the deficiency of dopa-
mine, results in excessive day time sleepiness’.

Previous neuroimaging studies investigating conditions related to sleep using volumetry methods revealed that
subjects with sleep disorders, which are characterized by impairments to the amount, quality, and timing of sleep,
and children who sleep less had a smaller regional gray matter volume (rGMYV) in the hippocampus and areas in the
prefrontal cortex (PFC), which are involved in the response to stress®®. Also, a previous review suggested that the
conditions caused by inadequate sleep result from dysfunction of the PFC'®. Moreover, a previous intervention study
showed that sleep deprivation leads to a decrease in the structural integrity of the white matter'!. On the other hand,
mean diffusivity (MD), a measure of diffusion tensor imaging (DTI)'2, is used to measure microstructural properties
of the brain. As we summarized previously', lower MD reflects greater tissue density, such as the increased presence
of unspecific cellular structures (i.e., capillaries, synapses, spines, and macromolecular proteins), properties of mye-
lin, the neuronal membrane, and axons; the shape of neurons or glia; and enhanced tissue organization'>'.

Further, recent studies reported that MD in the dopaminergic system (MDDS) is uniquely associated with
pathological (Parkinson’s disease, substance abuse), pharmacological (dopamine agonist), and trait differences or
cognitive changes related to dopamine'>-". Further, among the dopaminergic pathways, the MD of the basal gan-
glia, such as the caudate, putamen, and globus pallidum have been shown to be consistently related to the traits
and states that are supposed to be associated with dopaminergic functions'®**?! including extraversion®?, which
is negatively correlated with sleep duration as described above.

As described, sleep is an essential part of life, and sleep duration and quality are critically associated with
important variables such as disease prognosis, academic performance, cognitive performance, and general
well-being. However, despite the unique importance of sleep duration and quality, the microstructural basis of
the sleep duration and sleep quality remains largely unknown. Therefore, the purpose of this study was to inves-
tigate this issue. To this end, we hypothesized that (a) longer sleep duration is associated with lower MD in the
hippocampus and the PFC based on the previous studies of volumetry®?, (b) shorter sleep duration is associated
with lower MDDS, particularly those of the putamen and globus pallidum due to strong associations between
prolonged sleep duration and lower extroversion as well as the robust association between low extroversion and
high MDDS?, and (c) better sleep quality is associated with lower MD in the hippocampus and the PFC, based
on previous studies of volumetry®?.

We also investigated the associations between sleep duration, sleep quality, and various psychological variables
to support the understanding of the nature of correlates of sleep duration and sleep quality.

Methods

Subjects. The present study, which is a part of an ongoing project to investigate the association between
brain imaging, cognitive function, and aging, included 1201 healthy, right-handed individuals (693 men and
508 women) for whom relevant sleep-related measures and diffusion imaging data were collected. The mean
age of the subjects was 20.7 years [standard deviation (SD), 1.8; age range: 18-27 years old]. For details of sub-
jects’ information, see Supplemental Methods. For the limitation of this study related to subjects’ characteristics,
see Supplemental Discussion. Written informed consent was obtained. This study was approved by the Ethics
Committee of Tohoku University. All experiments were in accordance with the declaration of Helsinki.

Sleep measures. The sleep habit questionnaire?* was used to assess sleep duration and quality. To assess
sleep duration, the study participants were asked “What is the usual length of your sleep?” Potential answers were
(1) less than 4 h, (2) approximately 4 h, (3) approximately 4.5, ....(13) approximately 9.5 h, (14) approximately
10h, and (15) more than 10 h, which were converted into hours (“less than 4h” and “more than 10 h” were con-
verted into 3.5h and 10.5h, respectively). This approach of directly asking the subjects how much they sleep has
been used in previous studies, and its validity has been substantiated'. To assess sleep quality, the study partici-
pants were asked “How would you rate the depth of your usual sleep”. Potential answers were (1) can have a sound
sleep, (2) can relatively have a sound sleep, (3) neither, (4) relatively bad, and (5) very bad. “juku-sui” in Japanese
are translated into sound sleep here. This term represents sleep depth, continuity, and good quality. The response
to this question was used as a continuous variable. Subjective sleep measures showed a stronger relationship with
performance measures than objective measurements’. Our available psychological data showed greater sleep
quality measured by this question is associated with (a) a lower score on the sleep disorder scale of General Health
Questionnaire 30 (N=1196, r = —0.372, p=1.16 x 10~*’), which includes questions on insomnia, nocturnal
awakening, and bad feeling when one is awake, (b) lower number of awakening at night (r) measured by the same
sleep habit inventory?* (N =1201, r=—0.383, p=2.29%10"*) and (c) less experience of insomnia measured by
the same sleep habit inventory?* (N = 1200, r = —0.306, p = 1.63*10%’). These results suggest the validity of the
question for assessing sleep quality.

This questionnaire has been used in other Japanese studies

To adjust the effects of the socioeconomic status in analyses of the sleep-related measures, data related to the
socioeconomic status were collected in accordance with our previous study and mostly with the standard approach
used by the Japanese government for evaluating socioeconomic status. For details, see our previous study?.
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Psychological measures. Neuropsychological tests and questionnaires were administered. The mood status of the
preceding 1 week for each subject was measured using the shortened Japanese version® of the Profile of Mood
States psychological rating scale’'. The personality traits of each subject were measured using the Japanese ver-
sion of the Temperament and Character Inventory®2 The following basic cognitive functions were also analyzed.
Details of these tests are described elsewhere*>**. Processing speed was measured using the perception factor of
the Tanaka B-type intelligence test (type 3B)*. General intelligence was measured using Raven’s advanced pro-
gressive matrices (RAPM)*. Creativity measured by divergent thinking was measured using the S-A creativity
test?”. Executive function was measured by the stroop interference of matching type Hakoda’s version of Stroop
task®. Some of these measures were developed in Japanese and used, but the reliability and validity have been
shown previously. (For summary, see®).

Behavioral data analysis. The behavioral data were analyzed using SPSS 18.0 statistical software (SPSS
Inc., Chicago, IL). The descriptions in this subsection were mostly reproduced from our previous study®. Sex dif-
ferences in demographic variables were tested using two-tailed #-tests. In each analysis, P < 0.05 was considered
statistically significant. These were only descriptive analyses, and they were not relevant to the aim of this study;
thus, corrections for multiple comparisons were not performed. Associations among demographic variables were
analyzed using multiple regression analyses with age and sex as covariates. In these analyses, results with a thresh-
old of P < 0.05 were considered to be statistically significant, after correcting for the false discovery rate (FDR)
using the graphically sharpened method*!.

Image acquisition and analysis. MRI data acquisition was conducted using a 3T Philips Achieva scan-
ner. Diffusion-weighted data were acquired using a spin-echo EPI sequence (TR =10293 ms, TE =55 ms,
FOV =22.4cm, 2 X 2 x 2mm? voxels, 60 slices, SENSE reduction factor = 2, number of acquisitions =1). The
diffusion weighting was isotropically distributed along 32 directions (b value = 1,000 s/mm?). Additionally, three
images with no diffusion weighting (b value =0s/mm?) (b =0 images), were acquired, using a spin-echo EPI
sequence (TR=10293 ms, TE=55ms, FOV =22.4cm, 2 X 2 X 2 mm? voxels, 60 slices). FA and MD maps were
calculated from the collected images using a commercially available diffusion tensor analysis package on the MR
console. For more details, see Supplemental Methods. Descriptions in this subsection were mostly reproduced
from a previous study using similar methods'>.

Preprocessing of imaging data. Preprocessing and analysis of imaging data were performed using SPM8 imple-
mented in Matlab. Basically, we normalized MD images of subjects with previously validated diffeomorphic
anatomical registration through exponentiated lie algebra (DARTEL)-based registration process method to give
images with 1.5 X 1.5 x 1.5mm? voxels, then tissues that are not likely to be gray or white matter were carefully
removed and smoothed by convolving them with an isotropic Gaussian kernel of 6-mm full width at half maxi-
mum. For details, see Supplemental Methods.

Whole-brain statistical analysis. 'We investigated MD associated with individual differences in sleep qual-
ity and sleep duration. The statistical analyses of imaging data were performed with SPM8. In these analyses,
we performed a whole brain multiple regression analysis. These analyses were performed with sex, age, family
annual income, parents’ average highest educational qualifications, total intracranial volume (TIV) that was cal-
culated as described previously*, sleep quality, and sleep duration as covariates. The analyses were limited to the
gray + white matter mask, which was created as described above.

A multiple comparison correction was performed using threshold-free cluster enhancement (TFCE)** with
randomized (5,000 permutations) nonparametric testing using the TFCE toolbox (http://dbm.neuro.uni-jena.de/
tfce/). We applied a threshold of FWE corrected at P < 0.05.

With a possible concern of the effects of regional tissue probability, we additionally performed voxel-by-voxel
whole brain multiple regression analyses that corrected the effects of rGMD and rCSFD. We confirmed that these
corrections of rGMD and rCSFD did not substantially alter the extents of the effects of sleep duration and quality
in the MD analyses, which are seen in the Results section of the main text. For details, see Supplemental Methods,
Supplemental Results, Supplemental Figs 2a—d and 3a,b).

Analyses of nonlinear associations between sleep duration and neurocognitive measures. ~As reported in our pre-
vious article'®, to determine whether the linear or quadratic function was a better fit for the trajectory of sleep
duration with dependent neurocognitive measures, the correlations between sleep duration and psychological
variables and MD in the regions of interest (ROIs) were estimated using linear and quadratic functions. The
best-fit model was determined by selecting the function with the smallest Akaike information criteria (AIC)*.
Corrections for multiple comparisons were not performed because it is difficult to evaluate these parameters
(multiple testing for each neurocognitive measure, correlation between the two models, etc.). The ROIs were the
bilateral putamen, globus pallidum, and hippocampus (see Introduction). All ROIs were constructed using the
WFU PickAtlas Tool’s aal option (http://www.fmri.wfubmc.edu/cms/software#PickAtlas) and limited to areas
strongly likely to be gray or white matter, as described elsewhere!®.

Results

Basic data. The distributions of sleep duration and sleep quality in the present sample are presented in
Supplemental Fig. 1. Sleep duration and quality were slightly correlated (simple correlation, r=0.0851, p=0.003).
The average results (and SDs) of age, RAPM score, and sleep duration and quality for the men and women
included in our sample are shown in Supplemental Table 1. Two-tailed t-tests showed that males slept signifi-
cantly longer than females (p < 0.001, t=4.511). Sleep quality was not significantly different between males and
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Figure 1. Positive mean diffusivity correlates of the sleep duration (hours). (a) The results shown were obtained
using a threshold of threshold-free cluster enhancement (TFCE) of P < 0.05, based on 5000 permutations.

The results were corrected at the whole brain level. Regions with significant correlations are overlaid on a
“single subject” T1 image of SPM8. The color represents the strength of the TFCE value. Significant positive
correlations with MD were observed in extensive gray and white matter regions that were mainly focused in

the PFC, basal ganglia architecture, and anterior part of the corpus callosum. (b) A scatter plot with a trend

line depicting correlations between mean MD in the largest significant cluster and hours of sleep duration. 95%
confidence intervals for the trend lines are also shown.

females. The average sleep duration of 6.87h in males and 6.59h in females is comparable to the average sleep
duration of 6.44h in males and 6.32h in females, respectively, observed in a governmental survey of Japanese
adults, although it seems to be changing®.

Linear associations between sleep duration, quality, and psychological variables. Multiple
regression analyses were performed with each psychological covariate as a dependent variable and age, sex, soci-
oeconomic status, sleep duration, and sleep quality as independent variables. After correction for multiple com-
parisons, sleep duration was significantly negatively correlated with personalities of persistence, cooperativeness,
and self-transcendence and positively correlated with Stroop interference, indicating that longer sleep duration is
associated with lower executive functions. On the other hand, sleep quality was negatively correlated with moods
of tension-anxiety, depression-dejection, anger-hostility, fatigue-inertia, confusion-bewilderment, personalities
of harm avoidance and positively correlated with mood of vigor-activity, personalities of reward dependence,
persistence, self-directedness, and cooperativeness. For statistical values, see Supplemental Table 2.

Whole-brain analyses of the correlations between sleep duration, sleep quality, and MD. Whole-brain multiple
regression analysis showed that sleep duration was significantly and positively correlated with MD in the huge
anatomical cluster that mainly encompassed the PFC, basal ganglia architectures, and anterior part of the corpus
callosum (Fig. 1, Supplemental Table 3).

Whole-brain multiple regression analysis showed that the sleep quality was significantly and negatively corre-
lated with MD in the huge anatomical cluster that encompassed most areas of the brain, including the right hip-
pocampus (unlike the case of MD correlated with sleep duration), but that did not substantially overlap with the
basal ganglia architecture (unlike the case of MD correlated with sleep duration) (Fig. 2, Supplemental Table 4).

Unlike in our previous reports, in this study, we did not correct the effects of regional gray matter density
and regional CSF density on a voxel-by-voxel basis*’. This was done to allow application of the abovementioned
permutation software using TFCE, because the two programs are incompatible. However, the results correcting
for regional gray matter density and regional CSF density on a voxel-by-voxel basis (see our previous study for
details of this method)*® and results not correcting for these are comparable under the normal false discovery
rate threshold of SPM (See Supplemental Methods, Supplemental Results, and Supplemental Fig. 2, 3). Therefore,
partial volume effects are of no concern.

Identification of linear and nonlinear associations between sleep duration and neurocognitive
measures. Next, considering that too little and too much sleep were associated with some risk factors in pre-
vious studies, we determined whether a linear or quadratic function was a better fit for the association between
sleep duration and psychological variables as well as MD in the ROIs. When the p value of the best fit model was
less than 0.05, sleep duration showed a quadratic positive correlation with novelty seeking; a quadratic negative
correlation with reward dependence, persistence, self-directedness, and cooperativeness; a linear negative corre-
lation with self-transcendence and fatigue state score; and a linear positive correlation with Stroop interference.
Sleep duration was not associated with MD in the bilateral hippocampus but showed a near significant tendency
of a linear positive association with MD in the bilateral globus pallidum and a significant linear positive correla-
tion with the left putamen. Although, the best fit significant model of the associations between sleep duration and
right putamen was quadratic positive, the difference in AIC between the linear and quadratic associations were
minimal; therefore, robust evidence that quadratic functions in the associations between MD and sleep duration
was not obtained. For the actual trajectory, see Fig. 3 and for statistical values, see Supplemental Table 5. No other
significant associations were observed.
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Figure 2. Negative mean diffusivity is correlated with sleep quality. (a) The results shown were obtained using
a threshold of threshold-free cluster enhancement (TFCE) of P < 0.05, based on 5000 permutations. The results
were corrected at the whole brain level. Regions with significant correlations are overlaid on a “single subject”
T1 image of SPM8. The color represents the strength of the TFCE value. Significant negative correlations with
MD were observed in extensive gray and white matter regions across most of areas in the brain, including the
right hippocampus (unlike the case of MD correlates of sleep duration), but that did not substantially overlap
with basal ganlia architectures (unlike the case of MD correlates of sleep duration). (b) A scatter plot with a
trend line depicting correlations between mean MD in the largest significant cluster and hours of sleep quality.
95% confidence intervals for the trend lines are also shown.
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Figure 3. Linear and non-linear associations between sleep duration and psychological variables. Fitted lines and
curves as well as their 95% confidence intervals were added. The association of sleep duration with (a) fatigue state,
(b) novelty seeking, (c) reward dependence, (d) persistence, (e) self-directedness, (f) cooperativeness, (g) self-
transcendence, and (h) Stroop interference.

Further, sleep duration and sleep quality did not exhibit quadratic association. Given the abovementioned
slight linear correlation between sleep duration and sleep quality, disentangling the two effects is not necessary.

Discussion
In this study, associations between MD, psychological measures, and sleep duration/quality were investigated.
Our novel findings showed that shorter sleep duration and better sleep quality were associated with lower MD
(which is generally associated with more neural tissues) in widespread areas of the brain. Particularly, consistent
with one of our hypotheses, sleep duration was positively associated with MDDS, while the association between
sleep quality and MDDS was minor, and MD in the right hippocampus was negatively associated with sleep qual-
ity, unlike sleep duration. But contrary to our hypothesis, sleep duration was positively associated with MDDS
and widespread regions of the brain, including the PFC. Further, while sleep duration was associated with several
personality traits in a quite complex manner and better sleep quality was associated with better mood states, a
shorter sleep duration was associated with better executive functioning (lower Stroop interference).

Our findings suggested that in healthy young adults, longer sleep duration and poorer sleep quality is indic-
ative of aberrant neural conditions. In this study, sleep duration was linearly and positively associated with MD
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in the widespread areas of the brain (Fig. 1). As described in the Introduction, a smaller MD is supposedly asso-
ciated with more neural tissues, which prohibit free diffusion of water molecules with smaller cellular structures
(e.g., capillaries, synapses, spines, and macromolecular proteins); properties of myelin, neuronal membranes,
and axons; the shape of neurons and glia; and enhanced tissue organization'>!“. In addition, our previous studies
of large samples showed that a greater MD in the widespread areas of the brain, including the prefrontal areas,
is associated with lower performance IQ in children', as well as the existence of the genotype of the dopamine
receptor D4 gene, which is associated with attention deficit hyperactive disorder*. However, it is difficult to com-
pletely conclude that a greater MD is associated with aberrant neural mechanisms. However, in the present study,
shorter sleep duration was associated with better executive functions (less Stroop interference). Also, although
sleep duration is associated with personalities in a complex manner, a shorter sleep duration is associated with
greater persistence, while subjects with greater persistence are industrious, hard-working, persistent, and stable
despite frustration. Considering these, greater MD in subjects with longer sleep duration may be indicative of
aberrant neural mechanisms. Similarly, less MD was associated with better sleep quality in widespread areas of
the brain. Consistently, better sleep quality was associated with better mood states as well as greater persistence
and less personalities with negative affect (harm avoidance).

The present results of the sleep duration in the areas of the dopaminergic system are congruent with the notion
of the involvement of dopamine in the modulation of sleep and wake cycles that was described in Introduction.
In the present study, we hypothesized that sleep duration was positively correlated with MDDS. Previously, we
have shown that a decreased MDDS is associated with states that are shown to be associated with facilitated
dopaminergic function, such as a motivational state)?’, and traits that are suggested to be associated with facil-
itated dopaminergic function, such as extraversion?, novelty seeking, and persistence!®. Together with a wide
range of evidence, it has been hypothesized that a lower MDDS is associated with conditions related to facilitated
dopaminergic functions?. Therefore, our results of the association of shorter sleep duration with lower MDDS is
consistent with animal, physiological, and pathological studies that have suggested that facilitated dopaminergic
functions generally tend to be associated with an increased behavioral arousal and waking’.

The cross-sectional macro-level neuroimaging studies were insufficient to reveal the causal relationship and
physiological mechanisms that underlie the observed associations. Therefore, we did not attempt to identify these
mechanisms in this study. However, for reference, we suggest a few possible mechanisms. First, sleep duration was
associated with several traits in quite complex manners (Fig. 3). Considering that traits are not easily changed by
definition, sleep duration may be determined by the personalities or neural mechanisms that are associated with
such traits. For example, high-dose administration of agonists of dopamine receptors D1 and D2 reduces all types
of sleep’. In addition, these receptors are most pronouncedly expressed in the putamen*. On the other hand,
personality is likely to be driven by augmentation of dopamine function, and motivation (persistence) is robustly
associated with lower MDDS'®. In consideration of these findings, structures of the dopaminergic system may
underlie MDDS, less sleep duration, and persistence. D1 receptors are expressed in the basal ganglia architecture,
as well as widespread areas in the cortex, which might explain the positive associations between sleep duration
and MD, which was contrary to our hypothesis. On the other hand, poor sleep quality is physiologically consid-
ered or sometimes defined as a condition in which deep sleep or the deeper stages of non-rapid eye movement
sleep, i.e., stages 3 and 4, also known as slow-wave sleep, is prohibited®. In addition, this sleep is considered to
be the most restorative part of sleep, and this sleep stage is critical for neural plasticity processes and memory
consolidation for summary, see*>*°. Further, unlike sleep duration, the results of the present study showed that
sleep quality was mostly associated with mood states. In consideration of these findings, poor sleep quality may
lead to worse mood states due to prohibited restorative stages, and poor sleep quality may lead to high MD (less
neural tissues) due to prohibited processes of neural plasticity, particularly those in the hippocampus that play
critical roles in memory consolidation®'. However, this is pure speculation; thus, future human and animal stud-
ies are needed to investigate how sleep deprivation and intervention lowers sleep quality as well as how genetic
differences of relevant dopamine-related functional polymorphisms can change micro-level neural mechanisms
and MD.

The findings of this study will advance the current understanding of the neural correlates of sleep duration and
sleep quality. With respect to sleep quality, as described in the Introduction, poor sleep quality is associated with
negative affect’ and poor academic performance?, and conditions that are characterized by poor sleep quality have
been associated with reduced rGMYV in the areas of the PFC and hippocampus’. Our findings of greater MD in
subjects with poor sleep quality are in agreement with those of previous studies, and conditions associated with
poor sleep quality are undesirable. On the other hand, as described in the Introduction, short sleep duration has
been previously associated with poor academic and cognitive performance® and reductions in the hippocampus
and rGMYV in the areas of the PFC in children®. Moreover, interventional studies have shown that sleep depriva-
tion lowers moods and cognitive performance®. In addition, an intervention study has shown that sleep depri-
vation leads to a decrease in the structural integrity of the white matter and a measure of diffusivity!!. So, overall
expectation from these previous studies would be that conditions in which subjects are not sleeping much are
mostly aberrant in the present sample, too. However, in this sample of normal young adults, shorter sleep dura-
tion was associated with better executive functioning, higher persistence, and lower MD in widespread areas of
the brain, despite a state of increased fatigue. These results suggest that the condition that the sleep was deprived
experimentarily and the condition in subjects are not sleeping much in the real life are substantially different, and
the latter should not be treated as some aberrant condition in the normal young adult.

In conclusion, better sleep quality and shorter sleep duration were associated with lower MD in healthy young
adults. In addition, shorter sleep duration was associated with better executive functioning. Contrary to the indi-
cations reported in previous studies, shorter sleep duration is not reflective of some unfavorable neurocognitive
mechanisms in healthy young adults.
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