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ABSTRACT

Chronotype or diurnal preference is a questionnaire-based measure influenced both by circadian
period and by the sleep homeostat. In order to further characterize the biological determinants of
these measures, we used a hypothesis-free approach to investigate the association between the
score of the morningness-eveningness questionnaire (MEQ) and the Munich chronotype question-
naire (MCTQ), as continuous variables, and volumetric measures of brain regions acquired by
magnetic resonance imaging (MRI). Data were collected from the Baependi Heart Study cohort,
based in a rural town in South-Eastern Brazil. MEQ and anatomical 1.5-T MRI scan data were
available from 410 individuals, and MCTQ scores were available from a subset of 198 of them.
The average MEQ (62.2 = 10.6) and MCTQ (average MSFsc 201 + 85 min) scores were suggestive of
a previously reported strong general tendency toward morningness in this community. Setting the
significance threshold at P > .002 to account for multiple comparisons, we observed a significant
association between lower MEQ score (eveningness) and greater volume of the left anterior
occipital sulcus (B =—-0.163, p =.001) of the occipital lobe. No significant associations were observed
for MCTQ. This may reflect the smaller dataset for MCTQ, and/or the fact that MEQ, which asks
questions about preferred timings, is more trait-like than the MCTQ, which asks questions about
actual timings. The association between MEQ and a brain region dedicated to visual information
processing is suggestive of the increasingly recognized fluidity in the interaction between visual
and nonvisual photoreception and the circadian system, and the possibility that chronotype
includes an element of masking.
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Introduction )
developed to measure chronotype. Horne and Ostberg’s

The average human endogenous period, or tau, is 24.2 h,
with marked individual stability and age independence, but
inter-individual variability (Czeisler et al. 1999). Tau is one
of the determinants of the phase angle of entrainment to the
external light-dark cycle and, therefore, influences the tim-
ing of circadian rhythms. For example, longer tau associates
with preferences for activity in the evening and a later sleep
onset time in humans (Duffy et al. 2001). Chronotype is
a concept that refers to such individual differences in the
expression of circadian rhythms (Adan et al. 2012). Rather
than being measured through expensive and intrusive
laboratory investigations, it is determined through ques-
tionnaires that can be administered to a large number of
participants. A number of self-assessment tools have been

Morningness-eveningness Questionnaire (MEQ) (Horne
and Ostberg 1976) and the Munich Chronotype
Questionnaire (MCTQ) (Roenneberg et al. 2003) are the
two most widely used by some considerable margin (Panjeh
etal. 2020). The MEQ asks about the respondent’s preferred
time to perform physical and intellectual activities, as well
as sleep and wake-up times. Scores range from 16 (extreme
evening type) to 86 points (extreme morning type). The
MCTQ, on the other hand, focuses on actual sleep and
wake-up times for work/study and free days; chronotype
is calculated based on the mid-sleep phase on free days
(corrected for the sleep debt accumulated over the week,
MSEF;.), ranging from 0 (extreme early chronotype) to 12 h
(extreme late chronotype). Reflecting preferred (MEQ) or
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actual (MCTQ) sleep-wake timing, chronotype presents as
a continuum, which may be classified into early, intermedi-
ate, and late chronotypes. The dimensionality of the MEQ
scale has been probed in relation to the two-process model
of sleep regulation (Borbely 1982), and found to relate both
to the circadian process of regulation (Process C) and the
homeostatic process that determines sleep propensity
(Process S). Early chronotypes have a faster dissipation of
sleep pressure after sleep onset (Mongrain et al. 2006) and
an accelerated buildup of sleepiness after waking
(Mongrain and Dumont 2007), as observed in individuals
homozygous for the longer allele of the PER3 variable
number tandem repeat polymorphism (Viola et al. 2007).
All chronotype scales show consistent lifespan effects such
that eveningness is prevalent in youth, peaking in late
adolescence (Roenneberg et al. 2004), followed throughout
the lifespan with a linear shift toward morningness (Carrier
et al. 1997; Robilliard et al. 2002). Chronotype shows high
heritability, ranging between 21% and 52% (von Schantz
et al. 2015), and genome-wide association studies (GWAS)
have associated chronotype with 351 genes to date (Jones
et al. 2019). Thus, chronotype associates with preferred
sleep-wake timing, although wake time, in particular,
often has to be reconciled with social demands. This pre-
sents particular difficulties for late chronotypes, who
experience sleep deprivation and social jetlag when trying
to conform to schedules more suited for early chronotypes
(Wittmann et al. 2006), likely explaining the higher pre-
valence of metabolic disorders (Yu et al. 2015), cardio-
vascular disease (Knutson and von Schantz 2018), and
depression (Drennan et al. 1991) observed in late
chronotypes.

Circadian rhythmicity is evident in brain activity, with
consequences for behavior across the 24 h cycle. Time-of-day
effects on glucose metabolism have been found in areas that
promote arousal (hypothalamus and brainstem) as well as
cortical regions (temporal cortex and occipital lobe) (Buysse
et al. 2004). Interactions between chronotype, time of day,
and task-related brain activity have been shown using fMRI:
late chronotypes exhibit higher thalamic and brainstem activ-
ity in the evening hours (Schmidt et al. 2009, 2015). The
effects of chronotype on brain activation patterns have
important broader implications for the interpretation of
functional MRI findings. However, the question of whether
chronotype is associated with features of brain structure has
received relatively less attention. One study performed on
young males (Rosenberg et al. 2014) reported evidence of
lower white matter integrity in specific fiber tracts of late
chronotypes, with chronotype defined categorically by the
MCTQ. Other studies have examined the effects on brain
volume. Using voxel-based morphometry and a whole-brain

approach, Takeuchi and colleagues (Takeuchi et al. 2015)
assessed correlations between MEQ score and brain region
volumes. Eveningness was associated with higher volumes in
the precuneus, middle and superior occipital lobe, and
reduced volume of the orbitofrontal cortex. Rosenberg and
colleagues returned to the issue in a study focusing on cortical
thickness as well as regional volumes (Rosenberg et al. 2018),
utilizing a whole-brain analysis and categorizing chronotype
using the MCTQ in 48 young adult males aged 18-35 y of
age. The late chronotype group showed greater cortical thick-
ness in the inferior parietal cortex, insula, and prefrontal
regions; volumetric findings corroborated those of
Takeuchi et al, with late chronotypes, compared to early
chronotypes, showing higher volume in the lateral occipital
cortex and precuneus areas. Norbury used a hypothesis-
driven approach in a large sample (UK Biobank) and focused
on the precuneus as a region of interest (ROI), with chron-
otype based on a single question regarding diurnal preference
(Norbury 2020). Individuals who reported being a definite
evening type had greater gray matter volume in the precu-
neus ROI, compared to definite morning types. A study with
different aims (Horne and Norbury 2018) focused only on
the hippocampus and showed that the degree of eveningness,
measured using the reduced form of the MEQ, correlated
with focal atrophy in a specific hippocampal subregion.
Thus, within this limited literature, there appears to be
some consistent suggestions of a possible link between
eveningness and a higher brain volume in regions within
the occipital lobe and precuneus. Other associations might
be less robust, although conclusions are hampered by
a limited number of studies. For example, Rosenberg et al.
(2018) studied only 16 individuals per chronotype group.
Also, previous studies have often relied on restricted age
ranges. substantially between populations Although
Takeuchi et al. used a large sample size (Takeuchi et al.
2015), it included young adults, only, as did the studies by
Rosenberg et al. The divergent use of chronotype measures,
handled as continuous or as categorical variables, is also
a limitation within the previously published literature.
Although these measures correlate with one another
(Zavada et al. 2005), it has been argued that they measure
constructs that do not entirely overlap. Here, we took
advantage of the availability of structural MRI for a subset
of the Baependi Heart Study cohort, which is located in
a rural town in the Brazilian South-East (Egan et al. 2016),
and from which chronotype instrument data are also avail-
able (Ruiz et al. 2020; von Schantz et al. 2015). The primary
goal of the present study was to explore the brain structural
associations of chronotype estimated through both the
morningness-eveningness questionnaire and the Munich
chronotype questionnaire in a Brazilian population sample.



Materials and methods
Study population

The Baependi Heart Study is an ongoing Brazilian genetic
epidemiological cohort study, with a longitudinal family-
based design that was established in 2005. Baependi is
a small rural town in the State of Minas Gerais in the
South-East of Brazil. It has limited inbound migration
and a high degree of admixture between European,
African, and Native American ancestries (Egan et al
2016). The methodology for recruitment has been
described in detail previously (Egan et al. 2016). This
study protocol conformed to international ethics stan-
dards based on the Declaration of Helsinki and was
approved by the local ethics committee (Hospital das
Clinicas, University of Sao Paulo, Brazil number 0494/
10). Each volunteer provided informed consent before
participation. The inclusion criteria for the present ana-
lysis include complete MRI scan without image artifacts
(image quality and consistency inspected by experts) and
having completed at least one chronotype questionnaire
(MEQ and MCTQ). No exclusion criteria were applied
beyond the standard exclusion criteria (e.g. metal
implants, claustrophobia) for suitability for MRI scan-
ning. From the original sample, 410 volunteers met the
criteria and were included in the present analysis.

Instruments

Diurnal preference was assessed by the Brazilian
Portuguese version of the MEQ (Benedito-Silva et al.
1990), a scale containing 19 questions. Chronotype scores
that range from 16 to 86 points, with higher scores indicat-
ing morningness. MEQ data were collected during
the second wave of the study (May 2013 - May 2016). In
addition, a subset of volunteers (n = 198) also completed the
Brazilian Portuguese version of the MCTQ, an instrument
used to assess sleep-wake patterns on workdays and free
days. Chronotypes were defined as a function of a phase of
sleep, i.e., mid-sleep phase corrected for sleep debt accu-
mulated over the workdays (Roenneberg et al. 2003). The
collection of MCTQ was performed during a more limited
period of the study (January 2016 - November 2018).

MRI acquisition and processing

Data were collected from March 2015 to December 2017.
MRI scans were obtained at the Hospital Conego Monte
Raso in Baependi utilizing a 1.5-T MAGNETOM (Siemens,
Munich, Germany). A high-resolution T1-weighted struc-
tural image was acquired using a three-dimensional fast
spoiled gradient echo T1-weighted sequence with the
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following parameters: Voxel size 1 mm’, 160 slices,
Matrix Size 256 x 256, TR 1700 ms, TE 5.1 ms, flip angle
120, inversion time 850 ms. A previous analysis using this
dataset to examine associations with metabolic syndrome
has recently been published (Alkan et al. 2019).

Volumetric analyses

All raw images were visually inspected for quality. Cortical
reconstruction and volumetric segmentation were per-
formed using the Freesurfer 6.0.0 image analysis suite
(http://surfernmr.mgh harvard.edu). The reconstruction
pipeline employed by Freesurfer, which includes intensity
normalization, motion correction, and the exclusion of
non-brain tissue, was performed using a hybrid
watershed/surface deformation procedure. The images are
transformed to Talairach space and the subcortical white
matter and deep gray matter structures are segmented
(Dale et al. 1999; Fischl et al. 2002) and the subcortical
volumetric estimates calculated. The FreeSurfer reconstruc-
tions were checked visually for errors, and where necessary
the Pial and White Matter Surfaces were manually cor-
rected. In total, scans from three individuals were excluded
due to poor image quality or excess movement. Cortical
volume estimates were calculated based on the Destrieux
atlas (Destrieux et al. 2010). In total, volume estimates for
235 (subcortical and cortical) regions were extracted and
these were all included in the analyses. To account for
differences in head size, we then normalized the calculated
volume of each of the 235 selected regions. The volume for
each region was divided by the estimated total intracranial
volume (ICV) for the participant. These normalized
volumes were used as the basis for subsequent analyses.

Statistical analysis

We analyzed each continuous outcome (MEQ and MCTQ
scores) as the dependent variables in polygenic linear mixed
models. The fixed effects were age, gender, and the volume of
brain areas. An additive genetic relationship matrix (kinship
matrix) was included in each of the two models we developed
to estimate how chronotype is related to the volume of brain
areas. To generate the matrix, we used the package kinship2
version 1.8.5 (Sinnwell et al. 2014) (https://CRAN.R-project.
org/package=kinship2). To run the polygenic linear mixed
models taking into account the family structure, we used the
package Ime4qtl version 0.2.1 (Ziyatdinov et al. 2018) (https://
github.com/variani/lme4qtl) and Coxme version 2.2-16 (R
package) (https://CRAN.R-project.org/package=coxme) (T
Therneau). All analyses were performed using the computing
environment R version 3.6.3 and Python version 3.7.8.


http://surfer.nmr.mgh.harvard.edu
https://CRAN.R-project.org/package=kinship2
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Results
Sample characteristics

Data were obtained from 410 volunteers (62.9% women)
aged 18-87 y (mean + SD age 46.6, SD 15.4 y) who com-
pleted the MRI exam and the MEQ. A subgroup of 198
volunteers (66.2% women) aged 18-73 y (mean age 43.4,
SD 13.3 y) also completed the MCTQ. MEQ scores ranged
from 22 to 85 (theoretical range: 16-86). The average score
in the total population was 62.2 + 10.6. MEQ score
increased as a function of age (r* = 0.64, p = 2.6 x 107>).
MCTQ score, represented by MSFsc, ranged from 9 min to
591 min. The average mid-sleep phase in the total popula-
tion was 201 + 85 min. The distribution of MSFsc within
the sample was not normal according to the Shapiro-Wilk
test (p = 1.4¢'°). The descriptive analysis of the distribution
reveals that the median is 193 min, lower and upper quar-
tiles are 147 min and 242 min, respectively. MSFsc changed
as a function of age (r* = 0.42, p = 1.3 x 10°*).

Multiple regression analyses controlling for age,
sex, and family structure

Firstly, we analyzed MEQ and MCTQ scores as dependent
variables using polygenic linear mixed models. The ICV-
corrected volume of all 235 cortical and subcortical brain
regions calculated by Freesurfer were entered as predictors,
and age and gender were entered as control variables. The
additive genetic relationship matrix was included as a random

0.16 - )
0.14 A
0.12 A
0.10 A
0.08 A
0.06 A
0.04

0.02 4

0.00 T T T

effect. Considering the correction for multiple comparisons,
the significance threshold of the p-value was set at p = .002.
Two models were developed: the first using the results from
the MEQ and the second one with the results from MCTQ.
For MEQ, the volume of the left anterior occipital sulcus
(Ih_S_occipital ant_volume), was found to be the only
brain region whose volume explained significant variance in
the MEQ score (B = -0.163, p = .001). The relationship
between the MEQ score and the volume of the left anterior
occipital sulcus was further explored by simple bivariate
correlation analysis (r; = —0.18, p = 2.0e7% (Figure 1). In
contrast, MCTQ score was not significantly associated with
volume in any brain region.

Discussion

The current study set out to comprehensively, and without
prior hypothesis, explore inter-individual brain structural
differences (as measured by regional brain volumes), asso-
ciated with chronotype. Few previous studies have
addressed this question, and this is the first study to include
both of the most widely used measures of chronotype.
Previous studies have relied solely on one or the other.
Choice of scale might be critical given that the MEQ
assesses subjective preferences for the timing of activities
and is thus closer to a trait-construct of chrono-type
(Randler et al. 2017), while the MCTQ relies on actual
sleep timing, therefore representing more of a state-
construct (Roenneberg et al. 2019).

rs=-0.18, p=2.0e-4

20 30 40

Volume of the Anterior Occipital Sulcus (%ICV)

50 60 70 80

MEQ Score

Figure 1. Correlation between MEQ score and volume of the anterior occipital sulcus (% of the intracranial volume).



This study advances the literature by utilizing a large
sample that spans the adult age range, enhancing the
generalizability of the findings. Also, analyses of the
brain images were based on Freesurfer’s whole-brain
cortical parcellation approach. This offers advantages
over previous studies that focused only on specific
brain regions or used voxel-based morphometry
(VBM). FreeSurfer calculates the total volume of
a cortical parcellation, while VBM assesses gray matter
volume on a voxel-by-voxel basis. VBM is more suscep-
tible to partial volume effects, particularly if anatomi-
cally defined masks are not used, which can lead to an
overestimation of volume differences (Kennedy et al.
2009). Thus, the Freesurfer approach employed here
might be more robust.

Notably, we observed a highly significant (p = .001)
relationship between MEQ score and volume in the left
occipital lobe, specifically and the anterior region of the
left occipital cortex, such that greater eveningness cor-
related with increased volume in this region. The fact
that this relationship was highly significant even after
correcting for multiple comparisons (accounting for the
large number of brain regions included in the model)
underscores the strength of the identified association,
although an r value of -0.18 equates to a small to
medium effect size. Imaging studies often make use of
a priori hypotheses and adopt a region of interest
approach which relaxes the multiple comparisons con-
straints on statistical significance. Thus, the significant
effect obtained here in spite of a whole-brain, hypo-
thesis-free approach, is worthy of note.

Takeuchi et al. found that eveningness in young
adults correlated with volume in the middle and super-
ior occipital lobe, although that study was based on
VBM (Takeuchi et al. 2015). The current study repre-
sents an important replication and extension of that
being based on regional brain volume parcellation and
on a sample spanning the entire adult age range. On the
other hand, no significant associations were observed
with MCTQ. This conflicts with a previous study using
categorized MCTQ chronotype in young adults, which
found higher gray matter volume in the lateral occipital
cortex and precuneus of late chronotypes (Rosenberg
et al. 2018). It is plausible that the chronotype measured
by MCTQ (which asks questions about actual timings) is
closer to a state construct, as argued by Roenneberg and
colleagues who devised the MCTQ (Roenneberg et al.
2019). In contrast, the MEQ (which asks questions about
preferred timings) has more trait-like qualities (Randler
etal. 2017). However, it is important to note MCTQ data
were only available for about half of the study sample.
This is a limitation of the current work, as indeed is the
use of questionnaire data rather than objective measures
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of circadian period or phase (which would not be fea-
sible within a larger population sample). The limitation
of exclusion criteria to the ability to undergo an MRI
scan and respond to the questionnaires may be viewed as
a weakness. Previous publications have often applied
exclusion criteria such as psychiatric conditions.
However, the distinctively asymmetric distribution of
multiple morbidities across the chronotype spectrum
means that this feature of the current sample could
equally be viewed as a strength.

Our finding suggests that the constructs captured by
the MEQ scale have the potential to yield more detailed
information on anatomical associations in studies with
larger participant numbers and higher scanner resolu-
tion. However, while the MEQ scale’s interaction with
gender (Duarte et al. 2014) and age (Carrier et al. 1997;
Robilliard et al. 2002) are linear, the way in which the
distribution curve of the MEQ score is centered varies
quite substantially between populations (von Schantz
et al. 2015), making pooling of different population
samples problematic. On the other hand, replication
studies in populations drawn from other geographical
locations can now be attempted using a hypothesis-
driven, region of interest approach, to further explore
the findings presented here.

The anterior occipital sulcus, also known as the pre-
occipital sulcus (sulcus preoccipitalis) or the ascending
branch of the inferior temporal sulcus, is a superficial
anatomical feature at the border with the temporal lobe;
in the majority of cases, it is a continuation of inferior
temporal sulcus (Malikovic et al. 2012). Although the
anterior occipital sulcus has been suggested to contain
a region specialized for motion detection (V5/MT+)
(Malikovic et al. 2007), it likely incorporates regions
specialized for other higher-order visual functions as
well. As such, its involvement will be upstream of the
optic radiation from retinal ganglion cells to the primary
visual cortex via the lateral geniculate nucleus, and
unconnected to the retino-hypothalamic pathway from
intrinsically ~photosensitive retinal ganglion cells
(ipRGCs) to the suprachiasmatic nucleus. How, then,
might a size difference in a cortical surface area upstream
of the visual cortex relate to diurnal preference/chrono-
type, the main biological substrates of which, Process
C and Process S, are correlated to deep-lying areas of
the brain? One possibility is that the effect of chronotype
is connected to masking. This term is used to describe
the acute behavioral response that modulates the circa-
dian output signal in response to events that the circa-
dian oscillator had not predicted (Mrosovsky 1999;
Rietveld et al. 1993). It has been suggested based on
observations in diurnal rodent models that different
“chronotypes” (here understood as animals exhibiting
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diurnal or nocturnal behavior) exhibit different masking
responses (Langel et al. 2014; Vivanco et al. 2010). We
hypothesize that masking is also associated with higher
cortical areas receiving input from the visual cortex.
Masking is generally viewed as a phenomenon that is
principally generated by the hypothalamus. Lesions of
the suprachiasmatic nuclei (SCN) have been demon-
strated to impair masking responses in Syrian golden
hamsters (Li et al. 2005). However, lesions in the lateral
geniculate nuclei (LGN), the gateway to the visual cortex,
in mice abolished positive masking in response to dim
light (Edelstein and Mrosovsky 2001), while ablation of
the visual cortex was found to enhance negative masking
(Redlin et al. 2003). Our findings suggest the possibility
that daily or frequent positive masking, as experienced by
late chronotype or shift workers, could lead to expansion
in the size of the post-visual cortical areas. The sensory
input to such cortical areas, mediated by the visual cor-
tex, could be informed by signals either from classical
visual photoreceptors (rods and cones) or nonvisual
photoreceptors, and/or by (intrinsically photosensitive
ganglion cells, ipRGCs), which are now known to con-
tribute to subjective vision, influencing perception of
changes in scene brightness and low-frequency patterns
(Lucas et al. 2020).

Late chronotypes have a stronger blue-light ipRGC
response (Van Der Meijden et al. 2016). Since ipRGC
responses influence occipital activity (Vandewalle et al.
2018), this could contribute to the structural differences
identified here. Furthermore, fMRI findings reveal signif-
icant circadian modulation of occipital cortex activity.
Occipital activity is modulated to compensate for lower
visual signal quality at dawn and dusk (Cordani et al.
2018). Activation patterns show significant interactions
between circadian signals and sleep debt, specifically in
occipital areas (Muto et al. 2016). Inconsistent sleep tim-
ing has also been linked to reduced occipital cortex activ-
ity during an attention task (Zhang et al. 2020). Thus,
evidence points to altered input and activation patterns
within the occipital cortex of late chronotypes. These
could underlie the observed structural differences: input
to, and activity within, the occipital cortex is critical for
shaping its structural properties during neural develop-
ment, and plasticity in this region also persists into adult-
hood (Castaldi et al. 2020). Thus, the chronotype-related
volumetric differences identified here could potentially be
explained on this basis. In late chronotypes, a long-term
pattern of daily or near-daily masking in visual cortex
activation could also contribute. The unilaterality of the
association is unexpected but may relate to the equally
unexpected observation that prior exposure to melanopic
light has an asymmetric effect on light-evoked right-
hemisphere parieto-occipital a-power (Newman et al

2016), leaving open the question of whether other types
of responses to melanopic light also have unilateral effects.

In conclusion, the current study revealed a modest
but persistent association between the MEQ score and
brain volume, localized to a region of the left occipital
cortex. This both confirms and builds on previous
findings. This study is the first to utilize both the
MEQ and MCTQ to explore chronotype and brain
structure; results suggest that the more trait-like
MEQ might be the more sensitive instrument for
structural MRI investigations. The fact that the struc-
tural association with diurnal preference was restricted
to a specific occipital region suggests an involvement
of post-visual mechanisms that could provide hypoth-
eses for future human and animal studies on the
biological basis of chronotype.
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