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Late chronotype is linked to greater cortical thickness in the left fusiform and entorhinal gyri 

Humans can be classified as early, intermediate and late chronotypes based on the 

preferred sleep and wakefulness patterns. The anatomical basis of these distinctions 

remains largely unexplored. Using magnetic resonance imaging data from 113 healthy 

young adults (71 females), we aimed to replicate cortical thickness and grey matter 

volume chronotype differences reported earlier in the literature using a greater sample 

size, as well as to explore the volumetric white matter variation linked to contrasting 

circadian phenotypes. Instead of comparing the chronotypes, we correlated the individual 

chronotype scores with their morphometric brain measures. The results revealed one 

cluster in the left fusiform and entorhinal gyri showing increased cortical thickness with 

increasing preference for eveningness, potentially providing an anatomical substrate for 

chronotype-sensitive affective processing. No significant results were found for grey and 

white matter volume. We failed to replicate cortical thickness and volumetric grey matter 

distinctions in the brain regions reported in the literature. Furthermore, we found no 

association between white matter volume and chronotype. Thus, while this study 

confirms that circadian preference is associated with specific structural substrates, it adds 

to the growing concerns that reliable and replicable neuroimaging research requires 

datasets much larger than those commonly used. 
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Introduction 

Human physiology is characterised by circadian rhythmicity. These patterns are evident 

at the cellular, system, and behavioural level (see Vadnie and McClung 2017 for review). 

The masterminds behind these rhythms are the suprachiasmatic nuclei, a pair of small 

structures located in the anterior part of the hypothalamus, above the optic chiasm. The 

circadian system enables temporal synchronisation of body physiology to the 



environmental cues (as reviewed in Logan and McClung 2019). Humans are known to 

vary in their preferred time of sleep and wakefulness, reflecting differential functioning 

of the above system. These individual differences in circadian rhythms are known as 

chronotypes. Despite the growing interest in functional brain imaging research in the field 

of chronobiology, studies regarding the anatomical differences in that context are still 

lacking. 

Early chronotype (EC) is characterised by earlier hours of waking up, a preference 

for being active in the morning and earlier hours of going to sleep (Horne JA and Ostberg, 

1976). Conversely, individuals with late chronotype (LC) tend to wake up later in the 

morning, exhibit more alertness in the afternoon or evening, and display a leaning towards 

staying up late. An intermediate chronotype (IC), characteristic for the majority of the 

population, is also distinguished. Compared to EC, LC has been linked to differences in 

a number of physiological variables (Lack et al. 2009) and behavioural domains, 

including emotional bias (Berdynaj et al. 2016), face processing (Berdynaj et al. 2016; 

Horne CM et al. 2016) and delay discounting (Evans and Norbury 2021). Also, LC are 

known to be prone to show more depressive symptoms (Hidalgo et al. 2009; Gaspar-

Barba et al. 2009) and other adaptational problems connected both with their social 

functioning specificity and physiological characteristics. The neural basis for this is not 

well-documented. 

Studying the human brain structure in vivo is possible by applying magnetic 

resonance imaging (MRI). Such data represent the entire brain as a three-dimensional 

volume or solely the cerebral cortex as a two-dimensional sheet. The volumetric analyses 

can provide information regarding brain tissue volume or water diffusion (Ashburner and 

Friston 2000; Le Bihan et al. 2001), whereas the surfaces convey details regarding cortical 

thickness, surface area, gyrification or sulcal depth (Fischl and Dale 2000; Feczko et al. 



2007; Luders et al. 2006). Investigations into the human brain structure provide us with 

invaluable insight, helping us to better understand differential nervous system functioning 

in health versus disease (Navarri et al. 2020), as well as in contrasting phenotypes (Cox 

SR et al. 2019). While several neuroimaging studies have discovered correlations of 

certain chronotype behavioural features with brain activity (Horne CM and Norbury 

2018; Hasler et al. 2013), the literature regarding their anatomical basis is scarce. To our 

knowledge, there are only two studies in which morphometric grey matter (GM) analyses 

were conducted in healthy young adults in the context of circadian phenotypes. 

Takeuchi et al. (2015) reported that morningness was linked to greater  GM 

volume in the orbitofrontal cortex, whereas eveningness was associated with greater GM 

values in the precuneus, cuneus, superior parietal lobule, middle occipital lobe, and 

superior occipital lobe. These findings were complemented by a study from Rosenberg et 

al. (2018), who showed that EC individuals had smaller GM volume in the lingual gyrus, 

occipital fusiform gyrus, and occipital pole compared to IC subjects, as well as in the 

precuneus and lateral occipital cortex compared to LC participants. In addition to this, 

they reported EC was associated with a lower cortical thickness than IC in the superior 

parietal lobe, as well as thinner cerebral cortex than LC in the insula, precuneus, inferior 

parietal lobe, and pars triangularis. 

The aim of this study was to replicate the volumetric GM and cortical thickness 

distinctions between EC and LC reported by Rosenberg et al. (2018) using an 

independent, larger sample of healthy young adults. In addition to this, we performed a 

volumetric analysis on white matter (WM) data to further explore the anatomical basis of 

chronotype variability. 

 



Materials and methods 

Participants 

High-resolution structural data were taken from databases of two fMRI projects 

(2013/08/W/NZ3/00700 and 2013/08/M/HS6/00042). All participants were right-handed, had 

normal or corrected to normal vision, no neurological and psychiatric disorders, and were drug-

free. The additional inclusion criteria comprised: no excessive daytime sleepiness as 

determined with Epworth Sleepiness Scale (ESS; Johns 1991; Chervin 2003), i.e. ESS ≤ 10; 

good sleep quality as measured by Pittsburgh Sleep Quality Index (PSQI; Buysse et al. 1989), 

i.e. PSQI ≤ 5; regular time-of-day schedule without sleep debt (between 6 and 9 hours of sleep 

per night); no shift work; not having been on a flight passing more than two time zones within 

the past two months; age between 19 and 35 years. The morningness-eveningness preference 

of the subjects was assessed with the Chronotype Questionnaire (Oginska 2011; Oginska et al. 

2017). The participants’ scores ranged from 11 to 32 (the theoretical range being 8-32 pts.). 

The higher the score, the more evening-oriented the individual. 

Each subject underwent a scanning session in the evening. This enabled us to control 

the time-of-day effects on the morphometric measures (Trefler et al. 2016). After visual 

inspection of the preprocessed MRI data, three participants were excluded from the study due 

to unsatisfactory removal of non-brain tissue in the segmentation process. Thus, the final 

sample consisted of 113 subjects (71 females). Demographics and sleep characteristics are 

provided in the Appendix 1. 

All the described analyses were conducted using anonymised data taken from two 

projects that had been approved by respective ethics committees. Every participant was 

informed about the procedures and goals of the study they volunteered in and gave their written 



consent; studies were conducted in accordance with ethical standards described in the 

Declaration of Helsinki. 

Data acquisition 

MRI was performed using a 3T scanner (Magnetom Skyra, Siemens) with a 20-channel or 64-

channel head/neck coil. High-resolution anatomical images were acquired using a T1 

MPRAGE sequence (176 sagittal slices; 1x1x1.1 mm3 voxel size; TR = 2300 ms, TE = 2.98 

ms, flip angle =9°, GRAPPA acceleration factor 2). 

Data analysis 

The acquired structural data was analysed in CAT12 with two different approaches: cortical 

thickness (Dahnke et al. 2013) and voxel-based morphometry (VBM; Ashburner and Friston 

2000). The distribution of the morningness-eveningness scores from the Chronotype 

Questionnaire was tested for normality with the Kolmogorov–Smirnov test. Our data was found 

to have Gaussian distribution (p = 0.12624), which validated the correlational analyses between 

the morphometric and behavioural measures. 

Cortical thickness analysis 

Estimation of cortical thickness in CAT12 was done using the projection-based thickness 

method. After tissue segmentation, the WM distance was estimated, and the local maxima were 

then projected onto GM voxels using a neighbouring relationship described by the WM 

distance. This allowed handling of partial voluming, sulcal blurring, and sulcal asymmetries 

without explicit sulcus reconstruction. The processing stream subsequently included topology 

correction, spherical mapping, and spherical registration (Yotter et al. 2011). The resulting 

cortical thickness meshes in the fsaverage space were smoothed with a 10-mm Gaussian filter. 



The statistical analysis was done in SPM12 (Penny et al. 2006). The correlation between the 

cortical thickness and the morningness-eveningness preference was assessed with one-sample 

t-tests. Sex and age were controlled as covariates. Correction for multiple comparisons was 

achieved at the cluster level with the family-wise error correction (FWE; p < 0.05) following 

the initial voxel-wise thresholding (p < 0.001 uncorrected).  

Voxel-based morphometry analysis 

The default VBM pipeline in CAT12 software was applied, i.e. volumes underwent 

segmentation of GM, WM and cerebrospinal fluid, which was followed by spatial normalisation 

in the standardised MNI152 space using diffeomorphic anatomical registration through 

exponentiated lie algebra (DARTEL). Normalised GM and WM segments were then modulated 

using the Jacobian determinant in order to adjust for the resulting volume changes. All 

preprocessed GM and WM segments were subsequently checked visually to ensure the quality 

of the process. Lastly, each of the segmented, normalised, and modulated images was smoothed 

in SPM12 using a 4-mm Gaussian filter. The statistical analysis, separate for each tissue class, 

was performed in AFNI (Cox 1996) using the 3dMVM program (Chen et al. 2014). The 

correlation between the tissue volume and chronotype was calculated with ANCOVA, where 

sex, age, and total intracranial volume were modelled as covariates. The correction for multiple 

comparisons was performed with the cluster-level FWE (p < 0.05) after voxel-level 

thresholding (p < 0.001 uncorrected). 

Results 

Cortical thickness 

The analysis revealed that the chronotype score was positively correlated with cortical thickness 

in the left fusiform and entorhinal gyri (p < 0.05). The results are depicted in Table 1 and Figure 



1. 

<insert Table 1 near here> 

<insert Figure 1 near here> 

Voxel-based morphometry 

No correlation between chronotype and tissue volume was found for both GM and WM 

segments (p < 0.05). 

Discussion 

The cortical thickness analysis revealed that LC had a thicker cortex in the left fusiform and 

entorhinal gyri compared to EC. Both regions are implicated in processing sensory stimuli. The 

left fusiform gyrus is an important node in the network responsible for analysing facial 

information (Zhen et al. 2013), whereas the entorhinal gyrus is a structure integrating sensory 

input of all modalities (Kerr et al. 2007). Earlier reports have observed increased negative or 

decreased positive processing in LC individuals across a number of domains, such as attentional 

bias, emotional categorisation, recognition, and recall (Berdynaj et al. 2016). In addition to this, 

LC was linked to the elevated recognition of sad facial expressions (Berdynaj et al. 2016; Horne 

CM et al. 2016). These findings have been complemented by a report showing increased 

activity in LC in bilateral amygdalae when viewing fearful faces, which was accompanied by 

reduced task-related functional connectivity between the right amygdala and dorsal anterior 

cingulate cortex (Horne CM and Norbury 2018). While the aforementioned study offers one 

possible explanation for greater reactivity of LC to negative emotional faces, i.e. decreased 

inhibition of amygdala activity by dorsal anterior cingulate (Jhang et al. 2018; Etkin et al. 2006), 

the results stemming from our study offer two more potential pathways, which may act 

convergently with the above mechanism to enhance the activity of amygdalae. Firstly, the 



lateral nucleus of the amygdala receives high-level sensory input, mainly from the anterior parts 

of the temporal lobe, including the fusiform gyri (Saygin et al. 2011). Secondly, the entorhinal 

cortex innervates all amygdalar nuclei (Kerr et al. 2007). The above implications should be 

validated by future studies investigating how cortical structure corresponds to task-related 

amygdalar activation during the presentation of negative emotional faces. 

Our analyses found no correlation between chronotype and VBM results. Well-powered 

studies have shown that the effect sizes of volumetric GM differences between chronotypes 

range from marginal to small in both young and older adults (Takeuchi et al. 2015; Norbury 

2020). Thus, we believe that the lack of such findings in our case quite likely stems from the 

inclusion of too few subjects. This could also hold true for volumetric WM distinctions, 

however, we cannot assess it with certainty as, to the best of our knowledge, no studies have 

reported such chronotype comparisons. Regarding the cortical thickness results, it would be 

beneficial to know the magnitude of the effects reported by the replicated study (Rosenberg et 

al. 2018), however, the data provided in the article is insufficient for the calculations. 

Nevertheless, it has been shown that smaller samples considerably overestimate the actual 

differences (Reddan et al. 2017). Thus, it would be difficult to compare them directly to our 

findings (113 subjects in our case versus 48 subjects in the original paper). Furthermore, having 

in mind that effect sizes are significantly inflated even in samples as large as 150 participants 

(Cremers et al. 2017), the magnitudes of the results reported in our study are quite possibly 

overstated as well. For more details regarding the effect sizes across the literature, please see 

Appendix 2. 

While the current study found two new sites of anatomical differences associated with 

chronotype variability, it failed to achieve the goal of replicating the GM distinctions reported 

in the earlier papers (Rosenberg et al. 2018; Takeuchi et al. 2015). The unsuccessful replication 

of the literature results despite using a comparable methodology (i.e. controlling for sleep 



problems, similar scanning sequences, time of data acquisition and smoothing parameters) only 

adds to the growing concerns in the neuroimaging field (Turner et al. 2018). A recent report has 

found that over 70% of published structural MRI studies deployed cohorts smaller than 100 

subjects (Szucs and Ioannidis 2020). Apart from the effect size overestimation mentioned 

earlier, the low number of participants also leads to a decrease in the ability to detect true results, 

adding to the replicability crisis (Cremers et al. 2017; Reddan et al. 2017; Turner et al. 2018). 

Due to the high costs of acquiring neuroimaging data, gathering large enough datasets often 

pose great challenges to single research facilities. In such cases, the appropriate means for 

resolving the former problem lie in the use of massive open databases like UK Biobank (Sudlow 

et al. 2015) or orchestrating international co-operations the likes of the ENIGMA Consortium 

(Thompson et al. 2014). Through the application of the above methods, future analyses should 

investigate the cortical thickness and diffusion-weighted imaging correlates of circadian 

phenotypes to reliably detect the effects and estimate their magnitude. It would also be 

beneficial to study the interplay between chronotype, brain structure, and behaviour. 

In conclusion, our study revealed two new regions associated with chronotype 

variability yet did not replicate the earlier results. While this investigation further supports the 

notion that circadian preference is linked to specific anatomical substrates, it also underlines 

the need for using larger datasets for reliable and replicable neuroimaging. 
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Appendix 1. Demographic and sleep characteristics of the sample. 

Variables Mean ± SD 

Sex (M/F) 42/71 

Age (years) 24.23 ± 3.48 

ME 21.58 ± 5.70 

AM 20.72 ± 3.69 

PSQI 2.94 ± 1.20 

ESS 6.12 ± 2.76 

SD – standard deviation, ME - morningness/eveningness scale from the Chronotype 

Questionnaire, AM - amplitude scale from the Chronotype Questionnaire, PSQI - Pittsburgh 

Sleep Quality Index, ESS - Epworth Sleepiness Scale. 

  



Appendix 2. Effect sizes of grey matter voxel-based morphometry chronotype differences 

reported in the literature. 

Study Location Directionality p value Effect size 

Takeuchi et al. 2015 R orbitofrontal cortex correlated 

with EC 

p < 0.05 0.15 

(Cohen’s F) 

Takeuchi et al. 2015 L orbitofrontal cortex correlated 

with EC 

p < 0.05 0.14 

(Cohen’s F) 

Takeuchi et al. 2015 B precuneus 

B cuneus 

correlated  

with LC 

p < 0.05 0.20 

(Cohen’s F) 

Takeuchi et al. 2015 L superior parietal lobule 

L middle occipital lobe 

L superior occipital lobe 

correlated 

with LC 

p < 0.05 0.16 

(Cohen’s F) 

Norbury 2020 B precuneus EC < LC p ≤ 0.05 0.10 

(Cohen’s D) 

Norbury 2020 B thalamus 

B nucleus accumbens 

B caudate 

B putamen 

B pallidum 

EC < LC p ≤ 0.05 0.12 

(Cohen’s D) 

Norbury 2020 R orbitofrontal cortex 

R frontal pole 

EC < LC p ≤ 0.05 0.11 

(Cohen’s D) 



Norbury 2020 R inferior frontal gyrus EC < LC p ≤ 0.05 0.12 

(Cohen’s D) 

Norbury 2020 L orbitofrontal cortex 

L frontal pole 

EC < LC p ≤ 0.05 0.10 

(Cohen’s D) 

Norbury 2020 L orbitofrontal cortex 

L frontal pole 

EC < LC p ≤ 0.05 0.10 

(Cohen’s D) 

B – bilateral, L – left, R – right, EC - early chronotype, LC - late chronotype. 

  



Table 1. Results of cortical thickness analysis performed at the level of p < 0.05. The effect size 

of the reported correlation is described with Cohen’s f. 

 

Cluster no. Coordinates Vertices Location 

Pearson’s 

correlation 

coefficient Cohen's f t-stat 

1 -23, -19, -28 292 

L fusiform 

L entorhinal 0.40 0.44 4.66 

L – left. 

  



Figure 1. Results of the correlational analysis between cortical thickness and chronotype score. 

One cluster with positive correlation was found in the left fusiform and entorhinal gyri. 

 
 



Figures

Figure 1

Results of the correlational analysis between cortical thickness and chronotype score. One cluster with
positive correlation was found in the left fusiform and entorhinal gyri.
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