
Article

Not peer-reviewed version

Locus Coeruleus Integrity Is Associated

with Higher Openness to Experience

and IQ: Implications for the

Noradrenergic System for Novelty

Seeking in Daily Life

Emanuele Plini 

*

 , Ian Robertson , Meadhbh Brosnan , Paul Dockree

Posted Date: 28 April 2023

doi: 10.20944/preprints202304.1143.v1

Keywords: Locus Coeruleus; Personality; Openness to Experience; Intelligence

Preprints.org is a free multidiscipline platform providing preprint service that

is dedicated to making early versions of research outputs permanently

available and citable. Preprints posted at Preprints.org appear in Web of

Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons

Attribution License which permits unrestricted use, distribution, and reproduction in any

medium, provided the original work is properly cited.

https://sciprofiles.com/profile/1588613


 

Article 

Locus Coeruleus Integrity Is Associated with Higher 
Openness to Experience and IQ: Implications for the 
Noradrenergic System for Novelty Seeking in Daily 
Life 

Emanuele RG Plini 1,*, Ian H Robertson 1,2, Méadhbh B Brosnan 3,4,5,6 and Paul M Dockree 1 

1 School of Psychology & Trinity College Institute of Neuroscience, Trinity College Dublin, Ireland 
2 Global Brain Health Institute, School of Psychology, Trinity College Dublin, Ireland  
3 Department of Experimental Psychology, University of Oxford, Oxford, United Kingdom. 
4 Oxford Centre for Human Brain Activity, Wellcome Centre for Integrative Neuroimaging, Department of 

Psychiatry, University of Oxford, Oxford, United Kingdom. 
5 Turner Institute for Brain and Mental Health and School of Psychological Sciences, Monash University, 

Melbourne, Victoria, Australia 
6 School of Psychology, University College Dublin, Ireland 
* Correspondence: plinie@tcd.ie 

Abstract: It has been proposed that upregulation of the noradrenergic (NA) system through exposure to 
novelty might be one of the key components for building cognitive reserve and resilience to 
neurodegeneration. A personality trait that promotes greater interest in novel experiences is Openness to 
Experience (OE). Individuals who are high in OE exhibit strong curiosity towards novelty and are more likely 
to be exposed to novel stimuli throughout the lifespan. Performing voxel-based morphometry analyses, we 
examined whether OE in 135 healthy young adults was associated with Locus Coeruleus (LC) - the main core 
of the noradrenergic system. We also investigated whether LC mediates the relationship between OE and a 
key measure of reserve, I.Q. In comparison with other neuromodulators’ seeds (Dorsal and Median Raphe 
[DR-MR] -5-HT, Ventral Tegmental Area [VTA] -DA- and Nucleus Basalis of Meynert [NBM] -Ach-), results 
show that greater LC integrity was related to greater OE and IQ. Additionally, mediation analyses revealed 
that only LC mediated the relationship between OE and IQ. Furthermore, a Bayesian multiple regression was 
conducted to model the contribution of both isolated and combined neuromodulator seeds to OE trait express. 
This approach found that the LC + VTA could account for more variance in OE expression compared to the LC 
alone. Other weaker but significant associations were observed between DR and OE, between LC + NBM and 
Conscientiousness and between DR + NBM and Extraversion. These results are together suggestive that OE is 
primarily underpinned by monoaminergic functioning, and that the LC-NA system plays a central role 
mediating the interdependence between OE expression and cognition (IQ level). While offering 
further understanding of the neurobiology of human personality, these findings indicate a pivotal 
role of LC-NA system integrity in novelty seeking in daily life. This provides a psychobiological 
account for how OE expression may be beneficial for maintaining the noradrenergic system to 
facilitate cognitive reserve and resilience to neurodegenerative conditions.  

Keywords: Locus Coeruleus; personality; openness to experience; intelligence 
 

Introduction 

A person’s ability to flexibly deploy their cognitive resources to offset the effects of natural 
age-related decline or neurodegenerative disease is described as cognitive reserve (CR) (Stern 2009; 
Cabeza et al. 2018; Stern et al. 2020). There are important inter-individual differences in cognitive 
ability emerging in younger adults that are shaped by lifetime experiences, some of which may offer 
protection from neuropathology later in life (Livingston et al. 2020). The main proxies of CR are 
socio-behavioural variables including educational status, occupational attainment, intelligence 
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quotient (IQ), and cognitive efficiency measured using standardized neuropsychological tests (Stern 
et al. 2020). However, several findings (Cuttler and Graf 2007; Franchow et al. 2013; Ihle et al. 2019; 
Karsazi et al. 2021) suggest that a particular personality trait – openness to experience (OE) – may 
also enhance resilience to cognitive impairment in older adults. A possible explanation is that 
because high openness promotes a receptivity to novel experiences, which are pursued with high 
interest, this necessitates flexible cognitive engagement with the world. Conversely, a person who 
scores lower on the openness trait is more inflexible in their daily routine and more fixed in their 
beliefs and attitudes.  

Scoring higher on the OE trait is also associated with greater IQ levels (fluid and 
crystallized/verbal) in both younger and older adults (Rammsted et al. 2018; Schretlen et al. 2010; 
Ackerman and Heggestad 1997) and is inversely related to Alzheimer’s disease (AD) biomarkers 
(Tautvydaite et al. 2017), suggesting that this personal disposition might be related to better 
cognitive and biological health outcomes. Similarly, a study of 845 older adults found that, over a 
period of twenty years, OE was found to be protective against cognitive slowdown (Sharp et al. 
2010). Openness is also not entirely fixed in its expression over time, and it has been demonstrated 
that thirty weeks of a cognitive training intervention can increase scores on the OE scale (Jackson et 
al. 2012). Taken together, these findings suggest that openness is an important dispositional factor 
that is related to key cognitive reserve proxies and has a role in shaping the resilience trajectory in 
the course of healthy and pathological ageing.  

The extent to which the personal disposition of openness and the construct of reserve are 
related through a common neurobiological mechanism is not currently known. However, Robertson 
(Roberston 2013&2014) has postulated that the continuous activation (and the related integrity) of 
the Locus Coeruleus – noradrenergic system (the main source of noradrenaline -NA- in the brain) 
could be a key candidate affecting cognitive reserve and resilience capabilities. Specifically, it is 
hypothesized that the continuous upregulation of the noradrenergic system through cognitive 
stimulation and exposure to novelty might be one of the key neurobiological components for 
building cognitive reserve, and therefore resilience to neurodegenerative pathologies across the 
lifespan. In the last decades several studies reported that the LC-NA system integrity was related to 
greater brain and cognitive health (Wilson et al. 2013; Elman et al. 2021; Jacobs et al. 2021; Plini et al. 
2021; Dahl et al. 2022), particularly to better attentive and mnemonic functions both in healthy and 
clinical populations (Clewett et al. 2016; Dahl et al. 2019; Dutt et al. 2021; Plini et al. 2021). 

There are two potential reasons why OE may be associated with repeated activation of the 
LC-NA system. Firstly, openness promotes exploration of our environment in pursuit of novelty 
(https://dictionary.apa.org/openness-to-experience). The LC appears to underlie novelty signaling 
patterns, which project to new network configurations within the hippocampus when encoding new 
vs. familiar experiential episodes (Grella et al 2019). It has also been demonstrated in animal studies 
that exposure to repeated novel stimuli is a key factor underpinning the benefits of environmental 
enrichment upon memory function (Naka et al. 2002; Grilli et al. 2009). Blocking noradrenergic 
transmission pharmacologically disrupts the benefits of this novelty recognition (Veyrac et al 2009). 
In the longer term, repeated phasic NA responding causes greater LC innervation and metabolic 
health, increasing autophagic factors, which are linked to reduced AD pathology (Omulabi et al. 
2021). Secondly, a receptive and open mind depends on cognitive flexibility (Robertson 2013&2014; 
Chen et al. 2019). The LC-NA system is hypothesized to underlie an antagonistic relationship 
between exploitative vs. explorative states. The adaptive gain theory (Aston-Jones & Cohen, 2005) 
proposes that phasic LC activity is driven by an exploit mode for prioritising goal- or task-related 
information. When the utility of the current goal wanes, a tonic pattern of LC activity emerges that is 
associated with an exploratory mode promoting search for other alternative behaviours. Flexibly 
shifting between explore and exploit modes is a neurobehavioural mechanism that could plausibly 
support the trait of openness, which also varies along an exploration-exploitation dimension. 
Narrowing of openness is associated with exploiting familiar routines and behaviours whereas an 
expansion of openness is an exploratory mode promoting curiosity-led behaviours (Herz et al 2020). 
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The aim of the current study is to test the noradrenergic theory of cognitive reserve by 
investigating whether the integrity of the LC in humans (measured by voxel-based morphometry - 
Ashburner and Friston 2000) is related to the expression of the OE trait measured by using the NEO - 
Five Factor Personality Inventory - NEO-FFI (Costa & McCrae 1992). Specifically, it is hypothesized 
that people with higher expression of the OE trait will have greater LC integrity (as a proxy of 
volume) because they are more likely to engage with a set of noradrenergically-mediated behaviours 
that promote mechanisms such as neurogenesis and synaptogenesis within the LC-NA system 
(Robertson 2013&2014; Mather 2021). Personality, as a relatively stable construct across the lifetime 
that shapes behaviour on a daily basis (Sutin et al. 2011; Fleeson and Gallagher 2009;  Martin et al. 
2007; Rhodes et al. 2006), is well positioned to build reserve and neuroprotective effects against 
disease from a young age. Indeed, it is known that AD pathology is found in healthy brains even 
from the second and third decades of life (Braak et al. 2011). A secondary aim of this study was to 
investigate whether LC signal intensity IQ are related, and whether the mediation of the LC-NA 
system may help explain the relationship between the OE trait and IQ, which is already reported in 
literature ((Moutafi et al. 2006; Anglim et al. 2022; De Young et al 2020; Bartles et al. 2012; Rammsted 
et al. 2018; Schretlen et al. 2010; Ackerman and Heggestad 1997). 

The current study will apply Voxel Based Morphometry (VBM) analyses utilizing 3Tesla 
T1-weighted MRI scans from 135 healthy young subjects (age range 20-35; 96 males, 39 females) 
derived from the LEMON (Leipzig Study for Mind-Body-Emotion Interactions) dataset (Bayaban et al. 
2019). The relationship between the structural integrity of the LC and the OE trait was examined, 
and as a control procedure, the relationships between the LC and the other four dimensions of the 
Big Five personality inventory were also tested. Finally, to assess the differential contribution of 
neuromodulators to the OE trait, the specificity of the noradrenergic hypothesis was tested using 
VBM to measure the relative involvement of the other main neuromodulatory subcortical nuclei 
projecting to the cortex (Dorsal Raphe [DR] and Median Raphe [MR] 5-HT; Ventral Tegmental Area 
[VTA] DA; and Nucleus Basalis of Meynert [NBM] Ach) to the expression of the OE trait. The same 
models were repeated while investigating the relationship between LC and IQ.  

Methods: 

The data were provided by Max Plank Institute (https://www.mpg.de/en) from the LEMON 
dataset by Babayan et al. (2019). The behavioural data were downloaded from nitrc.org 
(https://fcon_1000.projects.nitrc.org/indi/retro/MPI_LEMON.html accessed in July 2020), and the 
raw MRI data were downloaded from the following source between July and September 2020 
https://fcon_1000.projects.nitrc.org/indi/retro/MPI_LEMON/downloads/download_MRI.html. The 
behavioural data including neuropsychological, psychological and medical variables were manually 
merged as to build a comprehensive sheet for all the subjects comprised in the LEMON initiative. 
The analyses were carried out only on the subjects between 20 to 35 years old age range (n.39 
females, n.96 males). Subjects with current psychological and psychiatric disorders, such anorexia, 
depression and substance abuse, were excluded.  

Personality Measure and IQ: 

Personality traits were assessed using the NEO-FFI questionnaire by Costa & McCrae 1992 
(Costa & McCrae 1992). The NEO-FFI is a 44 items self-report measures on Likert scale (1 to 5) 
investigating the five main components of personality: Openness to Experience (OE), 
Conscientiousness (C), Extraversion (E), Agreeableness (A) and Neuroticism (N). Each trait mirrors 
different personological attitudes, and the interaction between these five dimensions defines 
personality profiles. Greater values reported reflect greater adherence to the items of the five facets.  
For example, people who scores high in C, are more likely to be well organized and not impulsive, 
while people that scores high in E are more prone to be assertive and highly sociable. On the other 
hand, individuals with high scores in N tend to be irritable, shy and moody while low scores A 
indicate antagonism, lack of compassion and stubbornness. As described earlier, high scores in OE 
are informative about the disposition to be open minded, prone to creativity and willing to engage 
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new experiences. Conversely, people who score low in OE are generally disposed to routine, to 
conservative thinking and tend to avoid changes and challenges.  

Intelligence Quotient (IQ) was measured using the WST - Wortschatztest – vocabulary test 
(Schmid et al. 1992), which is a multiple-choice vocabulary test capable to estimate verbal 
“crystalized” intelligence on the base of vocabulary knowledge. The test consists of discriminating 
non-existing words among real words. In Table 1 the average personality trait scale levels and IQ 
values together with TIV are reported. 

Table 1. reporting the average personality trait scale levels and the average total intracranial volume 
(TIV) are reported as well.  Average scores of the neuropsychological tests and IQ are reported in 
the lower portion of the table. 

 

MRI data processing: 

3Tesla high-res T1-weighted images in Nifti format underwent a preliminary manual quality 
control to detect major motion or reconstruction artefacts. This procedure was carried out referring 
to the rating scale guidelines (1= poor, 2= fair, 3= good, 4= excellent) of the Human Connectome 
Project (HCP) (https://www.humanconnectome.org/). Subjects with low definition (excessive 
blurriness) and/or marked ringing, inhomogeneities and motion artefacts were removed from the 
dataset. In order to perform volumetric analyses, the images were processed using CAT12 
(Computational Anatomy Toolbox - http://www.neuro.uni-jena.de/cat/) implemented in SPM12. 
The segmentation was run following the default CAT12 settings, except for the voxel size that was 
settled at 1mm isotropic voxel size. On completion of this process, 135 young subjects (96 males, 39 
females) out of 153 were considered suitable for the analyses. The processed and modulated whole 
brain images (MNI grey matter + white matter) were smoothed using SPM12 interface with a 2 
mm^3 FWHM kernel. Lastly, to better account for individual volumetric variability in the Voxel 
Based Morphometry (VBM) analyses, the Total Intracranial Volume (TIV) was calculated for each 
subject using CAT12 interface (Statistical Analyses – Estimate TIV).  

Neuromodulator’s region of interest (ROI) masks: 

As described in detail in our previous work (Plini et al. 2021), the ROIs were developed on the 
base of previously published atlases. The ROIs were symmetrically corrected from the original 
atlases in order to avoid overlapping borders with other structures and to avoid possible biases of 
“induced lateralization”. All the ROIs were 1mm3 isotropic voxel size and oriented in the Montreal 
Neurological Institute – MNI – space as the processed images of CAT12. See Figure 1 for ROI’s 
volumetric info. For the current study it was used the LC “omini-comprehensive” probabilistic mask 
we developed earlier (Plini et al. 2021). The “omni-comprehensive” LC mask solves the inconsistent 
LC spatial localization reported by previous works (Keren et al. 2009 & 2015; Tona et al. 2017; Betts et 
al. 2017; Dahl et al. 2019; Liu et al. 2019; Rong Ye et al. 2020; Dahl et al. 2021), while enabling to 
comprise the whole anatomical LC regions defined across lifespan, without encroaching other 
pontine and cerebellar regions, and without crossing the walls of the 4th ventricles (further details 
can be found in supplementary materials of Plini et al. 2021 and at this link: 
https://www.youtube.com/watch?v=90bsA6Jqxs4). The MR and DR ROIs were provided by 
Beliveau et al. (Beliveau et al. 2015), the VTA mask was obtained by downloading the VTA MNI 
probabilistic map from the atlas made by Pauli et al. 2018  (Pauli et al. 2018) from the NeuroVault 
website (https://neurovault.org/ accessed on 15 December 2018). The NMB was developed on the 
base of the  probabilistic MNI maps of the acetylcholine cells of the Forebrain are provided by SPM 
Anatomy Toolbox 2.2c 
(https://www.fzjuelich.de/inm/inm1/EN/Forschung/_docs/SPMAnatomyToolbox/SPMAnatomyToo
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lbox_node.html accessed on 15 December 2018) by Zaborszky et al. 2008 and George et al. 2011, 
Schulz et al. 2018, Liu et al. 2015, Kilimann et al. 2014, Koulousakis et al. 2019.  

 

Figure 1. Neuromodulatory subcortical system. The five ROIs considered for the voxel-based 
morphometry analyses. In blue is shown the Locus Coeruleus (LC - noradrenaline), in orange the 
Median Raphe (MR - Serotonin), in red the Dorsal Raphe (DR - Serotonin), in geen the Ventral 
Tegmental Area (VTA - Dopamine), in purple the Nucleus Basalis of Meynert (NBM - Acetylcholine). 

VBM analyses: 

Using the processed and smoothed whole brain images, the VBM analyses were carried out in 
CAT12 (basic models) implementing multiple regression models. The analyses were divided into 
two main branches. The first one investigated the LC-NA system and the five personality traits of 
NEO-FFI in five different statistical models (Openness to Experience, Conscientiousness, 
Extraversion, Agreeableness, Neuroticism). The second one investigated the relationship between 
the LC-NA system and I.Q (WST - Wortschatztest – vocabulary). All the analyses followed the same 
procedures and had the same set of continuous covariates (age, TIV, gender). After the estimation of 
the statistical models (“estimating the statistical model”) and after checking for the design 
orthogonality (“checking for design orthogonality”), the “results” were checked using the following 
contrast in the SPM12 “contrast interface”: 0 0 0 0 1 (for positive relationship) and 0 0 0 0 -1 (for 
negative relationship). Both relationships were always tested as to control the reliability of the 
findings. A further step in the analyses pipeline was to indicate the LC binary mask as inclusive 
mask to isolate the LC involvement in the models. Eventually the statistical threshold was settled at 
P<0.01, and later increased progressively until the results disappeared (namely: P<0.001, P<0.05 
family wise error corrected – FWE). Each set of analyses, after having examined the LC, was 
systematically repeated considering the other ROIs’ binary masks in this order: DR, MR, VTA and 
NBM as controlling assurance for the LC findings. 

In order to perform Bayesian analyses, the average signal intensity of the ROIs was extracted in 
FSL by using the binary masks on the smoothed (2 mm^3 FWHM kernel) whole brain images. In FSL 
terminal, the flags of “fslstats” “-k” (mask) and “-m” (output mean) were used to gather the average 
voxel intensities for each ROI subject by subject. This procedure was also carried out to extract the 
average signal intensity from clusters of significant voxels outcoming from the VBM analyses in 
order to calculate more accurate Bayes Factors (BF) and to perform mediation analyses. 

Bayesian modelling and correlation matrices and partial correlations  
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In JASP (https://jasp-stats.org/), a Bayesian model was performed to compare within the same 
model the differential strengths of the neuromodulators predicting OE (linear regression model, OE 
entered as dependent variable, and the five ROIs as covariates). TIV, age and gender were also 
included and added to the ‘null model’. The differential relationship of the five ROIs were compared 
with the null model, and the analyses were run with default parameters with the only exception of 
Bayesian information criteria (BIC) selected in the advanced option of JASP interface. The same 
models were run for the other personality traits. 

Both Bayesian and Pearson’s correlation matrices were built considering the following 
continuous variables: Openness to Experience, Conscientiousness, Extraversion, Agreeableness, 
Neuroticism, WST-IQ, and the five personality traits with the STAI-G-X2 anxiety scale and Perceived 
Stress Questionnaire (PSQ). Similarly STAI-G-X2 and PSQ were entered in a correlation matrix with 
LC, MR, DR, MR, VTA, NBM to explore possible relationship with the neuromodulatory subcortical 
system. BF were generated in the JASP interface (Bayesian correlation model) on the base of the 
average signal intensity of the significant clusters outcoming from the VBM analyses (when the ROIs 
were surviving the statistical thresholds settled). The average signal intensity of the whole ROI was 
considered in the Bayesian correlation matrices only for the ROIs, which showed no significant 
cluster of voxels in the VBM analyses. Finally, partial correlations were performed in SPSS 25 
(https://www.ibm.com/products/spss-statistics). The relationships between LC and IQ was 
controlled for OE in two different batches, first from the LC-IQ relationship OE was regressed out, 
then from the LC-OE relationship the effect of IQ was regressed outThese analyses had the aim to 
better differentiate the LC variance across these different domains.  

Mediation analyses  

Mediation analyses with parallel multiple mediators (model 4) was carried out in SPSS using 
the PROCESS toolbox by Andrew Hayes. OE was entered as predictor (Y) and IQ (X) as outcome in 
accordance with our framework conceiving that greater OE may induce greater IQ levels because 
novelty exposure and cognitive stimulation via the noradrenergic system. This model is also 
consistent with certain evidence considering IQ as a subcomponent of OE and while being related to 
OE across various studies (Moutafi et al. 2006; Anglim et al. 2022; De Young et al 2020; Bartles et al. 
2012). 

As multiple mediators, the average signal intensity of LC, MR, DR, VTA and NBM were 
entered. The models were covaried for age, TIV and gender. Standard model was set with 95% 
confidence intervals and 10000 bootstrap samples. 

Results 

1st branch of VBM analyses: relationship between neuromodulators’ signal intensity and 

BIG-5 personality traits - Does the LC signal intensity predict Openness to Experience values 
relative to other neuromodulator seed regions? 

As can be observed in Table 2, across the 135 healthy subjects, LC signal intensity was the 
strongest predictor of the OE personality trait compared to the other neuromodulators, while 
controlling for age, gender and TIV.  Two large bilateral clusters, for a total of 153 voxels within the 
LC region, positively related to greater OE values for p<0.01 threshold. As shown in Figure 2, the 
spatial localizations of the LC results overlapped the LC region defined by the previously published 
LC atlases and masks (Keren et al. 2009 & 2015; Tona et al. 2017; Betts et al. 2017; Dahl et al. 2019; Liu 
et al. 2019; Rong Ye et al. 2020; Dahl et al. 2021). By increasing the statistical threshold up to p<0.001 
only a cluster of 22 voxels survived in the LC core. However, no LC voxels remained when FWE 
correction was applied.  

Regarding other personality traits, 67 voxels within the LC region were associated with 
Conscientiousness. Only 5 voxels of the LC clusters survived when more conservative thresholds 
were set (p<0.001), however the cluster did not survive FWE correction. In table n.2, the minor and 
negligible associations between the five ROIs and the other personality traits are reported in detail.  
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As control procedure, when the opposite relationships were tested, no associations were found 
between the LC and five personality traits, neither for the other ROIs. The only exception (not 
reported in tables) was the negative relationship between the VTA and Conscientiousness. Lower 
VTA signal intensity (68 voxels) related to greater Conscientiousness values. However, this result 
did not survive the p<0.001 threshold. 

Table 2. shows the results for the VBM multivariate linear regression analyses testing the positive 
relationship between the five ROIs and the five personality traits (1st VBM branch) and IQ measure 
(4th VBM branch). The results across the 135 healthy subjects are covaried for total intracranial 
volume (TIV), age and gender. The table reports the significant clusters of voxels predicting  the 
values personality traits and IQ for the statistical threshold of  p<0.01. Bayesian Factors (BF10) are 
reported as parameter of strength in brackets. Cluster of voxels surviving p<0.001 are marked with *. 
No clusters survived multiple comparison corrections (FWE). 
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Figure 2. The upper portion of the figure shows the relationship between Openness to Experience 
(NEO-FFI) and Locus Coeruleus MRI signal intensity across n.135 healthy young subjects (age range 
20-35) for P<0.001 threshold. The results are corrected for age, gender and total intracranial volume. 
The significant LC cluster (in blue) is shown on a coronal 3D reconstruction of the brain. MNI 
coordinates and statistical threshold along with Bayes Factors are reported on the right portion of the 
figure.  Greater LC signal intensity is related with greater OE scores. Below the LC findings are 
shown in comparison with the spatial resolution of the previously published LC MRI masks and 
atlases. The images are displayed on a 3D LC reconstruction by Plini et al. 2021.  shown from axial 
and coronal point of views. 

2nd branch of VBM analyses: relationship between neuromodulators’ signal intensity and IQ 
- Does the LC predict IQ relative to other neuromodulator seed regions? 

As reported in Table 2, 23 LC voxels (for p<0.01) mostly left lateralised rostrally were related to 
greater IQ. The LC spatial localization overlaps the LC core defined in the previously published LC 
atlases. When the statistical threshold was increased to p<0.001 the cluster disappeared. No 
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associations between IQ and the other ROIs were found, demonstrating specificity for the 
relationship between IQ and LC. No significant clusters across the five ROIs were found when the 
opposite relationships were tested. 
Using Bayesian modelling to examine single and combined contributions of different 

neuromodulalators 

The abovementioned VBM analysis found that the LC was a key predictor of the OE trait. 
However, a further Bayesian approach provides a means to compare the strength of evidence for 
different neuromodulator seeds in predicting OE trait scores. Here, we employed a model in which 
each neuromodulator seed is examined as a standalone predictor and also in a combined way, which 
compares the predictive strength when different neuromodulator seeds also examined in 
combination if they explain more variance.   The Bayesian linear regression model showed that as 
standalone variable the LC signal intensity has the strongest relationship with OE against the null 
model (BF10  338.401 – BFM  9.544). The combined effect for LC and VTA signal intensity has the 
strongest relationship among single and combined models (BF10  993.661 – BFM  33.699) suggesting a 
disproportionate catecholaminergic involvement in OE trait accounting for 14% (LC alone) - 18% 
(LC + VTA) of its variance. Moreover, the combined effect of LC and serotoninergic DR was the third 
strongest model related to OE accounting for 17% of variance. A summary of these analyses is 
reported in detail in Table 3.  

Exploring the relationships between personality, IQ and the Locus Coeruleus 

Correlation matrices revealed that among the five personality traits only the OE scale related 
significantly with IQ. Specifically, greater OE values related to greater IQ scores (Pearson’s R 0.391, - 
BF10  3305.75 – for p<0.001). For greater detail refer to the correlation table in the  supplementary 
materials. 

Partial correlations revealed that the relationship between LC and IQ disappeared when the 
effect of OE trait was regressed out in the model. On the other hand, the relationship between OE 
trait and LC remained significant when controlling for IQ. These two partial correlations together 
are suggestive that the relationship between OE and LC might be more stable than the relationship 
between LC and IQ. For greater detail refer to the partial correlation table in the  supplementary 
materials. 

Table 3. reporting the result of the Bayesian Multiple Regression model directly comparing the 
differential strength of relationship between Openness to Experience and the five neuromodulators' 
seeds controlling for TIV, age and gender. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 April 2023                   doi:10.20944/preprints202304.1143.v1

https://doi.org/10.20944/preprints202304.1143.v1


 10 

 

 

Exploring the relationships between personality, IQ and the Locus Coeruleus 

Correlation matrices revealed that among the five personality traits only the OE scale related 
significantly with IQ. Specifically, greater OE values related to greater IQ scores (Pearson’s R 0.391, - 
BF10  3305.75 – for p<0.001). For greater detail refer to the correlation table in the  supplementary 
materials. 

Partial correlations revealed that the relationship between LC and IQ disappeared when the 
effect of OE trait was regressed out in the model On the other hand, the relationship between OE 
trait and LC remained significant when controlling for IQ. These two partial correlations together 
are suggestive that the relationship between OE and LC might be more stable than the relationship 
between LC and IQ. For greater detail refer to the partial correlation table in the  supplementary 
materials. 

Mediation analyses with parallel multiple mediators - Does the LC mediate the relationship 
between the OE trait level and IQ over the other neuromodulators? 

Mediation analyses with multiple parallel mediators were carried out in order to clarify 
possible mediation effects of the neuromodulators. While controlling for age, TIV and gender, 
bootstrap (10000) confidence intervals were used to examine the role of the five subcortical ROIs in 
mediating the relationship between the OE trait and IQ. Only LC alone significantly mediates the 
relationship between OE (Y) and IQ (X) indicating that greater OE was predictive of greater IQ score 
and that this relationship was mediated by the LC and not by the other neuromodulators, which did 
not mediate this relationship. Indeed, the total indirect effect of the parallel mediators was not 
significant. These results suggest that the strong relationship found between OE and IQ is 
disproportionally influenced by the noradrenergic system over the other neuromodulators, as 
previously observed in the VBM analyses (see Table 4 for details). 
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Table 4. reporting the results of parallel mediation analysis (model 4) controlling for gender, age and 
total intracranial volume. Only the LC volume mediates the relationship between OE and I.Q. across 
n.135 healthy young subjects. 

 
Discussions 

The present study investigated the relationship between MRI signal intensity of different 
neuromodulators’ seeds and the Five Factor Personality Inventory score in 135 healthy young 
participants. As hypothesized, greater structural integrity of the Locus Coeruleus (LC) was found to 
be related to higher scores in the Openness to Experience (OE) trait, and with a greater Intelligence 
Quotient (IQ) score. When neuromodulator seeds were considered together in a Bayesian model, 
catecholamines (LC+VTA) were the strongest predictor of OE, followed by the LC as stand-alone 
predictor of OE, and thirdly the LC combined with the serotoninergic DR. These findings are the 
first evidence linking neuromodulatory MRI signal intensity to personality traits. 

Given the OE trait is commonly associated with intelligence (both fluid and crystalized/verbal) 
and is frequently named as the “intellect” trait in the literature (Moutafi et al. 2006; Anglim et al. 
2022; De Young et al 2020; Bartles et al. 2012; Rammsted et al. 2018; DeYoung et al. 2013; Schretlen et 
al. 2010; DeYoung et al. 2005; Ackerman and Heggestad 1997), we examined the extent to which 
LC-NA integrity might account for this relationship. A mediation analyses revealed that, in 
comparison with the other neuromodulatory nuclei, only the LC accounted for the relationship 
between OE and IQ, supporting the assertion that the LC-NA system may be a key neurobiological 
substrate mediating the relationship between openness to experience and intellectual expansion.  
We also established that the relationship between the LC and OE remained when the effect of IQ was 
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regressed out, demonstrating that unique variance in the openness trait is associated with LC-NA 
system integrity. Finally, it was apparent that the LC was not exclusively associated with the OE 
trait. We also observed a weaker relationship between LC and the Conscientiousness (C) scale.  

We interpret the key findings of the current study in the context of the Noradrenergic Theory of 
Cognitive Reserve (Robertson 2013&2014) proposing that more protracted responses to novelty and 
chronic exposure to enriched environments in high-OE trait individuals is underpinned by the 
activation of the LC-NA system. Why might novelty be an important factor for increasing LC signal 
intensity? One potential underlying mechanism could be increased frequency of LC phasic firing in 
response to novel events. Omulabi and colleagues examined single unit recordings from the LC 
during novelty exposure in rats. After six-weeks of LC stimulation (LC phasic activation for 20 
minutes five days per week) rats showed increased response to novel stimuli, and greater LC health 
(increased macrophage activation and greater LC fiber density), along with increased cognitive 
functions and reduced AD biomarkers in comparison with rats which did not undergo the LC phasic 
activation. Rats not exposed to novelty showed greater LC neurodegeneration with increased AD 
biomarkers and poorer cognitive outcomes. Omulabi et al. (2021) concluded that LC-phasic firing in 
response to novelty was protective against the detrimental effect of AD biomarkers (pre-tangle tau 
production in the LC), preventing LC fiber loss resulting in greater LC axonal integrity and more 
preserved cognition.  

Consistent with the aforementioned animal study, a recent fMRI study in humans carried on 
128 healthy individuals from the Harvard aging study (Prokopiou et al. 2022) found LC activity 
significantly increased while novel stimuli were presented. They also reported that lower 
novelty-related LC activity was associated with greater cognitive decline related to AD biomarkers 
levels (beta-amyloid PET). Krebs et al. 2018 have also demonstrated that phasic LC activity when a 
contextually-unexpected stimulus occurs, namely, a novel stimulus that is incongruent to context. 

Although the VBM analyses revealed that the LC was the key predictor of OE, a Bayesian 
multiple regression model explored the combined effects of LC with the other subcortical nuclei. 
This analysis revealed that LC + VTA was a stronger predictor of OE than the LC alone. An additive 
involvement of the dopaminergic system in shaping personality may explain this relationship: 
exploratory behaviour that characterizes openness will be further reinforced by the reward value of 
novel experiences via the mesolimbic dopamine system.   Alternatively, the role of DA in 
supporting the OE trait may have a genetic basis as catalyst for the conversion of DA to NA.  
(Barnes et al. 2011). Furthermore, the role of the DR nucleus, while only a negligible contributor to 
the model on its own, also combined with the LC to predict OE trait variation.  Serotoninergic 
involvement in OE trait expression may involve increased sensitivity to stress during exploration of 
novel environments. Previous work has found that cerebral 5-HTT levels are associated with OE 
(Kalbitzer et al 2008; Ren et al. 2021). However, 30% of DR is composed by catecholaminergic 
neurons (Farley et al. 1977; Baker et al. 1991; Ordway et al. 1997; Kirby et al. 2003), therefore this 
association might reflect common dopaminergic and noradrenergic involvement in OE expression.  
Overall, the synergic involvement of these three main neuromodulatory nuclei may contribute to 
shaping the nature of openness via different pathways – through VTA-DA mediated reward 
sensitivity, DR-5-HT potentiation of stress-related responses during exposure to novelty, as well as 
overarching explore-exploit behavioral patterns promoted by the LC-NA system (Tochigi et al. 2005; 
Zmorzyński et al. 2021; Ren et al. 2021; Deyoung et al. 2008; Deyoung et al. 2011; Deyoung 2013). We 
observed positive relationships between the integrity of such nuclei and OE, therefore these 
interpretations are based on the assumption that greater structural integrity of these nuclei would 
ensure an adequate neuromodulatory functioning building the ground for a more developed OE 
trait. Conversely, lower integrity of these nuclei would undermine the normal neuromodulator 
biosynthesis underlying OE trait expression. This interpretation is supported by the literature 
reporting how variations of neuromodulators’ concentrations can bidirectionally affect personality 
traits expression (Tochigi et al. 2005; Narita et al. 2015; Ward et al. 2017; Fischer et al. 2018; 
Käckenmester et al. 2019; Kanen et al. 2021). By contrast, reduced integrity of the neuromodulatory 
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subcortical system can result in poorer bioavailability of such neuromodulators (May and Paxinos 
2012). 

An unique contribution of the LC-NA system in this study was its mediatory role in accounting 
for a relationship between OE and IQ. This intercorrelation highlights LC-NA system centrality in 
higher order cognition. Greater IQ and higher OE scores are both conceived as Reserve proxies that 
reduce the risk of cognitive decline and dementia (Cuttler and Graf 2007; Franchow et al. 2013; Ihle 
et al. 2019; Karsazi et al. 2021; Rammsted et al. 2018; Schretlen et al. 2010; Ackerman and Heggestad 
1997; Tautvydaite et al. 2017; Sharp et al. 2010). The integrity of the LC-NA system, given its role in 
neurodegeneration, might be a common factor contributing to the expression of these two constructs 
in terms of brain and cognitive health (DeYoung et al. 2013; Robertson 2013&2014). These findings 
are therefore suggestive that the LC integrity, even at young age, can significantly affect cognition 
and personality expression with the potential to build resilience to neurodegeneration in later life. 
Although the current study is the first to link LC-NA integrity to OE, there is previous evidence that 
the noradrenergic system is associated with greater cognitive performance and intelligence 
(Tsukahara and Engle 2021;  Zhao et al. 2014; Clewett et al. 2016; Liu et al. 2020; Wilson et al. 2013; 
Elman et al. 2021; Jacobs et al. 2021; Plini et al. 2021; Dahl et al. 2022; Dahl et al. 2019; Dutt et al. 2021).  

Although OE showed the strongest relationship to the LC, a secondary VBM association was 
also observed between the C trait, conscientiousness, and the LC. The C trait, which reflects 
perseverance and focus, is associated with increased attention performance and reduced speed of 
processing (Yoneda et al. 2022; Chapman et al. 2017; Sutin et al. 2019) and improved memory 
(Lucchetti et al. 2016; Allen et al. 2018; Sutin et al. 2019 b). These cognitive domains also implicate 
LC-NA system integrity and functioning across several studies (Aston-Jones et al. 2000; Aston-Jones 
and Cohen 2005; Bari et al. 2022; Grueschow et al. 2022; Dahl et al. 2022; Unsworth et al. 2017; Plini et 
al. 2021). Moreover, further work has found that greater C scores are associated with both greater 
resistance to Dementia (Yoneda et al. 2022; Kaup et al. 2019). and lower risk of mild cognitive 
impairment and Alzheimer’s Disease (Wilson et el. 2007; Terracciano et al. 2017; Sutin et al. 2018; 
Aschenbrenner et al. 2020). It should be noted that the role of additional variables needs further 
investigation. For example, it is documented that individuals who are high in C are more prone to 
engage regular physical activity (Sutin et al. 2016), which is also known to be related to better brain 
and cognitive health and to the LC-NA system. Clearer dissociation of the role these different 
protective factors is warranted.  

The current findings demonstrates that the C trait combined with greater OE expression in 
healthy individuals is associated with greater signal intensity in the LC. It remains to be seen 
whether these personality traits, through interaction with LC-NA system over the lifespan, provide 
greater resilience to neurodegeneration. However, these significant clinical implications warrant 
longitudinal investigation. 

Limitations  

The main limitation of the current argumentation lays on the cross-sectional nature of the study. 
A longitudinal study would provide more accurate casual relationships among these variables and 
would enable to understand possible trajectories. However, personality traits measured by NEO-FFI 
tend to be stable throughout lifetime (McCrae et al. 2011; Gnambs et al. 2014). This gives us more 
confidence in the mediation analyses and in the partial correlations, which may help us understand 
the actual nature of these relationships. 

Another potential limitation is selection bias - people who were recruited via the LEMON study 
might be, by nature of their voluntary participation, individuals who are “highly open” to engage in 
new experiences and this might limit the representativeness of the sample to general population. 
This selection bias may also have be exacerbated by excluding individuals with ongoing 
psychological or psychiatric symptoms. The current sample reported low levels of anxiety, and had 
a low level of neuroticism compared to other scales such as OE or C. Therefore, the possible 
detrimental effect of “high tonic” LC firing commonly observed in response to stress and anxiety 
could affect or reduce the LC-OE relationship and their possible neuroprotective outcomes (Omulabi 
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et al. 2021). Nonetheless, it is worth mentioning we found no relationships between LC signal 
intensity and anxiety scales which could affect the present set of findings. 

Other minor limitations are the relatively small size of the sample, which can explain why the 
results did not survive multiple comparison corrections despite the very strong Bayesian Factors, 
and the constraints of the self-report personality questionnaires with forced choices, along with the 
IQ measured on the base of vocabulary only. However, within these limitations, we made the 
attempt to account for the confounding variables, controlling for age, gender and TIV. In the same 
vein, we also systematically tested with numerous control analyses different relationships, and we 
also tested the antithetic hypothesis to consider the alternative direction of effects. A total of 60 VBM 
control analyses contrasted to our main analyses yielding greater confidence in the validity of our 
key findings.  

Clinical implications and future directions 

Together, these findings are suggestive that personal attitudes to life, captured by the 
personality of openness (and Conscientiousness), might be influenced, in part, by activation of the 
noradrenergic system. These findings may provide explanatory ground concerning the 
neuropsychological dynamics underlining the association between OE and resilience to 
neurodegenerative diseases while supporting Robertson’s theory (Robertson 2013&2014; 
Tautvydaite et al. 2017; Sharp et al. 2010; Cuttler and Graf 2007; Franchow et al. 2013; Ihle et al. 2019; 
Karsazi et al. 2021). Indeed, as outlined by Robertson (Robertson 2013&2014), LC-NA system plays 
an important role underpinning all the attentional processes, and in particular the exposure to 
novelty along with managing and developing problem-solving skills. This interacting with greater 
Conscientiousness may ensure consistent cognitive control eliciting optimal noradrenergic tone 
(Robertson 2013&2014; Aston-Jones et al. 2000; Aston-Jones and Cohen 2005). In keeping with this, a 
dispositional ‘openness’ trait might drive a greater noradrenergic tone throughout lifetime, leading 
to more frequent phasic activation of LC-NA system yielding to greater LC integrity and greater 
brain and cognitive health (Robertson 2013&2014; Omulabi et al. 2021; Clewett et al. 2016; Dutt et al. 
2021; Mather et al. 2021; Plini et al. 2021; Prokopiou et al. 2022). This ‘openness’ trait throughout 
lifespan might interact with other reserve variables, such as I.Q. via the mediation of the LC-NA 
system. Indeed, several studies reported greater OE is linked to greater crystallized intelligence 
(Rammsted et al. 2018; Schretlen et al. 2010; Ackerman and Heggestad 1997). Alternatively, it is 
possible that LC-NA characteristics could contribute to the ‘openness’ personality characteristic, or 
that the relationship is explained by other variables. However, the newly established link between 
personality traits, LC-NA system, and cognition outlines the intercorrelation between 
neuropsychological variables and opens to potential psychological interventions targeting the 
LC-NA system. Cognitive and behavioral approaches (Cognitive Behavioral Therapy – CBT) which 
focus on OE, in people who score low in OE and C, might be considered among the preventing 
strategies for neurodegenerative diseases (Forgeard et al. 2019). This might be beneficial improving 
people’s well-being both in enhancing the executive/attentional domain (Forgeard et al. 2019; 
Jackson et al. 2012) and in building the resilience ground to neurodegenerative diseases. Personality 
traits (OE especially) might be considered as critical component to focus on for brain health 
potentially influencing the neuroprotective role of LC-NA system particularly in the face of 
neurodegeneration. Future studies should replicate these findings and design longitudinal 
investigations considering biological biomarkers, personological and cognitive variables using 
high-res MRI to better understand the neuropsychological dynamics which underpin our novel 
findings. 
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Figure 3. - Graphical discussion: Proposed neuropsychobiological mechanisms of Openness to 
Experience as “reserve” factor on the base of the Noradrenergic theory of Cognitive Reserve 
(Robertson 2013 & 2014). Greater openness to experience (OE) is conceived as a proxy measure of 
chronic novelty exposure. Chronic novelty exposure would elicit phasic firing of the LC- NA system 
resulting in a series a beneficial neurobiological mechanisms (Omoluabi et al. 2021) which would 
explain the human studies relating OE to reduced AD biomarkers and better cognitive functions 
(Sharp et al. 2010, Tautvydaite et al. 2017). 

While the nature of the observed relationship between LC and OE is correlational, it should be 
considered that the other experiments reported causational effects of “novelty-like” LC activations 
and reduced biomarkers of neurodegeneration. However, it should be taken into account that the 
proposed underlining mechanisms might be explained by other variables and potentially reside also 
within other neurobiological/neuropsychological pathways.   
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