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Abstract: Background & aims: It is documented that low protein and amino-acid dietary intake is related to 

poorer cognitive health and increased risk of dementia. Degradation of the neuromodulatory pathways, 

(comprising the cholinergic, dopaminergic, serotoninergic and noradrenergic systems) is observed in 

neurodegenerative diseases and impairs the proper biosynthesis of key neuromodulators from micro-nutrients 

and amino acids. How these micro-nutrients are linked to neuromodulatory pathways in healthy adults is less 

studied. The Locus Coeruleus–Noradrenergic System (LC-NA) is the earliest subcortical structure affected in 

Alzheimer’s disease, showing marked neurodegeneration, but is also sensitive for age-related changes. The 

LC-NA system is critical for supporting attention and cognitive control, functions that are enhanced both by 

tyrosine administration and chronic tyrosine intake. The purpose of this study was to 1) investigate whether 

the dietary intake of tyrosine, the key precursor for noradrenaline (NA), is related to LC integrity 2) whether 

LC integrity mediates the reported association between tyrosine intake and higher cognitive performance 

(measured with Trail Making Test – TMT), and 3) whether LC integrity relates to an objective measure of brain 

maintenance (BrainPAD). Methods: The analyses included 398 3T MRIs of healthy participants from the Berlin 

Aging Study II to investigate the relationship between LC integrity and habitual dietary tyrosine intake-daily 

average (HD-Tyr-IDA). As a control procedure, the same analyses were repeated on other main seeds of the 

neuromdulatory subcortical system (Dorsal and Medial Raphe, Ventral Tegmental Area and Nucleus Basalis 

of Meynert). In the same way, the relationships between the five nuclei and BrainPAD were tested. Results: 

Results show that HD-Tyr-IDA is positively associated with LC integrity. Similarly, LC integrity 

disproportionally relates to better brain maintenance (BrainPAD). Mediation analyses reveal that only LC, 
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relative to the other nuclei tested, mediates the relationship between HD-Tyr-IDA I and performance in the 

TMT and between HD-Tyr-IDA and BrainPAD. Conclusions: These findings provide the first evidence linking 

tyrosine intake with LC-NA system integrity and its correlation with neuropsychological performance. This 

study strengthens the role of diet for maintaining brain and cognitive health and supports the noradrenergic 

theory of cognitive reserve. Within this framework, adequate tyrosine intake might increase the resilience of 

LC-NA system functioning, by preventing degeneration and supporting noradrenergic metabolism required 

for LC function and neuropsychological performance. 

Keywords: tyrosine; protein; Locus Coeruleus; Grey Matter maintenance; healthy aging; healthy nutrion 

 

Introduction 

According to Alzheimer’s Disease International (https://www.alzint.org/), dementia is an ever 

growing disease estimated to affect a total of 78 million people worldwide by 2030. This medical and 

social burden is likely to worsen, potentially reaching 139 million people affected by 2050. Because of 

the heterogeneity of dementia, the etiopathogenesis is not completely understood (Livingston et al. 

2020) and there currently is no remedy available to treat the disease nor slow it down. Prevention 

remains the only possible strategy to tackle this global upward trend. It is estimated that 40% of 

known dementia causes are modifiable by simply addressing people’s lifestyle (Livingston et al. 

2020). Of this 40%, dietary behaviour plays a crucial role lowering the risk of developing dementia 

(Livingston et al. 2020). For instance, adherence to a Mediterranean diet was observed to be protective 

against dementia supporting brain health and cognitive functions according to several studies (Black 

et al. 2020; Black et al. 2019 a; Black et al. 2019 b; Akbaralay et al. 2019; Radd-Vegenas et al. 2018; 

Loughrey et al. 2017; Barnard et al. 2014; Scarmeas et al. 2007). Healthy diet is crucial in providing 

the necessary nutrients for adequate physiological functioning. Indeed, it is documented how a poor 

dietary lifestyle can worsen cognitive functioning while negatively affecting brain health (reduced 

cognitive performances and exacerbated inflammation and neurodegeneration) (Zhao et al. 2018; 

Pacholko et al. 2019; Fan et al. 2021; Seidl et al. 2014; Boto et al. 2017; Curzio et al. 2020; Dickerson et 

al. 2020; Walton et al. 2022; Takado et al. 2020; Sato et al. 2021). Specifically, low protein and amino-

acid dietary intake has been related to poor cognitive health and increased risk of dementia (Ikeuchi 

et al. 2022; Gao et al. 2022; Feng et al. 2022; Glenn et al. 2019; Kinoshita et al. 2021; Fan et al. 2021; 

Coelho-Júnior et al. 2021; Pacholko et al. 2019). This is possibly due to the lack of proper micro-

nutrients and amino-acid supply needed for the appropriate biosynthesis of key neuromodulators 

which affect brain metabolism and cognitive functioning (Fernstrom 1977; Wurtman et al. 1980; 

Fernstrom 1981; Conley and Zeisel 1982; Wurtman 1983; Anderson and Johnston 1983; Wurtman 

1987; Francis 2005; Kaur et al. 2019; May and Paxinos 2012).  

The degradation of the neuromodulatory pathways, comprising the cholinergic (ACh), 

dopaminergic (DA), serotoninergic (5-HT) and noradrenergic (NA) systems, is widely observed in 

neurodegenerative diseases (Bondareff et al. 1982; Lyness et al. 2003; Ehrenberg et al. 2017; Braak et 

al. 2011; Jethwa et al. 2019; Bozzali et al. 2019; Braak et al. 2011; George t al. 2011; Aletrino et al. 1992). 

Since the well documented cholinergic decline in dementia, studies have investigated whether 

choline intake (precursor of Acethylcoline) would be related to better cognitive functioning and 

reduced neurodegeneration (Francis et al. 1999; Yuan et al. 2022; Ylilauri et al. 2019; Poly et al. 2011; 

Velazquez et al. 2019b; Spiers et al. 1996; Krashia et al. 2019). Consequently, choline intake was 

associated with reduced dementia risk observed through biomarkers of neurodegeneration, along 

with more preserved cognitive functioning in several studies both on healthy and demented 

populations (Velazquez et al. 2019a; Velazquez et al. 2019b; Yuan et al. 2022; Ylilauri et al. 2019; for 

review see: Hampel et al. 2019). Mechanistically these findings proposed the role of choline in diet as 

a potential modifiable factor to help prevent neurodegeneration and reduce the incidence of 

dementia.  

However, a growing body of literature identifies the noradrenergic system, originating in the 

Locus Coeruleus (LC) as the main driver of neurodegenerative dynamics (Chen et al. 2022; Matchett 
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et al. 2021; Brettschneider et al. 2015; Braak et al. 2011). Indeed, the LC is the earliest brain structure 

affected in Alzheimer’s disease (Chen et al. 2022; Brettschneider et al. 2015; Ehrenberg et al. 2017) 

showing early signs of neurodegeneration (Braak et al. 2011; Dahl et al. 2021) and characterising 

disease progression and staging (Braak et al. 2011; Andrés-Benito et al. 2017; Del Tredici & Braak 

2020). The LC-NA system is critical for supporting broad integrative function across large scale brain 

networks to support attention and exploratory behaviour, and stands in contrast to cholinergic-

mediated segregation of specific cognitive networks (Munn et al. 2021; Holland et al. 2021; Shine 2019; 

Aston-Jones and Waterhouse 2016; Aston-Jones et al. 1999). In the last decade, the integrity of the LC-

NA system has been associated with 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), including better attentive and mnemonic 

functions both in healthy and clinical populations (Clewett et al. 2016; Dahl et al. 2019; Dahl et al. 

2020; Dutt et al. 2021; Plini et al. 2021; Prokopiou et al. 2022). These findings are in line with 

consideration of the LC-NA system integrity serving as a potential in-vivo biomarker for 

neurodegenerative diseases (Betts et al. 2019; Giorgi et al. 2022), while being crucial for maintaining 

brain and cognitive health (Sarah 2009; Mather and Harley 2016; Holland et al. 2021), as was 

previously postulated by the “noradrenergic theory of cognitive reserve” proposed by Robertson (for 

details, see box1 and refer to Robertson 2013 & 2014). 

Despite these relevant implications, and the central role of diet in dementia prevention, no 

studies to date have investigated a potential relationship between dietary behaviour and LC-NA 

system integrity and functioning in healthy adults. In light of the pre-existing literature on choline 

intake, we aimed to investigate in this study whether the intake of tyrosine (the precursors of NA 

synthesised in the LC) (May and Paxinos 2012; Matchett et al. 2021), could be related to greater LC 

integrity, and therefore better brain maintenance supporting higher-order cognitive functioning in 

healthy adults without cognitive impairment (Fernstron & Fernstrom 2007; Aliev et al. 2014; Andrés-

Benito et al. 2017; Engelborghs et al. 2014; Kühn et al. 2019; Plini et al. 2021). Our main hypothesis 

was also based on the literature reporting how malnutrition can negatively impact on overall brain 

mass (including subcortical structure) and cognition (Roberts et al. 2012; Tynkkynen et al. 2018; 

Walton et al. 2022; Roberto et al. 2011; Titova et al. 2013), and how low amino-acids and protein intake 

was associated to increased neuro-inflammation and brain atrophy (Takado et al. 2020; Sato et al. 

2021) suggesting that amino-acidic profile intake as an important factor to assess dementia risk 

(Ikeuchi et al. 2022; Feng et al. 2022; Glen et al. 2019).  

Tyrosine (TYR) is an amino acid present in animal protein and serves as a principal precursor of 

catecholamine biosynthesis (Gardner et al. 2019; Ahmed et al. 2021; Chavez et al. 2017; - 

http://www.ncc.umn.edu/ndsr-database-page/ - May and Paxinos 2012). In fact, throughout the 

ascending reticular arousal system (ARAS) (May and Paxinos 2012; Bucci et al. 2017), via the tyrosine 

hydroxylase enzyme (TH), tyrosine is converted to L-dopa, then, via the action of L-aromatic amino 

acid decarboxylase (AAAD), to dopamine. Dopamine, via the action of the dopamine-β-hydroxylase 

enzyme (DBH) is subsequently converted to NA. NA is synthetised predominantly within the LC 

neurons. Finally, Adrenaline is obtained by the addition of a methyl group to noradrenaline by 

phenylethanolamine-N-methyltransferase (PNMT) within the adrenergic neurons of the Medulla 

oblongata (May and Paxinos 2012). 

The concentrations of catecholamines varies depending on the availability of amino acid 

precursors and diet can affect concentrations in the central nervous system (Fernstron & Fernstrom 

2007; Fernstrom 1977; Wurtman et al. 1980; Fernstrom 1981a; Fernstrom 1981b Conley and Zeisel 

1982; Wurtman 1983; Anderson and Johnston 1983; Wurtman 1987; Francis 2005; Kaur et al. 2019). 

Protein intake stimulates biosynthesis because of the availability of precursors crossing the blood-

brain barrier (Fernstron & Fernstrom 2007; Fernstrom 1977; Fernstrom 1981a; Conley and Zeisel 1982; 

Wurtman 1983; Wurtman et al. 1980; Pardridge 1998). Acute intake of amino acids like tyrosine is 

associated with increased concentrations of plasma catecholamines in humans and rodents 

(Agharayana et al. 1981; Rasmussen et al. 1983; Wurtman 1983; Lieberman et al. 1986; Sved et al. 1979; 

Choi et al. 2011).  
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Since administration of amino acid precursors have been associated with changes in behaviour 

and cognition (Lieberman et al. 1986; Lieberman et al. 1984; Leathwood & Pollet 1982), several studies 

investigating acute administration of tyrosine reported differences in cognitive performance. By 

administering between 2 and 12gr within 20–60 minutes before a variety of cognitive tests with or 

without cold exposure or military exercises, studies reported that tyrosine enhances or restores 

higher order cognitive functions relative to controls (Steenbergen et al. 2015; Colzato et al. 2014; 

Colzato et al. 2013; Mahoney et al. 2007; O’Brien et al. 2007; Magill et al. 2003; Thomas et al. 1999; 

Deijen et al. 1999; Neri et al. 1995; Deijen and Orlebeke 1994). Specifically, tyrosine induced greater 

working memory performance and greater cognitive control capabilities, domains typically 

associated with the LC-NA system (Holland et al. 2021; Mather and Harley 2016; Robertson 

2013&2014; Sarah 2009; Munn et al. 2021; Aston-Jones and Waterhouse 2016; Aston-Jones et al. 1999). 

Remarkably, these effects were mostly appreciable under stressful conditions (i.e. cold exposure – 

while a comprehensive revision of this topic is beyond the scope of this work, for reviews please see 

Hase et al. 2015; Jongkeese et al. 2015; Attipoe et al. 2015). 

This evidence inspired the concept that chronic dietary tyrosine intake might be associated with 

cognitive performances. The only study examining this hypothesis was carried out by Kühn and 

colleagues (Kühn et al. 2019). The authors assessed tyrosine intake with a self-report measure of 

habitual food intake (the “food frequency questionnaire” - https://dapa-

toolkit.mrc.ac.uk/diet/subjective-methods/food-frequency-questionnaire - Boeing et al. 1997), and 

reported that greater dietary tyrosine intake was associated with better fluid intelligence, greater 

working memory scores and more accurate episodic memory, in a sample of 1724 healthy 

participants (old and young) from the Berlin Aging Study II – BASE-II (Bertam et al. 2014; Gestorf et 

al. 2016). This study also revealed that the association between habitual dietary tyrosine intake-daily 

average (HD-Tyr-IDA) and higher order cognitive performances was independent of age differences, 

and that cross-sectionally, both in young and old populations, the results were generalisable over the 

greater variation of cognitive performances between groups.  

These findings informed the design of the current study, which utilises 398 high-resolution MRI 

scans available from a total of 1724 participants aiming at 1) investigating whether greater HD-Tyr-

IDA is related to LC MRI integrity and 2) whether LC integrity mediates the reported association 

between tyrosine and better cognitive performance (Kühn et al. 2019; Hase et al. 2015; Jonkeese et al. 

2015; Attipoe et al. 2015; Steenbergen et al. 2015; Colzato et al. 2016; Colzato et al. 2014; Colzato et al. 

2013; Mahoney et al. 2007; O’Brien et al. 2007; Magill et al. 2003; Thomas et al. 1999; Deijen et al. 1999; 

Neri et al. 1995; Deijen and Orlebeke 1994). In addition, since higher order cognitive functions have 

been associated with better brain maintenance (Plini et al. 2021; Boyle et al. 2021; Boyle et al. 2020; 

Habeck et al. 2016; Löwe et al. 2016; Gaser et al. 2013) we hypothesised that greater HD-Tyr-IDA 

could be associated with better brain maintenance, measured using BrainPAD developed by Boyle et 

al. 2020 (Brain Predicted Age Difference – BrainPAD – for details, see box2 and refer to Boyle et al. 

2020). Therefore, a third aim 3) is to test whether greater HD-Tyr-IDA relates to better BrainPAD 

scores and if this relationship is mediated by LC integrity. Lastly, a fourth aim 4) is to replicate the 

association between LC integrity and BrainPAD observed by Plini et al. 2021 (Plini et al. 2021).  

Box 1 – The Noradrenergic Theory of Cognitive Reserve  

The noradrenergic theory of cognitive reserve by Robertson (Robertson 2013 & 2014) postulates 

that the continuous activation (and the related integrity) of the Locus Coeruleus (LC)–noradrenergic 

system could be a key component affecting cognitive reserve and resilience to neurodegenerative 

diseases. Unifying the heterogeneous literature and considering the marked LC-NA degeneration in 

neurodegenerative diseases (Chen et al. 2022; Matchett et al. 2021; Brettschneider et al. 2015; Mather 

et al. 2016; Braak et al. 2011). Robertson identifies the neuroprotective and anti-inflammatory 

properties of NA as a crucial driver for maintaining brain and cognitive health (Robertson 2013&2014; 

Heneka et al. 2002; Heneka et al. 2015; Troadec et al. 2005; Feinstain et al. 2002; Counts et al. 2010; 

Hassani et al. 2020; Traver et al. 2005; Mannari et al. 2008; Omulabi et al. 2021; for review see: Giorgi 

et al. 2020, Matchett et al. 2021 and Mather 2021). This model suggests that the continuous life-time 
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stimulation of the LC-NA system, via cognitive engagement, novelty exposure and other activities, 

may lead to greater LC-NA integrity and metabolism while supporting physiological and cognitive 

functions because of the beneficial effect of optimal NA activity across the nervous system. This 

continuous moderate noradrenergic activation would serve as a neurobiological substrate, building 

stronger resilience in the face of neurodegenerative dynamics. In this study, we conceived tyrosine 

intake as a parameter capable to stimulate/up-regulate (or support) the LC-NA system in accordance 

with previous evidence. Indeed, as described in the introduction, acute administration of tyrosine 

leads to an increase in catecholamines, in particular NA concentrations (Sved et al. 1979; Agharayana 

et al. 1981; Rasmussen et al. 1983; Wurtman 1983; Lieberman et al. 1986) while influencing higher 

order cognitive functioning (Lieberman et al. 1986; Lieberman et al. 1984; Leathwood & Pollet 1982; 

Kühn et al. 2019; Hase et al. 2015; Jonkeese et al. 2015; Attipoe et al. 2015; Steenbergen et al. 2015; 

Colzato et al. 2016; Colzato et al. 2014; Colzato et al. 2013; Mahoney et al. 2007; O’Brien et al. 2007; 

Magill et al. 2003; Thomas et al. 1999; Deijen et al. 1999; Neri et al. 1995; Deijen and Orlebeke 1994). 

Accordingly, in the context of this work, we hypothesized that tyrosine intake would be beneficial 

for keeping adequate physiological activity of LC-NA system through adequate NA supply provided 

by tyrosine.  

Box 2 – Brain Predicted Age Difference 

Brain Predicted Age Discrepancy (BrainPAD), calculated here using the method of Boyle and 

colleagues (Boyle et al. 2020), is an objective measure reflecting how the brain is ageing. BrainPAD 

compares an individual’s structural brain health, reflected by voxel-wise grey matter intensity, to the 

state typically expected at that individual’s age. Therefore, higher discrepancies between the 

biological brain age and chronological age are indices of abnormal ageing . Namely, greater 

BrainPAD scores reflect accelerated biological aging processes while negative scores mirror slower 

aging, a younger brain better maintained. BrainPAD is considered an index of brain maintenance 

contributing to Reserve (Boyle et al. 2020; Cabeza et al. 2018; Barulli et al. 2013).  

Methods 

Data 

Cognitive and neuro-imaging data of younger and older participants were collected at the Max 

Planck Institute for Human Development (Berlin, Germany) at two time points (T1 and T2) between 

2013 and 2016. The study is part of the Berlin Aging Study II (BASE-II) (Bertam et al. 2014; Gestorf et 

al. 2016 - https://www.mpib-berlin.mpg.de/research/research-centers/lip/projects/aging/base-ii). On 

average, data acquisitions were 2.21 years apart (standard deviation (SD) = 0.52, range = 0.9–3.2). 

Neuro-imaging data were collected on separate occasions at each time point (mean interval = 9.16 

days, SD = 6.32, range = −2–44; for T2). Data for this study is based on the previous work of Kühn and 

colleagues (Kühn et al. 2019) and included anonymised MRI images of 398 healthy participants at 

time point 1 (249 males – 149 females; age range 24 – 38 [n. 81] and 61 – 81 [n. 317]) and 291 subjects 

at time point 2 approximately three years later, between 1 and 4 years (in average 4.09 years for the 

old group and 3.79 for the young group. For T2 in total were considered 190 males – 101 females; age 

range 25 – 40 (n. 54) and 62 – 83 (n. 237).  

MRI, Neuropsychological, cognitive and Nutritional Assessments 

At T1 participants of BASE-II underwent a neuropsychological assessment (CERAD plus) 

examining a variety of domains, in the current study we focused on the following measures: Mini-

Mental Sate Examination (MMSE) to account for broad cognitive functioning, Trail Making Test A; B 

and B minus A (TMT-A; TMT-B; TMT-B-A) to consider visuospatial attention and cognitive control. 

Moreover, we also included cognitive measures of spatial working memory (Spatial Update – SU - 

Schmiedek et al. 2010), fluid intelligence (practical problem solving - PP - Lindenberger et al. 1993) 

and finally episodic memory assessed by the Rey Auditory Verbal Learning Test (RAVLT) at 

immediate and delayed (20min later) recall. All these measures were selected since they are typically 
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associated with LC-NA function. For further details please refer to Kühn and colleagues (Kühn et al. 

2019) and Duzel and colleagues (Duzel et al. 2016). 

The nutritional assessment was carried out at T1 using the “food frequency questionnaire” FFQ - 

https://dapa-toolkit.mrc.ac.uk/diet/subjective-methods/food-frequency-questionnaire - Boeing et al. 

1997). This questionnaire developed by the European Prospective Investigation into Cancer and 

Nutrition (EPIC - https://epic.iarc.fr/) assesses the habitual daily intake of 148 different kinds of food 

covering a period of 12 months before the questionnaire administration. From this measure Kühn 

and colleagues (Kühn et al. 2019), referring to the values provided by a federal coding system, 

extracted the habitual dietary intake-daily average (HD-Tyr-IDA) from regular diets and each food-

item of the FFQ (for further details please refer to Kühn and colleagues - Kühn et al. 2019). Kühn and 

colleagues also calculated the habitual dietary total food intake-daily average (HD-TF-IDA), and 

more specifically the habitual dietary carbohydrates intake-daily average (HD-Car-IDA), the habitual 

dietary fat intake-daily average (HD-Fat-IDA), the habitual of protein intake-daily average (HD-Pro-

IDA) and the habitual dietary water intake-daily average (HD-Wat-IDA). In addition, they also 

provided body mass index (BMI), body weight, height and waist circumference of 330 participants 

(24 females and 45 males were missing, 50 within the old group and 18 within the young group). In 

the current study we used the above mentioned nutritional scores without any additional 

interference.  

MRI protocols of T1 included a variety of structural MRI sequences. In the current study we only 

used de-faced high-resolution 3T structural MPRAGE scans of 398 subjects and 291 subjects of T2. 

For further information, please refer to (Bertam et al. 2014; Gestorf et al. 2016 - https://www.mpib-

berlin.mpg.de/research/research-centers/lip/projects/aging/base-ii). Time point 2 assessment was 

carried out roughly 3 years after time point 1 and did not include FFQ and TMT. Images from T2 are 

used only for exploratory analyses described in the following sections and reported in supplementary 

materials.  

Neuromodulatory subcortical system – Control analyses 

In order to better evaluate the sensitivity of this study, control analyses are implemented for 

each of the four aims described. Analyses investigating the noradrenergic hypothesis, are repeated 

testing the other main neuromodulatory subcortical nuclei projecting to the cortex. Namely the 

Dorsal Raphe (DR) and the Median Raphe (MR) for the serotoninergic system (5-HT), the Ventral 

Tegmental Area (VTA) for the dopaminergic system (DA) and the Nucleus Basalis of Meynert (NBM) 

for the cholinergic system (ACh). This procedure was further implemented by testing also the 

opposite relationship hypothesized, for each of the five seeds of the neuromodulatory subcortical 

system to further consider alternative hypothesis to LC-NA system involvement and directionality. 

Neuromodulatory subcortical system ROI definition  

As the brain scans, all the ROIs were oriented in the Montreal Neurological Institute – MNI 

coordinates space. In order to examine LC-NA system integrity in relation to HD-Tyr-IDA, the 

current study used the “omni-comprehensive” LC MRI mask developed in our previous work (Plini 

et al. 2021), which resolves inconsistent LC spatial localization reported in 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; García-Gomar et al. 2022) without encroaching other pontine and cerebellar regions, 

and without crossing the walls of the 4th ventricle (further details can be found in supplementary 

materials of Plini et al. 2021 and visualized in 3D at this link: 

https://www.youtube.com/watch?v=90bsA6Jqxs4). To contrast the noradrenergic hypothesis with 

other main neuromodulatory subcortical systems, the principal nuclei projecting to the cortex were 

isolated using previously published atlases. Specifically, the MR and DR ROIs were provided by 

Beliveau et al. (2015), and the VTA mask was obtained by downloading the MNI VTA probabilistic 

map from the atlas made by Pauli et al. (2018) from the NeuroVault website 

(https://neurovault.org/collections/3145/ accessed on 15 December 2018). The NMB was developed 

on the basis of the probabilistic MNI maps of the acetylcholine cells of the forebrain, which are 
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provided by Statistical Parametric Mapping (SPM) Anatomy Toolbox 2.2c 

(https://www.fzjuelich.de/inm/inm1/EN/Forschung/_docs/SPMAnatomyToolbox/SPMAnatomyToo

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). Furthermore, an MNI 

4th ventricle mask was designed voxel by voxel in order to control for 4th ventricle signal variations 

in the analyses (see the aforementioned link to visualize the mask). All the ROIs, including the 4th 

ventricle mask, had 1mm3 voxel size and were oriented in the MNI space within a matrix size field 

of view (FOV) of 181x217x181 (the same of the processed images outcoming from the Computational 

Anatomy Tollbox 12 (CAT12). For further information and a more detailed rationale please refer to 

Plini et al. 2021 (Plini et al. 2021). Figure 1 shows the 3D spatial reconstruction of the five ROIs. 

 

Figure 1. Displaying a 3D reconstruction of the neuromodulatory subcortical system. In blue the 

Locus Coeruleus -LC- (Noradraenaline - NA), in red the Dorsal Raphe -DR- (Serotonin – 5-HT), in 

orange the Median Raphe -MR- (Serotonin -5-HT), in green the Ventral Tegmental Area -VTA- 

(Dopamine – DA), in purple the Nucleus Basalis of Meynert -NBM- (Acetylcholine – ACh). 

BrainPAD calculation 

Brain Predicted Age Discrepancy (BrainPAD), calculated here using the method of Boyle and 

colleagues (Boyle et al. 2020), is an objective measure reflecting how the brain is ageing. 

It is similar to the previously developed indices such as Brain Gap Estimation—BrainAGE by 

Gaser et al. 2013, but it is computed only considering grey matter rather than white (WM) and grey 

matter (GM) together since GM was linearly associated with aging  (Ge et al. 2002; Boyle et al. 2020). 

BrainPAD is obtained by calculating the discrepancy between the chronological age and the 

biological age of the brain defined on a healthy brain ageing trajectory of typical subjects. Boyle and 

colleagues defined the normal trajectory of GM ageing in healthy subjects. Then, they trained an 

algorithm to predict the degree of GM deterioration in relation to the chronological age in a three 

further populations of healthy individuals. The current study followed the process described in Boyle 

et al. 2020 with the aim of replicating and extending the findings reported in Plini et al. 2021, where 

LC integrity was related to better brain maintenance (lower BrainPAD scores) across 686 participants, 

both healthy controls, mild cognitive impairments and demented subjects.  

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 April 2023                   doi:10.20944/preprints202304.0406.v1

https://www.fzjuelich.de/inm/inm1/EN/Forschung/_docs/SPMAnatomyToolbox/SPMAnatomyToolbox_node.html
https://www.fzjuelich.de/inm/inm1/EN/Forschung/_docs/SPMAnatomyToolbox/SPMAnatomyToolbox_node.html
https://doi.org/10.20944/preprints202304.0406.v1


 8 

 

MRI processing 

De-faced 3T high-resolution T1-weighted MRIs in Nifti format were processed using CAT12 

(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. All 

the 398 images of time point 1 and the 291 images of time point 2 were classified above 80% by CAT12 

quality rating (grade B on a scale of: A – Excellent; B- Good; C- Satisfactory; D- Sufficient; E- Critical; 

F- Unacceptable/Failed). Only four images were classified as satisfactory (C) and only one as 

Sufficient (D). These five images were kept since brainstem structures were not affected by excessive 

blurriness or motion and/or reconstruction artifacts. Lastly, to better account for individual 

volumetric variability in the Voxel Based Morphometry (VBM) analyses, the Total Intracranial 

Volume (TIV) was calculated for each participant using CAT12 interface (Statistical Analyses – 

Estimate TIV).  

Voxel-Based Morphometry Analyses (VBM) 

VBM analyses were performed using the CAT12 processed and unsmoothed whole brain 

images, Grey Matter (GM) + white matter (WM) considered together (not segmented). In CAT12, 

VBM multiple regression models were built in order to assess the main relationship between LC-NA 

system integrity and HD-Tyr-IDA and BrainPAD.  

At time point one, the first model treating TIV, age, gender, education and total food intake as 

covariates, examined the relationship between LC signal intensity and HD-Tyr-IDA in keeping with 

the main hypothesis. As control procedure, the same model was repeated considering the DR, MR, 

VTA and NMB, testing the same relationship with HD-Tyr-IDA in order to contrast the noradrenergic 

hypothesis against the other main neuromodulatory systems. As an additional control procedure, the 

opposite (negative) relationships were tested to account for directionality other than hypothesized. 

In total the first model was contrasted against nine alternative hypotheses. The same procedure was 

repeated at time point two on 291 participants by using all the covariates of time point two with the 

only exception of HD-Tyr-IDA which was taken 3 years before. This was the only analysis performed 

at time point two. Later, the model was repeated by covarying also for the 4th ventricle to account for 

possible local age-related ventricle enlargement which may partially affect the magnitude of the 

results, fiven LC’s location adjacent to the fourth ventricle. Moreover, the same model was repeated 

without isolating the LC with the Plini et al. 2021 mask, but by including the whole Pons in order to 

gauge for larger regional variation. (This last model together with time point two and 4th ventricle 

analyses are reported in the supplementary materials). 

To further increase control procedures, additional VBM multiple regression models were built 

to test the relationship between LC-NA system integrity and average macronutrients and water 

intake (control analyses on macro-nutrients). Namely, by covarying for TIV, age, gender, education 

and HD-TF-IDA, four different models examined LC signal intensity in relationship with HD-Fat-

IDA, HD-Car-IDA, HD-Pro-IDA, HD-Wat-IDA. This additional practice aimed to strengthen the 

reliability of findings enabling a broader understanding of the data. By doing so, the first model was 

contrasted with four alternative hypotheses for a total of 21 antithetic VBM analyses.  

The second model investigated the relationship between LC signal intensity and BrainPAD in 

order to replicate and extend the findings reported in Plini et al. 2021. The same multiple regression 

model was built, and controlling for TIV, age, gender and education, the negative relationship 

between LC and BrainPAD was tested. Namely, greater LC signal intensity related to lower 

BrainPAD scores reflecting better maintained brain – less brain deterioration. As already performed 

in Plini et al. 2021, the analyses were repeated for the other ROIs (DR, MR, VTA and NBM) and 

opposite relationships were investigated as well. In total, also this model was contrasted against nine 

alternative antithetic hypotheses.  

All the VBM models statistical thresholds were set at P<0.01 uncorrected, and later increased 

progressively until the results disappeared (namely: P<0.001, P<0.01 Family Wise Error Correction – 

FWE). 
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ROI’s mean signal intensity extraction 

In order to perform Bayesian and mediation analyses, the average signal intensity of the regions 

of interest (ROIs) was extracted in FMRIB Software Library (FSL - 

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/) by using the binary masks on the unsmoothed 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 participant by participant. This procedure was also 

carried out to extract the average signal intensity from clusters of significant voxels detected in the 

VBM analyses in order to calculate accurate Bayes Factors (BF) and to perform mediation analyses.  

Statistical analyses in JASP and Bayesian modelling 

Bayes Factors and Multiple Regression models  

BF were generated in the JASP interface (Bayesian correlation model; (JASP - https://jasp-

stats.org/) on the basis of the average signal intensity of the significant clusters detected in the VBM 

analyses (when ROIs exceeded the statistical thresholds). The average signal intensity of the whole 

ROI was considered in the Bayesian correlation coefficients only for the ROIs which showed no 

significant cluster of voxels in the VBM analyses. 

Bayesian multiple regression models were performed to examine the five neuromodulators’ 

seeds considered together within the same model as an additional control procedure. The 

relationship between the neuromodulatory subcortical system and HD-Tyr-IDA and BrainPAD were 

examined. One model considered HD-Tyr-IDA as dependent variable while entering the five ROIs 

as predictors while controlling for TIV, age, gender, education and HD-TF-IDA (in a second instance 

this model was further controlled for BMI, weight, height, and waist circumference to better assess 

the effect of body metrics on 330 individuals).  

The other model considered BrainPAD as dependent variable while entering the five ROIs as 

predictors and controlling for TIV, age, gender and education. Similarly, in order to test which macro-

nutrient better related to LC signal intensity, as part of the “control analyses on macronutrients”, in 

a Bayesian multiple regression model, LC signal intensity was entered as dependent variable and 

HD-TF-IDA, HD-Car-IDA, HD-Pro-IDA, HD-Wat-IDA as predictors. The model was controlled for 

age, gender, education, TIV and 4th ventricle, HD-TF-IDA, BMI, weight, height, and waist 

circumference. All the models were run with the default JASP settings with only exception of 

selection “compare to the null model” and “Bayesian inclusion criteria - BIC” in the advanced options. 

Protein intake visual modelling and ANCOVAs  

Lastly, to better contextualise within the ESPEN guidelines the participants’ dietary behaviour 

in matter of protein intake, a visual model was built in JASP by treating HD-Pro-IDA (visual 

modelling -> flexpot) as a factor divided in three levels (low: 0 to 60gr daily; mid: 61 to 90gr daily; 

and high: 91 to 210gr daily). Protein intake was entered as planned variable, while HD-Tyr-IDA as 

dependent variable, and LC signal intensity and body weight entered as independent variables. This 

was made in order to explore the individual average protein intake in relationship to body weight 

and HD-Tyr-IDA and their effect on LC integrity. The model was further corroborated by ANCOVAs 

which investigated whether significant differences occurred between the three levels (low, mid and 

high protein intake) and the following variables: TIV, LC, HD-Tyr-IDA, BMI and body weight. The 

models investigating BMI and body weight were covaried for age, gender and education, while the 

models investigating LC, HD-Tyr-IDA and TIV were controlled also for HD-TF-IDA, BMI and body 

weight. 

Mediation Models with parallel multiple mediators 

Several mediation analyses were performed in JASP in order to test whether the relationships 

between HD-Tyr-IDA neuropsychological tests and BrainPAD were mediated by the LC-NA system 

integrity. HD-Tyr-IDA was treated as a predictor (Y) and the following neuropsychological tests as 
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outcome (X): TMT-A, TMT-B, TMT-B-A, RVALT immediate, RVALT delayed, MMSE, Spatial WM 

(SU), fluid intelligence (PP). The average MRI signal intensity of LC, DR, MR, VTA and NBM were 

treated in parallel as mediators. The model was covaried for TIV, age, gender, education and HD-TF-

IDA. For the model investigating BrainPAD, HD-Tyr-IDA was entered as predictor (Y) and 

BrainPAD as outcome (X), the five ROIs were entered in the same way as parallel mediators. The 

same covariates were entered. All mediation models followed the standard settings with 95% 

confidence intervals and 5000 bootstrap samples.  

Results 

Descriptive data 

Key variables of the current sample are reported in Tables 1 and 2. Table 1 reports education 

attainment and the average values of the key brain parameters examined in this study along with the 

selected neuropsychological tests. Table 2 reports the daily average intake of tyrosine and macro-

nutrients including also total food, water intake and average caloric intake. 

Table 1. Abbreviations: TIV – total intracranial volume; BrainPAD – brain predicted age difference; 

LC – Locus Coeruleus; DR – Dorsal Raphe; MR – Median Raphe; VTA – Ventral Tegmental Area; 

NBM- Nucleus Basalis of Meynert. Abbreviations for neuropsychological tests: MMSE – Mini Mental 

Examination State; Trail-A – Trail Making Test Part A; Trail-B – Trail Making Test part B; Trail B-A- 

Trail Making Test part B minus part A; SU – Spatial Update (working memory); PP – Practical 

Problem solving (fluid intelligence); RAVLT recall 1 and 2 - Rey Auditory Verbal Learning Test. 

 

Table 2. Abbreviations: HD-Tyr-IDA – habitual dietary tyrosine intake on daily average; HD-TF-IDA 

- habitual total food intake on daily average; HD-Pro-IDA - habitual dietary protein intake on daily 

average HD-Fat-IDA - habitual dietary fat intake on daily average; HD-Car-IDA - habitual dietary 

carbohydrates intake on daily average; HD-Wat-IDA - habitual dietary water intake on daily average. 

 

Voxel-Based Morphometry Analyses (VBM)  

VBM – Tyrosine and Bayesian modelling 

In accordance with our hypothesis, VBM analyses revealed a positive relationship between LC 

signal intensity and greater tyrosine intake in grams while controlling for age, gender, education, TIV 

and total food intake. As reported in Table 3, for P<0.01, 129 voxels within the bilateral LC regions 
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were associated with greater dietary tyrosine intake (maximal BF10 14050.14). As shown in Figure 2, 

we note that a significant portion of these LC findings overlap with the core of 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; García-Gomar et al. 2022).  

By testing the other neuromodulator seeds, negligible or no results arose. In the same way, no 

results emerged when the opposite relationships for the five ROIs were tested.  

When examining the five ROIs simultaneously in the same Bayesian multiple regression model, 

the combined effect of LC + VTA (BF10 231041.046) resulted in the strongest model related to tyrosine 

intake, and the relationship between tyrosine and VTA emerged (BFinclusion 4.710), but the 

disproportionate involvement of LC-NA system was predominant (BFinclusion 792.331 - for details refer 

to Table 4). Furthermore, when in the model was additionally controlled for participants’ BMI, body 

weight, height, waist circumference and the 4th ventricle, the same pattern of findings was obtained. 

Noticeably, the LC+VTA effect increased to BF10 to 349682.325 and the LC BFinclusion   doubled to 

1412.285 while the VTA raised to 40.732. For further details refer to Table 4b in the Supplementary 

Materials.  

Lastly, the young and older group did not significantly differ in HD-Tyr-IDA, neither in LC 

signal intensity. At visual inspection and with formal analyses, the the LC-tyrosine relationship 

showed the same trajectory and the same pattern in both young and old populations (for further 

details please refer to Table 4c,d and Figure 2b in the Supplementary Materials). This result is 

consistent with the findings by Kühn and colleagues (2019), where no differences in the relationship 

between Tyrosine and cognitive functions were found in young and older participants. 
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Figure 2. The upper portion of the figure shows the relationship between daily average of dietary 

tyrosine intake in grams and Locus Coeruleus MRI signal intensity across n.398 healthy participants 

(age range 25-81) for P<0.001 threshold. The results are corrected for age, gender, education, total 

intracranial volume and daily average of total food intake. The significant LC cluster of voxels (in 

blue) is shown on a coronal 3D reconstruction of the brain. Greater LC signal intensity is related with 

greater Tyrosine intake.  Below the LC findings are shown in comparison with the spatial resolution 

of the previously published LC MRI masks and atlases. From an axial and coronal point of views, the 

VBM LC-Tyrosine cluster is displayed on a 3D LC reconstruction of the “omni-comprehensive” LC 

mask by Plini et al. 2021. Below the LC atlases comparisons are reported the percentage of overlaps 

(shared voxels). between the LC-Tyrosine cluster and the specific atlas. The code used to generate the 

percentage coeffiecients is reported in the supplementary materials. 
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VBM – control analyses on macro-nutrients and Bayesian modelling  

No relevant associations emerged for HD-Car-IDA and HD-Wat-IDA (Table 7 Supplementary 

Materials). In contrast, significant associations between LC signal intensity and HD-Pro-IDA and HD-

Fat-IDA emerged. Specifically for P<0.01 141 LC voxels distributed bilaterally related to protein 

intake and 51 LC voxels related to fat intake. The associations between LC and protein and fat were 

weaker than the associations between LC and tyrosine, suggesting that LC-tyrosine findings appear 

to be more specific in relationship to LC in comparison with the main macro-nutrients. LC-Tyrosine 

(BF10 14050.14), LC-HD-Pro-IDA (BF10 6926.05), LC-HD-Fat-IDA (BF10 483.20). When testing for 

opposite relationships, no or negligible associations emerged for all four macro-nutrients.  

Furthermore, when the macro-nutrients were tested simultaneously in the same Bayesian 

multiple regression model (controlling for age, gender, education, TIV, 4th ventricle, HD-TF-IDA, 

BMI, weight, height, and waist circumference), HD-Tyr-IDA (BF10 4033.661; R² 0.402) was the 

strongest variable related to LC followed by HD-Pro-IDA (BF10 3864.57; R² 0.401). Weaker associations 

were found for the other variables (for further detail see Table 7b,c in the Supplementary Materials). 

This outlines the tight interdependence between protein intake and tyrosine which in this sample are 

highly related (Pearson's r 0.979*** - BF10 2.809e+268). 

Protein intake: visual modelling and ANCOVAs  

ANCOVAs on the three groups of protein intake (low, mid and high) revealed that TIV, BMI 

and body weight did not significantly differ across different level of dietary protein intake (HD-Pro-

IDA), tables are not reported for the sake of brevity. On the other hand, HD-Tyr-IDA and LC MRI 

signal intensity significantly differs across the three groups while controlling for age, gender, 

education, TIV, HD-TF-IDA, BMI and body weight. Namely, individuals reporting eating in average 

more protein on daily basis (1.4gr~ of protein per kg of body weight – kg/bw), shown significantly 

higher tyrosine intake (HD-Tyr-IDA) and greater LC integrity when compared to individuals eating 

mid (1gr~ kg/bw) and low (0.7gr~ kg/bw) levels. For greater details please refer to Figure 3 (protein 

intake visual modelling) and to Tables 8–12 in the Supplementary Materials. 
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Figure 3. Reports the relationship between tyrosine intake and Locus Coeruleus signal intensity 

across levels of habitual protein intake displayed for individual body weight. individuals reporting 

eating in average more protein on daily basis (1.4gr~ of protein per kg of body weight – kg/bw – 

Tyrosine: 3.9gr~), shown significantly higher tyrosine intake (HD-Tyr-IDA) and greater LC integrity 

when compared to individuals eating mid (1gr~ kg/bw - Tyrosine: 2.5gr~ ) and low (0.7gr~ kg/bw - 

Tyrosine: 1.5gr~) levels. Body weight, BMI index and TIV do not significantly differ across the 3 levels 

of habitual dietary protein intake (low, mid, high). Habitual Tyrosine intake and Locus Coeruleus 

integrity significantly differ across the 3 levels (ANCOVAs P.bonf  P<0.001 with effect size above 0.8 

– controlling for age, gender, education TIV, total food intake, BMI, body weight and 4th ventricle 

volume). 

Mediation Models with parallel multiple mediators 

When considering the ROIs simultaneously, only two out of nine models showed significant 

associations which are reported here.  

LC integrity only significantly mediated the relationship between HD-Tyr-IDA and TMTB-A in 

comparison with other neuromodulator nuclei while controlling for age, gender, education, TIV and 

total food intake (refer to Table 13). None of the other cognitive and neuropsychological scores 

showed a significant association.  

In the same vein, only LC integrity significantly mediated the relationship between HD-Tyr-IDA 

and BrainPAD in comparison with other neuromodulator nuclei while controlling for age, gender, 

education, TIV and total food intake (refer to Table 14). This result suggests that the documented 
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protective effect of protein and amino-acid intake on brain health might be mediated by the integrity 

of the LC-NA system over other neuromodulatory systems. These mediation analyses point to the 

relevance of the LC-NA system in brain and cognitive health while replicating previous findings 

(Plini et al. 2021).  

Table 13. Reports results of the mediation analyses treating the 5ROIs as parallel mediators between 

tyrosine intake and TMT B-A. By covaring for age, gender, education, TIV and total food intake, only 

the LC significantly mediated the relationship between dietary tyrosine intake and TMT B-A. 
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Table 14. Reports results of the mediation analyses treating the 5ROIs as parallel mediators between 

tyrosine intake and BrainPAD. As shown in the table, by covaring for age, gender, education and TIV, 

only the LC significantly mediated the relationship between dietary tyrosine intake and BrainPAD. 

 

VBM – BrainPAD and Bayesian modelling  

The relationship between brain maintenance and the five neuromodulators’ seeds revealed a 

disproportionate relationship between LC integrity and lower BrainPAD scores in comparison with 

the other nuclei. The significant portion of these LC findings overlap with the core of 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; García-Gomar et al. 2022). Better brain 

maintenance was related to an LC cluster of 201 voxels distributed bilaterally (P<0.01 - BF10 5.44 - in 

Table 15 in the Supplementary Materials). Figure 9 (in the Supplementary Materials) shows the 

spatial extent of the LC results in comparison with the previously published LC atlases and masks. 

The second strongest relationship was observed within the DR region showing a cluster of 49 voxels 

(BF10 0.12). However, when the opposite relationships were tested, while for the other 

neuromodulatory seeds no significant clusters emerged, an NBM cluster of 30 voxels mostly right 

lateralised related in the opposite direction, namely accelerated GM aging, greater BrainPAD scores. 

However, this cluster did not survive more stringent statistical thresholds. When the five ROIs were 

considered together within the same Bayesian multiple regression model (Table 16), the primary 

involvement of the LC-NA system in brain maintenance was confirmed (BF10 28.56). As observed in 

Plini et al. 2021, this was followed by the DR (BF10 11.45). In addition, the combined effect of LC + DR 

was the third model related to BrainPAD (BF10 22.46). The other ROIs showed weaker associations, 

for further details refer to Table 11 in the Supplementary Materials.  

Discussion 

The present study provides evidence that dietary tyrosine intake relates to LC integrity in a 

sample of 398 healthy adults (age range 25-83). Negligible associations were found for the other ROIs 

indicating a predominant sensitivity of the LC to tyrosine intake in contrast to the other main 

neuromodulatory nuclei. In addition, LC integrity was disproportionately related to brain 

maintenance (BrainPAD) and, by comparison with the other subcortical nuclei, only the LC 
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significantly mediated the relationship between tyrosine intake and BrainPAD, and tyrosine intake 

and one measure of high order cognitive functions (TMT B-A). This novel evidence indicates how 

associations between diet and brain health may be underpinned by the LC-NA system and provides 

further neurobiological insight into the relationship between diet, cognition and overall brain health 

across the life-span. Moreover, tyrosine intake measured at T1 relates with LC integrity three years 

later (T2 n. 291). Lastly, protein and fat intake related to LC-NA system integrity although the 

relationship between tyrosine and LC-NA was statistically stronger, which lead to the inference that 

LC integrity might be more specifically affected by tyrosine as opposed to protein and fat intake. 

Together these findings present the first evidence linking habitual dietary tyrosine intake to MRI 

integrity of the LC-NA system, and suggest that diet (protein and related tyrosine intake) might 

significantly affect brain maintenance and cognitive functioning through LC-NA system integrity in 

healthy individuals.  

Tyrosine intake, Locus Coeruleus and Trail Making Test (attentive cognitive control) 

Evidence indicating a beneficial role of tyrosine on cognitive functions might be explained by 

the relationship observed in this sample. Our results demonstrated that greater tyrosine intake, by 

supporting LC structural integrity, would ensure adequate/greater NA metabolism when needed, 

while laying the ground for better cognitive performance. This view is consistent with 

pharmacological studies reporting enhanced cognitive performances when noradrenergic drugs are 

administered (Minzenberg et al. 2008; Alnæs et al. 2014; Dockree et al. 2017; Gelbard-Sagiv et al. 2018; 

Pinggal et al. 2022; Hoang et al. 2022). Specifically, cognition is enhanced in attentional tasks, visuo-

spatial functions and cognitive control, aspects which are underpinned by the LC-NA system, (Ghosh 

and Maunsell 2022; Munn et al. 2021; Aston-Jones and Waterhouse 2016; Aston-Jones et al. 1999; 

Sarah 2009; Mather and Harley 2016; Holland et al. 2021; Robertson 2013&2014) evaluated by TMT 

(Tombaugh 2004; Lezak et al. 2004; Bowie and Harvey 2006) and more precisely by TMTB-A 

(Arbuthnott and Frank 2000; Gaudino et al. 1995; Corrigan and Hinkeldey 1987). Indeed, associations 

between TMT and LC-NA system were already recorded in literature by Clewett and colleagues 

(2016), Dutt and colleagues (2021) and in our previous work (Plini et al. 2021). Accordingly, the 

mediation of the relationship between tyrosine and TMT-B-A by LC, is in line both with earlier 

empirical observations and our working hypothesis, offering plausible insight into the LC-NA system 

in relation to diet and higher order cognitive functioning. 

Tyrosine intake, Locus Coeruleus and BrainPAD (brain maintenance) 

These results provide some explanation for the widely documented role of diet in 

neurodegenerative disease prevention, and for the previously reported associations between tyrosine 

intake and greater cognitive/attentional control, which, might be mechanistically mediated by the 

LC-NA system over the other main neuromodulatory systems. Consistent with Robertson’s model, 

LC integrity was associated with brain maintenance (see also Plini et al. 2021). The relationship 

between tyrosine intake and BrainPAD was mediated exclusively by LC-NA system integrity. We 

interpret this interdependence as a way to account for how diet may affect brain health via the LC-

NA system. Greater dietary tyrosine intake could preserve brain health by supporting the LC-NA 

system consistent with literature reporting greater protein and amino-acid intake relating to brain 

health and preserved cognition (Gao et al. 2022; Glenn et al. 2019; Kinoshita et al. 2021; Fan et al. 2021; 

Coelho-Júnior et al. 2021; Pacholko et al. 2019). Dietary tyrosine intake would ensure adequate NA 

biosynthesis which would affect brain and cognitive health arising from the neurotrophic and 

protective actions of NA in the brain (Heneka et al. 2002; Heneka et al. 2015; Troadec et al. 2005; 

Feinstain et al. 2002; Counts et al. 2010; Hassani et al. 2020; Traver et al. 2005; Mannari et al. 2008; 

Omulabi et al. 2021). As postulated by Robertson (Robertson 2013&2014), greater concentrations of 

NA in the brain would prevent neurodegenerative processes via anti-inflammatory and neurotrophic 

properties of NA in the brain. In light of these properties, dietary tyrosine intake might be also read 

as a potential factor supporting neuronal resilience and cognitive functioning by supporting the LC-

NA system.  
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BrainPAD and the neuromodulatory subcortical system 

We found that the LC-NA system disproportionally relates to lower BrainPAD (reduced brain 

aging) in comparison to the other neuromodulator ROIs. These results replicate the previous findings 

reported in Plini et al. 2021, where BrainPAD scores were primarily associated with LC integrity 

followed by DR integrity while showing no association with the MR. This may suggest a relevant 

serotoninergic role in brain maintenance, and this replicated our previous pattern of findings (Plini 

et al. 2021). However, this DR involvement might be interpreted also as a noradrenergic involvement 

in brain maintenance. Indeed, noradrenergic compensation has been observed within the DR (Szot et 

al. 2000; Szot et al. 2006; Szot et al. 2007; Matchett et al. 2021) and DR itself is also a key multipurpose 

nucleus comprising catecholaminergic neurons (30% of the whole DR – Farley et al. 1977; Baker et al. 

1991; Ordway et al. 1997; Kirby et al. 2003). This opens to the interpretation of the DR results 

attributable to the DR noradrenergic component rather than only to its serotonergic aspect. This 

interpretation is further supported by the lack of association found between BrainPAD and the MR. 

As a matter of fact, when the five ROIs were considered together within the same Bayesian multiple 

regression model, this interpretation was corroborated. Indeed, this analysis confirmed the primary 

role of the LC-NA system (BF10 28.56) followed by the DR (BF10 11.45) while showing no relevant 

association for the serotonergic MR.  

Control analyses on macro-nutrients  

The results of the control analyses underline the difficulty in differentiating between micro and 

macro nutrient intake in this sample while suggesting they reflect actual meat intake. Indeed, as 

pointed out by Kühn and colleagues (Kühn et al. 2019), tyrosine intake was highly related to meat 

intake (r 0.85 P<0.001). Therefore, the associations observed between the LC-NA system and HD-Pro-

IDA and HD-Fat-IDA might even be read within the reported beneficial role of meat intake both for 

the health aspects of fatty-acid and amino acid content (including amino-acid tyrosine) (Gupta 2016; 

Black et al. 2019 A; Black et al. 2019 B; Scarmeas et al. 2018; Salter 2018; Balehegn et al. 2019; Lennerz 

et al. 2021). However, we believe that these analyses do not diminish the relevance of tyrosine 

findings since the LC-tyrosine relationship remains the strongest accordingly to Bayes Factors, 

namely LC-tyrosine (BF10 14050.14), LC-HD-Pro-IDA (BF10 6926.05), LC-HD-Fat-IDA (BF10 483.20). 

According to Bayesian modelling, tyrosine findings appear to be more specific in relationship to LC 

in comparison with the main macro-nutrients. 

Summary 

Neuro-chemical mechanistic frameowr of LC-Tyrosine relationship 

The bio-chemical mechanism behind the LC-tyrosine relationship potentially resides in the 

neurochemistry of neuromodulator biosynthesis and apoptosis. Since it is documented that: 1) 

amino-acid depletion induces autophagy and then apoptosis (Gómez-Virgilio et al. 2022; Ghislat et 

al. 2012; Kiriyama et al. 2015; Hwang and Lee 2008; González-Polo et al. 2005; Martinet et al. 2005; 

Eisler et al. 2004; Bursch et al. 2008; Fumarola et al. 2001), that 2) the lack of exogenous amino-acids 

induces endogenous (mitochondrial) amino-acid catalysation (Johnson et al. 2014; Haley et al. 2010; 

Onodera and Ohsumi 2005; Ghislat et al. 2012; Gómez-Virgilio et al. 2022), and that 3) tyrosine 

availability acts as a regulator of autophagy (Mortimore et al. 1989; Dunn 1994; Kiriyama et al. 2015), 

within the same continuum, the lack of tyrosine supply, or insufficient tyrosine levels, might 

negatively affect LC functionality, increasing its cellular vulnerability to neurodegeneration (Wong 

et el. 2020; Matchett et al. 2021; Xue et al. 1999; Dunn 1994; Gómez-Virgilio et al. 2022). Even though 

autophagy can have a protective role (Heymann et al. 2006; Wu et al. 2019; Wang et al. 2019; Rami 

2009; Ghavami et al. 2014; Menzies et al. 2017; Bar-Yosef et al. 2019), autophagy induced by amino-

acid deficiency (the most influential factor - Kiriyama et al. 2015; Onodera and Ohsumi 2005; Dunn 

1994; Mortimore et al. 1989) can lead to cell death, particularly in large projecting neurons such as 

sympathetic neurons (Xue et al. 1999; Nixon et al. 2005; Cherra and Chu 2008; Ghavami et al. 2014; 
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Bar-Yosef et al. 2019; Ghislat et al. 2012; Kiriyama et al. 2015; Hwang and Lee 2008; González-Polo et 

al. 2005; Martinet et al. 2005; Eisler et al. 2004; Bursch et al. 2008; Fumarola et al. 2001). It is further 

documented that LC neurons are more susceptible than other nuclei to oxidative stress, heavy metal 

accumulation and chronic inflammation (Matchett et al. 2021; Pamphlett et al. 2015; Wang et al. 2020). 

This drives LC vulnerability towards accelerated neurodegeneration in comparison with other nuclei 

(Chen et al. 2022; Matchett et al. 2021; Ehrenberg et al. 2017; Brettschneider et al. 2015; Braak et al. 

2011). Thus, insufficient tyrosine levels may negatively impact on the metabolic burden made on the 

LC ultimately affecting its integrity and functionality (Wong et el. 2020; Matchett et al. 2021; Xue et 

al. 1999; Dunn 1994; Gómez-Virgilio et al. 2022). The lack of amino-acids may also paradoxically 

contribute to a metabolic shift via the breakdown of endogenous peptides and amino-acids within 

mitochondria (Johnson et al. 2014; Haley et al. 2010; Onodera and Ohsumi 2005; Dunn 1994; 

Mortimore et al. 1989; Gozuacik and Kimchi 2007) burdening the metabolic capacity of LC cells 

inducing an apoptotic state – intrinsic/mitochondrial apoptotic pathway (Paquette et al. 2005; Hwang 

and Lee 2008; Li et al. 2022; Bock and Tait 2020; Bursch et al. 2008; Xue et al. 1999; González-Polo et 

al. 2005; Martinet et al. 2005; Eisler et al. 2004; Wong et al. 2020; Nixon et al. 2005 Wong et al. 2020; 

Nixon et al. 2005; Ghavami et al. 2014). On the other hand, sufficient tyrosine availability supports 

LC functions. Noticeably, as pointed out by Matchett and colleagues (Matchett et al. 2021), because 

the high and unique bioenergetic needs of the LC, tyrosine levels might play a relevant role in 

compensating for mitochondrial associated oxidative stress (and related LC vulnerability) (Matchett 

et al. 2021; Sanchez-Padilla et al. 2014; Weinshenker 2008; Hwang and Lee 2008; Xue et al. 1999; Dunn 

1994; Mortimore et al. 1989). Given LC vulnerability, and the neuroprotective role of NA in the brain 

(Hassani et al. 2020; Robertson 2013&2014), what is described by Matchett and colleagues (2021) also 

provides an explanation for the negligible findings observed between HD-Tyr-IDA and VTA and 

other neuromodulatory nuclei compared to the LC. The greater LC vulnerability, and also the 

neuroprotective role of NA in the brain (Hassani et al. 2020; Robertson 2013&2014), might be 

responsible for the emergence of the Tyrosine-LC relationship in comparison with the other 

neuromodulatory nuclei, which are biologically more resilient and characterised by greater number 

of neurons (Matchett et al. 2021; Pamphlett et al. 2015; Wang et al. 2020; Sanchez-Padilla et al. 2014; 

May and Paxinos 2012; Weinshenker 2008). Concerning the VTA, another aspect might explain the 

weaker associations between tyrosine and the dopaminergic system. An interesting study from Smith 

and colleagues (Smith et al. 1978) posited the idea that the majority of dopaminergic turnover actually 

occurs in situ within the pre-synaptic terminals (i.e. away from the Substantia Nigra and VTA and 

within regions like the Striatum and the cortex), which was in comparison to NA and 5-HT, where 

the major turnover was shown in pons-medullar regions near of the LC and the DR. This 

interpretation might appear simplistic, but may it may serve to partly explain the nature of this 

weaker relationship. Therefore, the level of tyrosine might not appear to directly affect VTA integrity 

because DA synthesis would be more diffuse and scattered across the brain. Accordingly, this would 

undermine the way how this association stands out by using our methodology.  

In conclusion, as discussed above and consistent with our findings, the role of tyrosine might be 

read as supporting the biosynthesis of NA in the LC. Accordingly, greater levels of tyrosine, by 

supporting the high bioenergetic demand of the LC-NA system, would prevent LC degeneration 

while providing for brain maintenance arising from the neurotrophic and neuroprotective actions of 

NA throughout the neuroaxis. Indeed, as postulated by Robertson, greater NA synthesis (arising 

from tyrosine availability) would preserve brain functioning via a plethora of brain mechanisms 

which includes enhanced expression of brain-derived neurotrophic factors (BDNF) and anti-

inflammatory and anti-oxidative mediators particularly towards the dopaminergic and cholinergic 

neurons (Heneka et al. 2002; Heneka et al. 2015; Troadec et al. 2005; Feinstain et al. 2002; Counts et al. 

2010; Hassani et al. 2020; Traver et al. 2005; Mannari et al. 2008; Omulabi et al. 2021; for review see: 

Giorgi et al. 2020, Matchett et al. 2021 and Mather 2021). 
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Figure 4. Graphical discussion: Proposed neurobiological mechanisms explaining the observed 

relationship between greater dietary tyrosine intake and Locus Coeruleus MRI signal intensity and 

their associations with grey matter maintenance and better attentional performances. In chronic, 

greater protein (including tyrosine) intake would serve as biological substrate supporting the high 

metabolic demand of the LC-NA system. On the long term, greater tyrosine intake would prevent 

mitochondrial amino-acid starvation, which, within the noradrenergic system, would lead to 

increased autophagy and then intrinsic apoptotic pathway eventually resulting and decreased LC 

cells and dendrite density. A better maintenance of the LC-NA system would both support high order 

cognitive functioning and reducing dementia risk in accordance with the Noradrenergic Theory of 

Cognitive Reserve proposed by Robertson (Robertson 2013 & 2014). While the nature of the observed 

relationship between LC and Tyrosine intake is correlational, it should be considered that the other 

experiments reported causational effects between amino-acid depletion and related mitochondrial 

(autophagic) dysfunction, which ultimately lead to intrinsic apoptosis, studied also within the 

noradrenergic neurons (Xue et al. 1999). However, it should be taken into account that the proposed 

underlining mechanisms may be explained by other variables and potentially reside also within other 

neurobiological dynamics. 

Limitations 

There are several limitations to note. To begin with, and, as pointed out by Kühn and colleagues 

(2019), the main limitation encountered analysing these data concerns tyrosine assessment. Given the 

self-report nature of the EPIC questionnaire, HD-Tyr-IDA cannot be precisely evaluated, and the 

observed effect might be attributable to other macro- and micro-nutrients and potentially even to 

other unknown variables. It should be considered that given the high correlation between meat intake 

and tyrosine, the observed effects might depend also on overall protein and fat intake, which in this 

sample predominantly mirrors meat consumption. In light of that, it should be taken into account 

that the positive effects observed in terms of brain and cognitive health could be due not only to 

tyrosine, but also to the other amino-acids present in meat and other beneficial nutrients, for example 

omega-three fatty acids, iron, zinc, vitamin D and group B (Mulvihill 2014; McNeill 2014; Gupta 2016; 

Black et al. 2019 A; Black et al. 2019 B; Scarmeas et al. 2018; Salter 2018; Derbyshire et al. 2017; Nohr 

and Biesalski 2007; Balehegn et al. 2019; Lennerz et al. 2021; Roussell et al. 2011; Ben-Dor et al. 2021). 

However, testing multiple hypothesis while thoroughly controlling for several confounders, we 

observed that the LC-Tyrosine relationship was statistically stronger than LC-Protein and LC-Fat 

relationships, leading to the inference that interdependence between tyrosine and the LC-NA system 

was more specific, and therefore, providing greater reliability.  
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Another constraint involves the methodological limitations of MRI analyses in retrospective and 

longitudinal studies. Ex-vivo histological investigations would offer more precise quantifications 

about dietary behaviour and related brain integrity, particularly if assessed precisely together with 

other physical and behavioural variables. Nevertheless, within these limitations, whilst being 

consistent with our a-priori pre-registered hypothesis, our findings are consistent with earlier studies 

on tyrosine and protein intake (Suzuki et al. 2020; Kita et al. 2018; Hase et al. 2015; Jongkeese et al. 

2015; Attipoe et al. 2015; van der Zwaluw et al. 2014; van de Rest et al. 2014; Colzato et al. 2014; 

Colzato et al. 2013; Aquilani et al. 2008; McMorris et al. 2007; Gao et al. 2022; Li et al. 2020; Glenn et 

al. 2019; Kinoshita et al. 2021; Fan et al. 2021; Coelho-Júnior et al. 2021; Pacholko et al. 2019; Livingston 

et al. 2020; Fan et al. 2021), and also with previous in-vivo evidence using similar methodology (Plini 

et al. 2021; Dutt et al. 2021; Ylilauri et al. 2019; Poly et al. 2011). Furthermore, we have also enhanced 

the solidity of our design by performing thorough control analyses. Indeed, the LC-tyrosine 

hypothesis was contrasted against 37 different hypotheses, while systematically covarying for 

relevant confounding factors such as age, gender, education, total food intake, total intracranial 

volume, the 4th ventricle and body metrics (BMI, body weight, height and waist circumference). In 

addition to this, the reported associations were also confirmed when different methodologies were 

implemented and even replicated “anecdotally” in a 3-year follow-up. Further corroboration by 

Bayesian modelling, further strengthens the reliability of observations, especially in light of the high 

Bayesian Factors obtained.  

Conclusions, clinical implications and future directions 

These results provide the first evidence linking dietary tyrosine intake with in-vivo LC-NA 

system integrity and its intercorrelation both with brain maintenance and neuropsychological 

performances in healthy adults. These results strengthen the role of dietary style in supporting brain 

health and reducing risk of neurodegeneration and imply that diet has an effect on LC-NA system 

integrity. The evidence provides support for the most recent European nutritional guidelines (ESPEN 

- https://www.espen.org/guidelines-home/espen-guidelines) which considers adequate protein 

intake in general population to set the minimal protein intake to 1–1.5 gr per kg of body weight 

specifically in older adults (Kieswetter et al. 2020; Volkert et al. 2019; Baum et al. 2016; Kozjek 2016; 

Volkert et al. 2015; Deutz et al. 2014). The evidence may also open new approaches to prevention and 

treatment or ameliorating brain and cognitive function in healthy and clinical populations (Aliev et 

al. 2014; Andres-Benito et al. 2017; Plini et al. 2021; Livingston et al. 2020).  

Chronic tyrosine supplementation might be clinically feasible and useful to maintain brain 

health, particularly when the minimal dietary requirements are not met. However, the right amount 

of tyrosine as supplement has to be evaluated within the whole dietary life-style at individual level. 

Additionally, excessive acute dosages without a preliminary progressive administration may not 

being beneficial for certain individuals (Van de Rest et al. 2017). Indeed, while some studies to date 

did not report a significant positive effect of tyrosine administration (Froböse et al. 2020; Van de Rest 

et al. 2017; Bloemendaal et al. 2018), other interventions based on protein supplementation and amino 

acid intake (including tyrosine alone) reported beneficial effects on cognitive health (Suzuki et al. 

2020; Kita et el. 2018; Hase et al. 2015; Jongkeese et al. 2015; Attipoe et al. 2015; van der Zwaluw et al. 

2014; van de Rest et al. 2014; Colzato et al. 2014; Colzato et al. 2013; Aquilani et al. 2008; McMorris et 

al. 2007). Accordingly, adjusting dietary behaviour might efficiently extend cognitive longevity while 

protecting against neurodegenerative diseases (Gao et al. 2022; Li et al. 2020; Glenn et al. 2019; 

Kinoshita et al. 2021; Fan et al. 2021; Coelho-Júnior et al. 2021; Pacholko et al. 2019; Livingston et al. 

2020; Fan et al. 2021). Future studies should aim to replicate and extend these findings performing 

observational and experimental longitudinal analyses where a wider variety of dietary macro- and 

micro-nutrients are monitored along with blood markers, life-style indices, physical parameters, 

multimodal MRI and neuropsychological testing. Future studies should also aim to clarify the 

potential role of diet on LC-NA system and the neuromodulaory subcortical system in order to better 

understand the neurobiology of neurodegenerative diseases. 
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