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Tiivistelmä:  

Tavoitteet. Silmien räpytystiheys (sEBR) on behavioraalinen mittari, joka on yhdistetty dopamiinitoimintaan otsalohkon ja 

aivojuovion alueilla. Lukuisissa tutkimuksissa dopamiinitoimintaan kiihdyttävästi tai heikentävästi vaikuttavien neurologisten 

häiriöiden ja farmakologisten agenttien on todettu vastaavasti lisäävän tai vähentävän sEBR:ää. Näin ollen sEBR voisi toimia 

ihmisaivojen dopamiinitoiminnan epäsuorana mittarina, joka olisi edullisempi ja vähemmän invasiivinen kuin esimerkiksi 

positroniemissiotomografia. Ei kuitenkaan tiedetä, ovatko dopaminergisten geenien variaatiot yhteydessä sEBR:ään. Tässä 

poikittaistutkimuksessa sEBR:n ja dopaminergisen genotyypin yhteyttä tarkasteltiin kahdessa otoksessa. Tutkimuksessa 

keskityttiin kahteen variaatioon dopaminergisissa geeneissä: COMT Val158Met polymorfismiin ja Taq1A polymorfismin A1 

alleeliin. Hypoteeseina oli, että COMT Val158Met polymorfismi olisi yhteydessä korkeampaan ja Taq1A polymorfismin A1 

alleeli matalampaan sEBR:ään. Koska BMI ja ruokavalio on myös yhdistetty poikkeavuuksiin aivojuovion 

dopamiinitoiminnassa, tutkimuksessa tarkasteltiin BMI:n, ruokavalion ja sEBR:n yhteyttä eksploratiivisesti.  

Menetelmät. Tutkimuksessa käytettiin otoksia kolmesta poikittaistutkimuksesta: Interventiotutkimus (n = 31) on kokeellinen 

tutkimus, joka tarkastelee akuutin fenyylialaniinin/tyrosiinin puutoksen vaikutuksia kognitiivisiin mittareihin. GREADT-

tutkimus (n = 86) selvittää genotyypin ja ruokavalion vaikutuksia dopamiinitoimintaan, ja BEDOB-tutkimus (n=69) 

tarkastelee liikalihavuuden ja ahmimishäiriön neurokognitiivisia mekanismeja. GREADT- ja BEDOB-tutkimuksissa 

hyödynnettiin samanlaisia menetelmiä, minkä vuoksi tutkimusotokset yhdistettiin analyyseja varten. Räpytystiheyttä mitattiin 

infrapuna-silmänliikemittausjärjestelmällä. Osallistujat täyttivät itsearviointikyselyn (the Dietary Fat and free Sugar 

Questionnaire, DFS), jonka avulla arvioitiin, kuinka paljon he kuluttivat tyydyttyneitä rasvoja ja prosessoitua sokeria. 

GREADT/BEDOB-otoksessa yhteyksiä polymorfismien, BMI:n, DFS-pistemäärän ja sEBR:n välillä tarkasteltiin 

varianssianalyyseilla. Interventiotutkimuksessa tutkittiin yleistetyn lineaarisen sekamallin avulla, muuttuiko sEBR 

intervention seurauksena ja vaikuttivatko genotyypit, BMI tai DFS-pistemäärä sEBR:ään.  

Tulokset. Genotyypillä ei ollut vaikutusta sEBR:ään kummassakaan otoksessa. BMI:llä oli merkitsevä päävaikutus sEBR:ään 

GREADT/BEDOB-otoksessa. Yhteys oli merkitsevä ylipainoisten ja liikalihavien ryhmässä muttei normaalipainoisten 

ryhmässä. DFS-pistemäärällä ei ollut vaikutusta sEBR:ään kummassakaan otoksessa.  

Johtopäätökset. Tulokset tukevat näkemystä, jonka mukaan sEBR:n käyttöön terveen ihmisen dopamiinitoiminnan mittarina 

tulisi suhtautua varauksella. Tulevissa tutkimuksissa metodologiaan tulisi kiinnittää erityistä huomiota.  
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Abstract:  

The aim of the study. Spontaneous eye blink rate (sEBR) is a behavioral index that has been linked to frontostriatal 

dopaminergic activity. Reduced or increased dopaminergic activity due to clinical conditions tends to be associated with lower 

or higher sEBR, respectively, and sEBR can be modulated by pharmacological agents that affect dopamine signaling. 

Consequently, sEBR could serve as an easily accessible method of assessing brain dopaminergic tone indirectly in humans. It 

might be preferable to more expensive and invasive techniques such as positron emission tomography. However, it remains 

unclear whether variations in dopaminergic genes predict sEBR. In this cross-sectional study, the relationship between sEBR 

and dopaminergic genotype was examined in two samples. Two genetic polymorphisms were focused on: the COMT 

Val158Met polymorphism and the A1 allele of the Taq1A polymorphism. It was hypothesized that the COMT Val158Met 

polymorphism is associated with higher sEBR, and that the A1 allele of the Taq1A polymorphism is associated with lower 

sEBR. As BMI and diet have been linked with altered striatal dopamine function, the possible association between BMI, diet, 

and sEBR was studied exploratively.  

Methods. Data from three cross-sectional studies was used in this study: The intervention study (n = 31) is an experimental 

study that examines the effect of acute phenylalanine/tyrosine depletion on cognitive measures. The GREADT study (n = 86) 

focuses on the effects of genotype and diet on dopamine tone. The BEDOB study (n = 69) investigates neurocognitive 

mechanisms in obesity and binge eating disorder. Similar methodologies were used in the GREADT and the BEDOB studies, 

which is why these datasets were combined for the analyses. Blink rates were measured using an infrared eye tracking system. 

The participants completed the Dietary Fat and free Sugar Questionnaire (DFS) to assess how much they consumed saturated 

fat and refined sugar. In the GREADT/BEDOB sample, the associations between the polymorphisms, BMI, DFS-score, and 

sEBR were examined with univariate analyses of variance. In the intervention study sample, a generalized linear mixed model 

was run to check whether sEBR changed in the intervention and whether the genotypes, BMI, or DFS-score affected sEBR. 

Results. No influence of the genotypes was found on sEBR in either of the samples. BMI had a significant effect on sEBR in 

the GREADT/BEDOB sample. The association was significant in the overweight/obese group but not in the normal weight 

group. DFS-score did not influence sEBR in either of the samples.  

Conclusions. The results of this study converge with those of authors suggesting caution in using sEBR as a proxy for central 

dopamine functioning of healthy humans. In future studies, particular attention should be paid to methodological 

considerations when studying sEBR. 
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1. INTRODUCTION 

Spontaneous eye blink rate (sEBR) is a behavioral index that has been linked to frontostriatal 

dopaminergic activity. Reduced or increased dopaminergic activity due to clinical conditions tends 

to be associated with lower or higher sEBR, respectively, and sEBR can be modulated by 

pharmacological agents that affect dopamine signaling (Jongkees & Colzato, 2016). Consequently, 

sEBR could serve as an easily accessible method of assessing brain dopaminergic tone indirectly in 

humans. It might be preferable to more expensive and invasive techniques such as positron 

emission tomography (PET). However, direct correlations between dopamine function and sEBR 

have been found only in nonhuman animals, and it is still not known which specific aspects of the 

dopamine system sEBR reflects. Moreover, it remains unclear whether variations in dopaminergic 

genes predict sEBR.  

Obesity has been associated with altered central dopamine levels and dopamine receptor density in 

the striatum (Horstmann et al., 2015; van de Giessen et al., 2013; Volkow et al., 2008; Wang et al., 

2001). Moreover, rodent studies suggest that diets rich in saturated fat and refined sugars (HFS) 

might affect striatal D2 availability independent of BMI (van de Giessen et al., 2013). The possible 

connection between obesity, diet, and sEBR has not been studied yet.  

In this cross-sectional study, the relationship between sEBR and dopaminergic genotype will be 

examined in two samples. Two genetic polymorphisms will be focused on: the COMT Val158Met 

polymorphism and the A1 allele of the Taq1A polymorphism. Both have been studied extensively 

and have notable effects on frontostriatal dopamine function. Moreover, the possible association 

between obesity, diet, and sEBR will be studied exploratively.  

 

1.1. Dopaminergic activity 

Dopamine is one of the main catecholamine neurotransmitters. Its precursors include phenylalanine 

and tyrosine, and dopamine in its turn is the metabolic precursor of noradrenaline and adrenaline. 

Dopamine affects a wide range of cognitive processes via its influences on the prefrontal cortex (PFC) 

and the striatum. Dopamine plays an important role in executive processes including attentional 

control, cognitive inhibition, working memory and cognitive flexibility. Dopamine is also crucial for 

reward learning, motor control, motivation, pleasure, and reinforcement learning. Moreover, it affects 

the immune system, food intake and endocrine regulation. The dopaminergic system has been the 
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focus of extensive research, largely because many neurological and psychiatric conditions, such as 

Parkinson’s disease and schizophrenia, have been associated with dysregulation of dopaminergic 

transmission. Moreover, dopamine’s role in the development of obesity has received an increasing 

amount of attention.  

The following sections will go through some of the basic cognitive functions that dopamine is 

involved in and describe dopaminergic pathways, receptors, and two specific variations in 

dopaminergic genes, the COMT Val158Met polymorphism and the A1 allele of the Taq1A 

polymorphism. Finally, dopamine’s connection to obesity will be discussed briefly.  

 

1.1.1. Dopamine and cognitive functions 

Dopamine seems to be crucial for functions requiring cognitive control that depend on the PFC, 

such as working memory, attention, and flexible behavior (Ott & Nieder, 2019). Cognitive control 

can be defined as maintaining a dynamic balance between online maintenance of task goals despite 

distractors and flexible updating in response to new situational information (Cools & D’Esposito, 

2011). Dopamine seems to have a modulatory role in the regulation of that balance (Dreisbach & 

Goschke, 2004), in that excessively high dopamine levels seem to increase flexibility to a point 

where increased distractibility disturbs performance whereas overly low dopamine levels seem to 

induce inflexibility and perseveration (Cools & D’Esposito, 2011).  

Dopamine is involved in reward processing and closely associated with reward-seeking behaviors 

such as approach and addiction (Arias-Carrión & Pöppel, 2007). Dopamine neurons in the midbrain 

are involved in reward prediction (Schultz, 2016): they respond to new and unpredicted rewards 

with increased dopamine activity (positive prediction error), remain at baseline activity when 

rewards are predicted and show reduced activity when the reward is worse than expected or the 

expected reward is no longer available (negative prediction error). Addiction can be understood as a 

maladaptive form of reward-seeking and reward prediction (Schultz, 2016). Moreover, a large body 

of research indicates that dopamine in the striatum plays an important role in reinforcement learning 

(Niv, 2009): higher striatal dopamine levels facilitate learning from positive outcomes (Frank & 

O’Reilly, 2006) while lower dopamine levels are associated with better learning from negative 

outcomes (Cools et al., 2006).  

Dopamine is also involved in motor control and action selection. Dopamine signaling provides 

feedback on the consequences of recent actions and directs behavior towards more advantageous 
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reward (Stopper et al., 2014). In addition, dopamine has a crucial role in the control of movements 

and the generation of movement vigor (Meder et al., 2019). 

 

1.1.2. Dopaminergic pathways 

The dopaminergic system in the brain consists of four main pathways: the nigrostriatal pathway, the 

mesolimbic pathway, the mesocortical pathway, and the tuberoinfundibular pathway. Dopamine 

signals originate from the substantia nigra pars compacta (SNpc) and the ventral tegmental area 

(VTA) in the midbrain. The nigrostriatal pathway provides dopaminergic input from the SNpc to 

the dorsal striatum. It is implicated in the control of movement and learning new motor skills. 

Degeneration of the nigrostriatal pathway has been shown to cause Parkinson’s disease (Dauer & 

Przedborski, 2003), which is characterized by tremor, rigidity, and bradykinesia. The mesolimbic 

pathway connects the VTA to the nucleus accumbens (NAcc) in the ventral striatum of the basal 

ganglia. It is associated with motivated behaviors and various types of reward (Wise, 1998). The 

mesocortical pathway delivers dopaminergic input from the VTA to the frontal lobes of the 

cerebrum, particularly the PFC. This pathway is thought to be important to many cognitive 

functions such as motivation, emotion, and executive functions (Ayano, 2016). Finally, the 

tuberoinfundibular pathway connects a population of neurons in the arcuate and periventricular 

nuclei of the hypothalamus to the median eminence (the infundibular region). This pathway 

regulates the secretion of prolactin from the anterior pituitary gland (Weiner & Ganong, 1978).  

 

1.1.3. Dopamine receptors 

Dopamine binds to five different receptors called D1, D2, D3, D4, and D5 (Missale et al., 1998). 

D1 and D2 receptors are most numerous in the central nervous system, followed by D3, D5, and D4 

(Bhatia et al., 2021). Dopamine receptors can be divided into two subgroups that share 

pharmacologic properties: the D1-like receptors (D1 and D5) and the D2-like receptors (D2, D3, 

and D4) (Kebabian & Caine, 1979). Each receptor has different characteristics, different regional 

expressions in the brain, and is affected by different agonists and antagonists. Properties of the most 

prominent dopamine receptors D1 and D2 are described in the table 1. Dysfunction of dopamine 

receptors and dopaminergic activity can lead to various clinical conditions such as Parkinson’s 

disease, schizophrenia, Tourette’s syndrome, and Huntington’s disease (Hienert et al., 2018; Jakel 

& Maragos, 2000; Lotharius & Brundin, 2002; Mehta et al., 2019). Dopamine receptor agonists and 
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antagonists have a therapeutic role in these conditions and are thus often included in their 

medication.  

Table 1.  

Localization and characteristics of dopamine receptors D1 and D2 

Receptor Location Type Function Selective agonist Selective 
antagonist 

D1 Striatum, 
nucleus 
accumbens, 
olfactory bulb, 
amygdala, 
hippocampus, 
substantia nigra, 
hypothalamus, 
putamen, frontal 
cortex 

 

Gs-coupled Locomotion, 
learning and 
memory, 
attention, 
impulse control, 
sleep, regulation 
of renal function 

 

SKF-38393, 
SKF-81297, 
Fenoldopam 
(SKF-82526) 

 

SCH-23390, 
SCH-39166, 
SKF-83566 

D2 

 

Striatum, ventral 
tegmental area, 
olfactory bulb, 
substantia nigra, 
cerebral cortex 

 

Gi-coupled Locomotion, 
learning and 
memory, 
attention, sleep, 
reproductive 
behavior 

 

Bromocriptine, 
pergolide, 
Cabergoline, 
Ropinirole 

Haloperidol, 
Raclopride, 
Sulpiride, 
Spiperone, 
Risperidone 

Ayano, 2016; Mishra et al., 2018 

 

1.1.4. Phasic and tonic dopamine signaling 

Dopamine neurons show two basic forms of signaling that are termed phasic and tonic (Grace, 

1991). Phasic dopamine release is dependent on short term dopamine neuronal firing that occurs in 

response to behaviorally relevant stimuli (Grace, 1991). It is large in amplitude but brief, acts on the 

postsynaptic dopamine receptors, and is quickly removed from the synaptic space (Aragona et al., 

2008). Phasic signaling is associated with learning and prediction (Schultz et al., 1993; 1997). In 

contrast, background tonic dopamine signaling is not limited to the synapse and is continuous in 

nature (Grace, 1991). Tonic dopamine release is thought to regulate the intensity of phasic 

dopamine signaling through its effect on extracellular dopamine levels (Grace, 1991).  
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1.1.5. Variations in dopaminergic genes 

The following sections will discuss two variations in dopaminergic genes: the COMT Val158Met 

polymorphism and the A1 allele of the Taq1A polymorphism. Both polymorphisms have been 

frequently studied and have significant effects on frontostriatal dopamine function.  

 

1.1.5.1. COMT Val158Met polymorphism 

The Catechol O-methyltransferase (COMT) gene is located on the 22nd chromosome. COMT is one 

of the major enzymes that degrade dopamine in the prefrontal cortical areas (Gogos et al., 1998). A 

relatively common single nucleotide polymorphism in the COMT gene leads to a valine (Val) to 

methionine (Met) amino acid substitution in the coding region of the gene (Lachman et al., 1996). 

This polymorphism causes a three- to fourfold reduction in activity of the COMT enzyme, which 

causes its carriers to have a higher level of extracellular dopamine in the PFC (Chen et al., 2004). 

Despite its significant effects on prefrontal dopamine function, the polymorphism has rather modest 

effects on behavior and cognition; The low COMT activity Met allele might increase risk for 

obsessive compulsive disorder (Karayiorgou et al., 1997), schizophrenia (González-Castro et al., 

2016), and major depression (Ohara et al., 1998), but the findings are inconclusive. It has been 

associated with improved prefrontally mediated cognition, such as executive function, working 

memory, and attentional control (Bishop et al., 2008; Diaz-Asper et al., 2008; Egan et al., 2001; 

Blasi, 2005; Winterer et al., 2006)), although there have been contradictory findings (Barnett et al., 

2007).  

The effect of COMT genotype on cognitive flexibility has received much empirical attention over 

the past few decades. Different methodologies and small sample sizes make it difficult to draw 

general conclusions and the results have been inconclusive. Studies that used Wisconsin Card 

Sorting Test (WCST) as a measure of cognitive flexibility have generally found that Met carriers 

perform better in the task (Barnett et al., 2007; Flint & Munafò, 2007; Zmigrod & Robbins, 2021). 

However, studies that used alternative methods have had contradictory results: Colzato et al. (2010) 

found that Met carriers showed larger switching costs (less cognitive flexibility) in a task-switching 

paradigm. Similarly, Val carriers showed better cognitive flexibility in a saccadic eye movement 

task (Cameron et al., 2018). In a Stroop task, Met carriers performed better in tasks requiring 

cognitive stability but no Val advantage was found for tasks requiring cognitive flexibility (Rosa et 

al., 2010).  
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1.1.5.2. The Taq1A polymorphism (Glu713Lys) 

The A1 allele of the Taq1A polymorphism (Glu713Lys) is located downstream of the DRD2 gene 

and in an exon of the ANKK1 gene (Neville et al., 2004). Carriers of the A1 allele have shown up 

to 30% reduced striatal D2 receptor density, with the most prominent reductions in the ventral parts 

of the caudate and putamen (Jönsson et al., 1999; Pohjalainen et al., 1998; Ritchie & Noble, 1996). 

Moreover, the A1 allele has been associated with reduced glucose metabolism in the striatum but 

also in the ventral and medial prefrontal cortex (Noble et al., 1997). The A1 allele has been linked 

with addiction in multiple studies: it has been associated with alcoholism (Munafò et al., 2007), 

opioid dependence (Deng et al., 2015), smoking (Munafò et al., 2009), and responding to cocaine 

(Verdejo-Garcia et al., 2015). It has also been suggested to be a risk factor for obesity, although a 

meta-analysis found no support for the association (Benton & Young, 2016).  

 

1.1.6. Dopamine and obesity  

Obesity is a chronic disease that is strongly associated with increased mortality and morbidity from 

cardiovascular diseases, diabetes, certain types of cancer and musculoskeletal disorders (Whitlock 

et al., 2009; World Health Organization, 2009). The prevalence of obesity has increased steadily 

over the last three decades in developed and developing countries (Ng et al., 2014) and has reached 

epidemic proportions (Williams et al., 2015). Better understanding of the biological basis of obesity 

is needed to facilitate developing effective interventions and reversing the epidemic.  

Abnormalities in the dopaminergic function have been implicated in human and animal obesity.  

Dopamine takes part in the regulation of eating by modulating food reward through the mesolimbic 

pathway (Martel & Fantino, 1996). It has been hypothesized that lower striatal dopamine levels 

might induce pathological eating as a way of compensating for decreased activation of motivation 

and reward circuits (Wang et al., 2001). People with obesity have been found to have lower striatal 

D2 receptor availability compared to controls with normal weight (Volkow et al., 2008; Wang et al., 

2001). The same has been found for overweight subjects (Haltia et al., 2007). High fat/carbohydrate 

ratio rather than high calorie content per se seems to induce lower D2/D3 receptor availability in 

rodents (van de Giessen et al., 2013). Wang and colleagues (2001) also discovered that D2 receptor 

availability was positively correlated with prefrontal metabolism in people with obesity. Moreover, 

rodents with obesity have been found to have lower dopamine levels in the nucleus accumbens, 

which is a crucial part of the mesolimbic circuitry (Geiger et al., 2009). However, not all studies 

found reductions in D2/D3 receptor availability in individuals with obesity (Eisenstein et al., 2013; 
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Karlsson et al., 2015) and some studies had contradictory results (Dunn et al., 2012; Guo et al., 

2014). To explain these seemingly conflicting findings Horstmann et al. (2015) suggested a non-

linear relationship between the degree of obesity and dopaminergic tone. They hypothesized that 

overweight/mild obesity would be associated with reduced dopaminergic tone and increased phasic 

dopamine responses in the striatum while more severe obesity would be linked with increased 

dopaminergic tone and reduced phasic dopamine firing. All in all, these findings indicate that 

adaptations in dopamine signaling might contribute to the dysfunction of frontal cortical regions 

associated with obesity.  

 

1.2. Spontaneous eye blink rate 

Several decades of research have shown that spontaneous eye blink rate (sEBR) is affected by 

central dopamine function (see Jongkees & Colzato, 2016 for a review). As an easily accessible, 

non-invasive method, sEBR could serve as an alternative for more expensive and invasive 

techniques, such as PET, for assessing brain dopaminergic tone. However, it remains unclear which 

specific aspects of the dopamine system sEBR is connected to (Dang et al., 2017; Sescousse et al., 

2018).  

 

1.2.1. sEBR as a behavioral index 

Humans exhibit three general subtypes of eye blinks: spontaneous, voluntary, and reflex (Cruz et 

al., 2011). Spontaneous blinking can be defined as fast closure of eyelids that occur involuntarily 

and in absence of any evident external stimuli (Cruz et al., 2011). They differ from other two types 

of blinks in that voluntary blinks depend on a subject’s conscious decision and reflexive blinks are 

elicited by external stimuli (e.g. loud noises, bright lights) (Cruz et al., 2011). At baseline, adult 

humans blink approximately 10-20 times per minute (Cruz et al., 2011), although estimates vary 

considerably between studies (Bentivoglio et al., 1997). Spontaneous blinking prevents corneal 

drying by distributing the tear film over the ocular surface and is crucial for the clarity of vision and 

ocular surface integrity (Cruz et al., 2011). However, sEBR exceeds the rate needed to prevent 

corneal drying, which means that other factors affect sEBR as well (Maffei & Angrilli, 2019).  

Cognitive processing seems to have an effect on sEBR, especially when it includes attentional 

engagement and mental load (Dang et al., 2017). Executing tasks that require attentional resources 

(such as reading) can significantly reduce blink rates (Bentivoglio et al., 1997). Besides cognitive 
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processing, other factors influence sEBR. Speaking increases blink rates (Karson, 1983), and the 

time of the day (blinking is more frequent in the evening) (Barbato et al., 2000) and ocular 

discomfort or disease can affect blinking as well (Nakamori et al., 1997). Age and gender may also 

have an effect, although findings are not conclusive (Bentivoglio et al., 1997; Schellini et al., 2005). 

Blink rates increase from childhood to adulthood, which is suggested to be due to maturation of 

dopaminergic pathways (Jongkees & Colzato, 2016). However, findings are inconsistent from 

adulthood to old age (Jongkees & Colzato, 2016). Regarding gender, findings are ambiguous as 

well though use of contraceptives might influence sEBR (Yolton et al., 1994). Contrary to what has 

been previously suggested, a recent study found that sEBR remains consistent across different 

phases of menstrual cycle (Hidalgo-Lopez et al., 2020).  

Even when striving to take into account different factors that might affect sEBR, blink rates can 

vary considerably between healthy individuals even in a single experimental condition (Doughty & 

Naase, 2006). Therefore, Doughty & Naase (2006) proposed that individuals could be grouped into 

“normal” blinkers and “frequent” blinkers, with the latter group including people who have sEBR 

greater than 20 blinks per minute. They also suggested that it would be worthwhile to take 

participants’ baseline blink rates into consideration when studying sEBR.  

 

1.2.2. sEBR and brain dopamine function 

The following sections will describe studies that have examined the association between sEBR and 

brain dopamine function. Support for the connection between sEBR and brain dopamine function 

comes from neuropharmacological studies, in which changes in sEBR were observed after 

administering dopamine agonists or antagonists to human or nonhuman subjects. Additional support 

comes from observations of atypical blink rates in people with neurological disorders that are 

characterized by aberrant dopaminergic activity, or a history of using drugs that are known to affect 

the dopaminergic system, such as cocaine (Colzato et al., 2008; Kowal et al., 2011). Moreover, 

sEBR has been found to predict performance in cognitive flexibility (Dreisbach et al., 2005; Müller 

et al., 2007), reinforcement learning (Slagter et al., 2015; Van Slooten et al., 2019), reward learning 

(Barkley-Levenson & Galván, 2017; Tummeltshammer et al., 2018), and working memory tasks 

(Paprocki & Lenskiy, 2017; Rac-Lubashevsky et al., 2017), all of which are considered to be 

mediated by frontostriatal dopamine function. Direct correlations between dopaminergic activity 

and sEBR have been found in nonhuman subjects but are yet to be replicated in humans.  
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Mechanistic explanation for the connection between sEBR and dopaminergic activity is not yet 

fully established. However, the spinal trigeminal complex has been proposed to play a direct role in 

generating of spontaneous blinks (Kaminer et al., 2011). The basal ganglia seems to modulate 

excitability of the spinal trigeminal complex via the superior colliculus and nucleus raphe magnus, 

which provides a pathway through which dopamine could influence the trigeminal complex and 

thus modify sEBR (Basso et al., 1996; Basso & Evinger, 1996; Evinger et al., 1993). It has been 

proposed that dopamine inhibits the trigeminal complex via the nucleus raphe magnus, which is 

followed by more frequent spontaneous blinking (Kaminer et al., 2011). 

 

1.2.2.1. Animal studies 

Studies on non-human animals have generally found that stimulation of D1 or D2 receptors 

increases sEBR and blocking these receptors decreases it (Desai et al., 2007; Elsworth et al., 1991; 

Kaminer et al., 2011; Kleven & Koek, 1997; Lawrence & Redmond, 1991). There is also evidence 

that D1 and D2 receptors can modulate sEBR at least partly independent of each other (Elsworth et 

al., 1991; Jutkiewicz & Bergman, 2004). However, there have been null findings and contradictory 

findings (Baker et al., 2002; Desai et al., 2007; Kleven & Koek, 1997; Kotani et al., 2016), possibly 

due to different drugs and doses used (Jongkees & Colzato, 2016). One study reported a correlation 

between D2 but not D1 receptor availability and sEBR in drug naïve monkeys using PET (Groman 

et al., 2014), which could be explained by D2 receptors being more sensitive to dopamine than D1 

receptors (Frank & O’Reilly, 2006).  

Importantly, sEBR has been found to be associated with postmortem dopamine levels in the caudate 

nucleus of monkeys (Taylor et al., 1999). More specifically, Taylor et al. (1999) found a significant 

correlation between sEBR and the concentration of dopamine in the rostral portion of the 

ventromedial body of the caudate nucleus. The authors suggested that this area might be crucially 

involved in modulation of sEBR. This finding is supported by newer study that found sEBR to be 

associated with in vivo and PET measures of striatal D2 receptor density in the ventral striatum and 

caudate nucleus of adult vervet monkeys (Groman et al., 2014).  

 

1.2.2.2. Studies of people with clinical conditions 

Parkinson’s disease (PD) has long been linked with altered sEBR (Hall, 1945), which gave rise to 

the idea that sEBR might be used as a clinical monitor of PD’s symptoms. PD is associated with 
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severe progressive loss of dopaminergic neurons in the striatum, especially in the substantia nigra 

pars compacta (Damier et al., 1999). PD has been found to be associated with abnormally low 

sEBR (Agostino et al., 2008; Aksoy et al., 2014; Biousse et al., 2004; Deuschl & Goddemeier, 

1998; Fitzpatrick et al., 2012; Karson et al., 1982, 1984; Reddy et al., 2013; Tamer et al., 2005). 

However, a few studies did not find significant decrease in blink rates in patients with PD (Chen et 

al., 2003; Golbe et al., 1989; Korošec et al., 2006). Larger reductions in sEBR have been found in 

the more severe cases of PD (Karson et al., 1982, 1984; Tamer et al., 2005), although a meta-

analysis did not find such a connection (Fitzpatrick et al., 2012). Moreover, sEBR has been found to 

increase following treatment by dopamine-stimulating drugs (Bologna et al., 2012; Iwaki et al., 

2019; Karson et al., 1984; Korsgaard et al., 1984). Such treatment might explain why some patients 

with PD can have similar or higher blink rates than controls (Agostino et al., 2008; Kimura et al., 

2017; Korošec et al., 2006).  

Another clinical condition that is linked with altered sEBR is schizophrenia, which is associated 

with increased dopamine activity in the striatum (Howes et al., 2015). People with schizophrenia 

typically show increased sEBR (Adamson, 1995; Chen et al., 1996; Karson, 1983; Mackert et al., 

1991; Swarztrauber & Fujikawa, 1998). However, not all studies found significant increase (Chan 

et al., 2010; Klein et al., 1993; Mackintosh et al., 1983). As in PD, sEBR in schizophrenia is 

proposed to correlate with severity of illness and vary with drug treatment (Jongkees & Colzato, 

2016). It should be noted that dopaminergic dysfunction only accounts for a part of the 

symptomatology of schizophrenia, and glutamatergic and serotonergic mechanisms contribute as 

well (Stahl, 2018). Furthermore, sEBR is also affected by clinical conditions that are not specific to 

the dopaminergic system such as intellectual disability and traumatic brain injury (Goldberg et al., 

2003; Konrad et al., 2003). This could mean that sEBR is influenced by other brain processes 

beyond the dopaminergic system (Dang et al., 2017). 

 

1.2.2.3. Healthy human studies 

There have been fewer pharmacological studies investigating sEBR in human subjects than there 

have been with animals. In line with animal studies, non-selective dopamine agonist apomorphine 

(Blin et al., 1990) and indirect dopamine agonist amphetamine increased sEBR in healthy humans 

(Strakowski et al., 1996; Strakowski & Sax, 1998). However, dopamine’s precursor L-dopa did not 

have an effect on sEBR when administered to healthy males (Mohr et al., 2005). Studies that 

examined the effects of selective dopamine agonists on healthy humans have all focused on D2 
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receptors and the results have been ambiguous. Bromocriptine, a D2 agonist, did not influence 

sEBR (Dang et al., 2017; Depue et al., 1994; Ebert, 1996). In a similar manner, D2 agonist lisuride 

or D2 antagonist sulpiride did not affect sEBR (van der Post et al., 2004). Cavanagh et al. (2014) 

found that D2 agonist cabergoline increased sEBR in individuals with low baseline blink rates but 

decreased sEBR in those with high blink rates.  

Importantly, no study has reported a direct correlation between dopamine receptor availability and 

sEBR in humans. Dang et al. (2017) measured DRD2 availability in healthy human subjects using 

(PET)-[18F]fallypride and found no relation between sEBR and DRD2 availability. Sescousse et al. 

(2018) found no correlation between sEBR and striatal dopamine synthesis capacity using 

[18F]DOPA PET in healthy individuals and pathological gamblers.  

No study has reported a direct association between polymorphisms in dopaminergic genes and 

sEBR. As polymorphisms in COMT and Taq1A genes have notable effects on frontostriatal 

dopamine function, they would, considering the evidence described above, be expected to affect 

sEBR. As previously discussed, carriers of the A1 allele of the Taq1A gene have reduced striatal 

D2 receptor density, with the most prominent reductions in the ventral parts of the caudate and 

putamen (Jönsson et al., 1999; Pohjalainen et al., 1998; Ritchie & Noble, 1996). Because sEBR has 

been found to be positively associated with striatal D2 activity in non-human animals and there is 

some evidence for such association in humans (Jongkees & Colzato, 2016), carriers of the A1 allele 

would be expected to have lower sEBR. On the other hand, carriers of the COMT Val158Met 

polymorphism have higher extracellular dopamine level in the PFC. It has been shown that sEBR 

predicts performance in tasks requiring cognitive control (Dreisbach et al., 2005; Müller et al., 

2007; Tharp & Pickering, 2011; Zhang et al., 2015), which is highly influenced by prefrontal 

dopamine function (Ott & Nieder, 2019). Similarly, sEBR has been associated with working 

memory performance (Ortega et al., 2021; Rac-Lubashevsky et al., 2017), which is also crucially 

affected by prefrontal dopamine (Floresco et al., 2006). Moreover, sEBR has been shown to reflect 

the activity of the D1 receptors (Jongkees & Colzato, 2016), which are prevalent in the PFC 

(Mishra et al., 2018). Thus, increase in prefrontal dopamine caused by COMT Val158Met 

polymorphism would be expected to result in higher sEBR. 

 

1.3. Research problems and hypotheses 

Several decades of research have shown that sEBR is associated with frontostriatal dopamine 

function (Jongkees & Colzato, 2016). However, we still do not know which specific aspects of the 
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dopamine system sEBR reflects as direct correlations between dopamine function and sEBR have 

been found only in nonhuman animals. It remains unclear whether variation in dopaminergic genes 

predicts sEBR in humans.  

In this study, the relationship between sEBR and dopaminergic genotype is examined by analyzing 

the data from three separate studies. Two genetic polymorphisms are focused on: the COMT 

Val158Met polymorphism and the A1 allele of the Taq1A polymorphism. Both polymorphisms 

have been studied extensively and have notable effects on frontostriatal dopamine function.  

Research problem 1: Is COMT Val158Met polymorphism associated with sEBR? 

Hypothesis 1: COMT Val158Met polymorphism is associated with higher sEBR.  

Research problem 2: Is the A1 allele of the Taq1A polymorphism associated with sEBR? 

Hypothesis 2: The A1 allele of the Taq1A polymorphism is associated with lower sEBR. 

Obesity has been associated with altered central dopamine levels and dopamine receptor density in 

the striatum (Horstmann et al., 2015; van de Giessen et al., 2013; Volkow et al., 2008; Wang et al., 

2001). Moreover, rodent studies suggest that diets rich in saturated fat and refined sugars (HFS) 

might affect striatal D2 availability independent of BMI (van de Giessen et al., 2013). The possible 

link between obesity, diet, and sEBR has not been studied yet. Therefore, the potential association 

between BMI, diet, and sEBR is studied exploratively. 

Research problem 3: Are BMI and diet associated with sEBR? 
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2. METHODS 

Data from three cross-sectional studies was used in this study. The studies will be referred to as the 

intervention study, the GREADT study, and the BEDOB study. The intervention study is an 

experimental study that compares the influence of dietary dopamine depletion on dopamine-

dependent cognitive task performance in two groups differing in habitual intake of dietary fat and 

sugar (Hartmann et al., 2020b). The design for the intervention study has been described in detail 

elsewhere (Hartmann et al., 2020b) and will be described here only briefly. The GREADT study 

focuses on the effects of genotype and diet on dopamine tone (Hartmann et al., 2020a). Finally, the 

BEDOB study investigates shared and differential neurocognitive mechanisms in obesity and binge 

eating disorder from adolescence to adulthood (Herzog et al., 2020). Largely similar methodologies 

were utilized in the GREADT and the BEDOB studies, which is why these datasets were combined 

for the analyses. The combined dataset will be referred to as the GREADT/BEDOB study sample.  

 

2.1. Participants 

For the intervention study, thirty-one healthy female participants (mean age 25.16 years, SD 4.11, 

range 19-33 years) were recruited from the internal participant database of the Max Planck Institute 

for Human Cognitive and Brain Sciences (Leipzig, Germany) and via advertisements placed at 

university facilities or public spaces. For the GREADT study, 86 healthy male participants (mean 

age 26.76 years, SD 4.48, range 18-40 years), and for the BEDOB study, 57 female and 12 male 

participants (mean age 30.74 years, SD 6.99, range 17-49 years) were recruited in a similar way. 

Only females were included in the intervention study, because there have been findings of larger 

behavioral effects of acute phenylalanine/tyrosine depletion (APTD) in women compared to men 

(de Wit et al., 2012; Robinson et al., 2010). On the other hand, only males were recruited in the 

GREADT study, because the phase of menstrual cycle has been shown to affect dopamine levels 

(Czoty et al., 2008). All participants were non-smokers and reported no history of clinical drug or 

alcohol abuse or neurological disorder, and none had personal or first-degree relative history of 

psychiatric disorders. None showed moderate or severe depressive symptoms assessed with the 

Beck Depression Inventory (BDI), indicated by total scores < 19 (Beck et al., 1996). Participants 

who had a diagnosis of binge eating disorder (World Health Organization, 1993) were excluded 

from the BEDOB study sample. All studies were carried out in accordance with the Declaration of 

Helsinki and were approved by the Medical Faculty Ethics Committee of the University of Leipzig. 

All participants provided their written informed consent before taking part in the study. 
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2.2. Study design 

2.2.1. The intervention study 

The design for the intervention study has been described in detail elsewhere (Hartmann et al., 

2020b) and will thus be described here only briefly. The intervention study utilized the APTD-

method, which has been shown to reduce central dopamine synthesis and release in humans and 

nonhuman animals (Hartmann et al., 2020b). The information in the following paragraph is based 

on the paper by Hartmann et al. (2020b).  

The participants took part in two test days with at least 7 days between sessions (mean 11.97, 

maximum 36 days). They were tested under a dopamine depletion condition (DEP) and a balanced 

dopamine condition (BAL) using a within-subject, double-blind, cross-over design. The 

intervention was performed in balanced order. On the day before the DEP test session, participants 

followed a diet low in protein (< 20 g of protein) with guidelines provided by a nutritionist. They 

also fasted overnight from 10.00 pm to deplete pDAP levels (peripheral dopamine precursor 

availability) before the test day. In the BAL condition, participants kept to their regular diets. At the 

end of the test session, participants ingested the amino acid drink that was designed to deplete 

(DEP) or replete (BAL) the pDAP levels. In the BAL condition, pDAP levels were repleted by 

ingesting an amino acid drink containing leucine, isoleucine, lysine, methionine, valine, threonine, 

tryptophan, tyrosine, and phenylalanine. On the DEP test days, a blend of all mentioned amino 

acids expect dopamine's precursors phenylalanine and tyrosine was administered to the participants. 

The formula by McTavish et al. (1999) was the basis of the composition of the amino acid drinks. 

The composition was adapted for three different weight groups to reach optimal dopamine depletion 

effects with as little side effects as possible (Frank et al., 2016). Blink rates were measured before 

and after the participants consumed the amino acid drink (4 measures per participant). 

 

2.3. Materials and procedure 

2.3.1. Cognitive tests 

2.3.1.1. The GREADT and the BEDOB studies 

Non-verbal IQ-score was obtained from the participants using the Viennese Matrices Test 2 

(Formann & Piswanger, 1979). Participants completed parts A and B of the Trail Making Test 

(TMT; Broshek & Barth, 2000). TMT Part A requires sequencing, psychomotor speed, and 

visuoperceptual ability while TMT Part B requires cognitive flexibility and working memory 
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(Sánchez-Cubillo et al., 2009). Finally, the participants completed the Digits span backwards -test, 

which assesses working memory capacity (Ramsay & Reynolds, 1995). 

 

2.3.2. Diet questionnaire 

In each study, the participants completed the Dietary Fat and free Sugar Questionnaire (DFS) 

(Francis & Stevenson, 2013; Fromm & Horstmann, 2019) to assess how much they consumed 

saturated fat and refined sugar. In the DFS, higher scores indicate that subject’s diet includes larger 

amounts of saturated fat and refined sugar. Properties of this questionnaire have been described 

elsewhere (Hartmann et al., 2019).  

 

2.3.3. Spontaneous eye blink rate 

In each study, sEBR was measured using an infrared remote eye tracking system (SensoMotoric 

Instruments, Teltow, Germany). Participants were asked to look at a white fixation cross on a grey 

background for five minutes and to avoid moving as much as possible. They were not aware that 

their blink rates were being counted. Spontaneous eye blinks were defined as loss of infrared signal 

for a duration between 100 and 500 milliseconds. In the intervention study and the GREADT study, 

sEBR was measured before noon (between 8 and 12 AM). In the BEDOB study, measurements 

were done in the afternoon and evening as well.  

 

2.3.4. Genotyping 

COMT variants (Met/Met, Val/Met, Val/Val) and carriers of the A1 allele of the Taq1A 

polymorphism were identified in the lab for ‘Adiposity and diabetes genetics’ at the Medical 

Research Center, University Leipzig, Leipzig, Germany. The frequencies of the polymorphisms are 

specified in the Table 2. Because of the low frequency of the Val/Val -carriers in the intervention 

study sample, the genotypes were combined into two groups: the first one included only the 

Met/Met -carriers and the second one both the Val/Val- and the Val/Met -carriers.  
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Table 2.  

Frequencies of the COMT and the ANKK1/DRD2 Taq1A gene polymorphisms in the 

GREADT/BEDOB and the intervention study samples 

Gene  GREADT/BEDOB The intervention study 

COMT Val/Val 43 (27.7 %) 4 (12.9 %) 

 Val/Met 62 (40.0 %) 15 (48.4 %) 

 Met/Met 50 (32.3 %) 12 (38.7 %) 

ANKK1/DRD2 Taq1A A1 carrier 60 (38.7 %) 11 (35.5 %) 

 non-carrier 95 (61.3 %) 20 (64.5 %) 

 

 

2.4. Statistical analyses 

2.4.1. The GREADT/BEDOB study sample 

The associations between the genotypes, BMI, DFS-score, and sEBR were investigated using 

univariate analyses of variance. As suggested by Doughty & Naase (2006), the analyses were 

conducted separately for ‘normal’ (20 or less blinks per minute, n = 116) and ‘frequent’ (more than 

20 blinks per minute, n = 34) blinkers after running the analyses for the entire sample. Because 

there were only males in the GREADT study sample, gender was not added as a controlling 

variable. As there were both male and female participants in the BEDOB study sample, the possible 

effect of gender was checked by comparing the mean blink rates of the males and the females. The 

association between cognitive measures and sEBR was examined by calculating series of linear 

regression models. Age and IQ were controlled for. The assumption of normally distributed 

residuals of the models was checked by visually inspecting the qq-plots and no obvious violations 

were found. Logarithmic and square root transformations were used where appropriate to meet the 

assumption. The analyses were run with and without the outliers and that did not affect the results. 

Levene’s test was used to test for the assumption of equality of error variances.  
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2.4.2. The intervention study 

To check whether sEBR changed in the intervention (DEP vs. BAL) and whether genotypes 

affected sEBR, a generalized linear mixed model with a gamma regression link function was run 

with the genotypes (COMT, Taq1A), test condition, DFS-score, and BMI as main effects. Because 

the intervention study sample was quite small, subjects were not divided into ‘normal’ and 

‘frequent’ blinkers as the power of the analyses would not have been sufficient.  

SPSS for Mac, version 27.0.1 was used for the statistical analyses.  
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3. RESULTS 

3.1. The GREADT/BEDOB study sample 

3.1.1. Genotypes and sEBR 

The sEBR data was missing from five participants, leaving a total data set of 98 males and 57 

females (mean age 28.53 years, SD = 6.05, range 17-49 years). The distribution of sEBR was 

considerably skewed (skewness = 1.82, kurtosis = 3.90), as has been seen in many prior studies 

(Doughty & Naase, 2006). For that reason, a logarithmic transformation of the sEBR variable was 

used in the analyses. After the transformation, the residuals appeared to be normally distributed. 

Mean blink rates of the GREADT/BEDOB study and the intervention study samples are illustrated 

in the Figure 1. Gender was not associated with sEBR in the BEDOB sample [F(1, 67) = .511, p = 

.477].  

Based on a univariate analysis of variance, there were no significant main effects of the genotypes 

for sEBR [COMT: F(2,144) = 0.28, p = .760; Taq1A: F(1,144) = 1.36, p = .246] nor was their 

interaction significant [F(2, 144) = 0.45, p = .640]. After adding BMI and DFS-score to the 

analysis, the main effects of the genotypes and their interaction remained nonsignificant [COMT: 

F(2, 139) = 0.10, p = .908; Taq1A: F(1, 139) = 0.70, p = .408; COMT*Taq1A: F(2, 139) = 1.21, p = 

.303]. DFS-score did not affect sEBR either [F(1,139) = .15, p = .704]. However, BMI did have a 

significant main effect on sEBR [F(1,139) = 20.22, p<.001, 𝜂!"= .127].  

When running analyses separately for ‘normal’ and ‘frequent’ blinkers, a square root transformation 

was used in both groups for the sEBR variable to meet the assumption of normality of residuals. In 

‘normal’ blinkers, the genotypes still did not have any effects on sEBR nor was their interaction 

significant [COMT: F(2, 110) = 1.05, p = .355; Taq1A: F(1, 110) = 1.91, p = .170; COMT*Taq1A: 

F(2,110) = 0.65, p = .527]. After adding BMI and DFS-score to the analysis, the effects of the 

genotypes remained nonsignificant [COMT: F(2, 106) = 1.09, p = 0.339; Taq1A: F(1, 106) = 2.71, 

p = .103; COMT*Taq1A: F(2, 106) = .614, p = .543]. Similarly, DFS-score still had no effect on 

sEBR [F(1, 108) = 0.026, p = .873]. The main effect of BMI was significant in ‘normal blinkers’ 

[F(1, 106) = 13.91, p < .001, 𝜂!"= .116]. No significant main effects were found in ‘frequent’ 

blinkers in the model containing only the genotypes [F(5, 28) = 0.41, p = .841] nor in the model 

containing BMI and DFS-score as well [F(7, 25) = 0.65, p =.712].  
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Figure 1. 

Mean blink rates in the GREADT/BEDOB study sample and in the four conditions of the 

intervention study  

 

Note. Error bars represent standard errors of the means. Abbreviations: DEP1 = depletion condition, before the amino 

acid drink; DEP2 = depletion condition, after the amino acid drink; BAL1 = balanced condition, before the amino acid 

drink; BAL2 = balanced condition, after the amino acid drink 

 

3.1.2. BMI and sEBR 

Because BMI had a significant effect on sEBR, a closer look was taken into the association of these 

two variables from an explorative standpoint. A linear regression was calculated to predict sEBR 

with BMI. A significant regression equation was found [F(1, 148) = 21.57, p < .001], with an 𝑅" of 

.13. Because it has been suggested that the association between BMI and dopamine function might 

be quadratic (Horstmann et al., 2015), linear and quadratic models were compared using the Curve 

estimation function in SPSS 27.0.2. Both linear [F(1, 148) = 21.57 p < .001] and quadratic [F(2, 

147) = 10.81, p < .001] models were significant, and both had an 𝑅" of 0.13. The two models are 

illustrated in the Figure 2.  When running the analyses separately for the ‘normal’ and the 

‘frequent’ blinkers, a significant linear regression equation was found in the ‘normal’ blinkers [F(1, 

114) = 16.23, p < .001], with an 𝑅" of .13. The quadratic regression model was significant as well 

[F(2, 113) = 9.23 p > .001], with an 𝑅" of .14. These models are portrayed in the Figure 3. In the 

‘frequent’ blinkers, the linear regression model [F(1, 32) = 3.615, p = .066] and the quadratic 

regression model [F(2, 31) = 1.75, p = .190] were non-significant. Furthermore, the entire sample 
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was divided into normal weight (BMI ≤ 25) -and overweight/obese -groups (BMI > 25), and linear 

regression models were run separately for those groups with BMI as a predictor for sEBR. BMI did 

not predict sEBR in the normal weight group [F(1, 86) = 0.23, p = .634]. In the overweight/obese 

group, a significant regression model was found [F(1, 60) = 10.52, p = .002] with an 𝑅" of .15. In 

this group, the quadratic model was significant as well [F(2, 59) = 6.08, p = .004], with an 𝑅" of 

.17.  

 

Figure 2. Association between BMI and sEBR, linear and quadratic regression models   
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Figure 3. Association between BMI and sEBR (larger than 20 excluded), linear and quadratic 

regression models   

 

3.1.3. Cognitive measures and sEBR 

Series of linear regressions were calculated to predict performance in TMTA, TMTB, and Digits 

span backwards -test with sEBR. IQ and age were controlled for. Based on the regression models, 

sEBR did not predict performance in any of the tests [TMTA (β1 = -.024, p = .777); TMTB (β1 = 

.009, p = .915); DSST (β1 = .10, p = .211); Digits span backwards -test (β1 = -.059, p = .477)].  

 

3.2. The intervention study sample 

3.2.1. Genotypes and sEBR 

The sEBR data was missing from one participant, leaving a total data set of 30 females. Based on 

the generalized linear mixed model, the intervention did not affect sEBR (main effect of test 

condition, F(3,113) = 0.60, p = .614). The COMT genotype (main effect F(1,113) = 0.078, p = .781) 

or the Taq1A polymorphism (main effect F(1,113) = 0.012, p = .912) did not affect sEBR either. 

Similarly, BMI (main effect F(1,113) = 0.13, p = .720) or DFS-score (main effect F(1,113) = 1.94, 

p = .167) did not influence sEBR. Because of the relatively small sample size, normal weight and 

overweight/obese groups were not examined separately.  
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4. DISCUSSION 

The purpose of this study was to investigate whether variations in dopaminergic genes (COMT 

Val158Met and Taq1A polymorphisms) affect sEBR. No influence of the genotypes was found on 

sEBR in either of the samples. In the intervention study, the APTD intervention did not affect sEBR 

either. Moreover, the possible association between diet, BMI, and sEBR was examined 

exploratively. In the GREADT/BEDOB study sample, BMI had a significant effect on sEBR. Diet 

did not influence sEBR in either of the samples.  

 

4.1. Rethinking the association between sEBR and central dopamine function  

The assumption of the association between sEBR and dopamine function was originally based on 

animal research and clinical observations (Jongkees & Colzato, 2016). However, the connection 

between sEBR and dopamine function has remained inconclusive in healthy humans. While some 

studies have observed an increase in sEBR after administration of dopamine agonists (Blin et al., 

1990; Strakowski et al., 1996; Strakowski & Sax, 1998), others found no effect of the agonists 

(Depue et al., 1994; Ebert, 1996; van der Post et al., 2004) or the antagonists (van der Post et al., 

2004). This indicates that the association between sEBR and dopamine function might not be as 

straightforward in healthy humans as sometimes suggested. 

Moreover, direct correlations for dopamine function and sEBR have been found only in animal 

studies using vervet monkeys and green monkeys as subjects (Groman et al., 2014; Taylor et al., 

1999), and attempts to replicate these findings in humans have not been successful (Dang et al., 

2017; Sescousse et al., 2018). As Dang et al. (2017) pointed out, there are notable species 

differences that should be considered when interpreting research done with nonhuman primates. 

The sEBR in humans is almost twice as high as in monkeys (Tada et al., 2013), which might alter 

its relationship with the dopaminergic system (Dang et al., 2017). Thus, although research with 

monkeys provides valuable information about the dopaminergic system and sEBR, without 

replications it is unclear whether they generalize to humans (Dang et al., 2017).  

Additional evidence comes from observations of aberrant sEBR in people with clinical conditions 

that are associated with dysfunction in the dopamine system (e.g., PD, schizophrenia; Jongkees & 

Colzato, 2016), or with a history of using drugs known to affect the dopamine system (Colzato et 

al., 2008; Kowal et al., 2011), although atypical blink rates have been also found in conditions that 

are not specific to the dopaminergic system (Goldberg et al., 1987; Konrad et al., 2003). Dang et al. 
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(2017) suggest that sEBR and dopamine function might be correlated in situations where the 

dopamine system is significantly dysregulated, such as PD, schizophrenia, and chronic drug use, but 

the association might be limited in healthy humans.  

As Sescousse et al., (2018) pointed out, most of the research on sEBR have loosely referred to 

‘dopamine function’ or ‘dopamine activity’, perhaps due to the ambiguous and at times 

contradictory results and lack of specificity in our understanding of which exact aspects of the 

dopaminergic system sEBR is associated with. Even though we still do not know which specific 

aspects of the dopamine function sEBR reflects, and direct correlations between dopaminergic 

activity and sEBR are yet to be replicated in humans, several studies are already using sEBR as a 

proxy of ‘central dopamine function’ or ‘striatal dopamine function’. It is worth considering that the 

dopaminergic system contains several feedback loops that can alter the connection between 

different aspects of the dopaminergic system and their associations with behavior, including 

blinking (Cooper et al., 2003). For example, in older individuals, compensatory changes in 

dopamine function can alleviate the effects of the declines in the dopaminergic system associated 

with aging (Ciampa et al., 2021). Similarly, several feedback loops and adaptive mechanisms might 

compensate for a low dopaminergic tone and alter its effects on sEBR. The cortico-basal ganglia-

thalamo-cortical (CBGTC) loop has been suggested to be involved in the generation of spontaneous 

blinking (Adler et al., 2010). The involvement of such loop could explain why sEBR is altered in 

very different clinical conditions and correlates with several cognitive measurements. Like sEBR, 

the CBGTC loop has also been associated with PD and schizophrenia (Maia & Frank, 2011; Silkis, 

2001), reinforcement learning (Maia & Frank, 2011), and working memory (Wang et al., 2021). 

The CBGTC loop might compensate for the effects that variations in dopaminergic genes have on 

dopamine tone and, in turn, sEBR.  

The possible influence of other neurotransmitters should not be overlooked either. For instance, 

anticholinergic substances like atropine have been found to increase blinking, while cholinergic 

substances like physostigmine have been found to decrease blink rates (Karson, 1983). Moreover, 

one study found an association between the nicotinic acetylcholine receptor gene CHRNA4 

(rs1044396) and sEBR (Nakano et al., 2015). These findings suggest that cholinergic mechanisms 

might contribute to modulation of sEBR as well.  
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4.2. The Genotypes and sEBR  

In the GREADT/BEDOB study sample, neither the COMT Val158Met polymorphism nor the A1 

allele of the Taq1A polymorphism had significant effects on sEBR when analyzing the whole 

sample or after dividing the sample into ‘normal’ and ‘frequent’ blinkers. The interaction of the 

genotypes was not significant either. In the intervention study, the genotypes had no effects on 

sEBR across the conditions. Thus, both hypotheses were rejected. The results of this study converge 

with those of authors suggesting caution in using sEBR as a proxy for central dopamine functioning 

of healthy humans (Dang et al., 2017; Sescousse et al., 2018).  

Considering that sEBR is thought to be particularly sensitive to D2-receptor availability (Groman et 

al., 2014), the null finding for the Taq1A polymorphism suggests caution in using sEBR as a proxy 

for striatal dopamine function in healthy humans. The Taq1A polymorphism affects D2 density 

prominently in the ventral parts of the caudate nucleus and putamen (Jönsson et al., 1999; 

Pohjalainen et al., 1998; Ritchie & Noble, 1996). Importantly, the ventral part of the caudate 

nucleus is the same area where D2 density has been directly correlated with sEBR in monkeys 

(Groman et al., 2014; Taylor et al., 1999). If the association between D2 density and sEBR was as 

straightforward in humans, one would expect to find a difference between the blink rates of A1-

carriers and non-carriers.  

The finding that the COMT Val158Met polymorphism did not affect sEBR suggests that 

extracellular dopamine levels in the PFC do not affect blink rates in healthy individuals. This is in 

line with the fact that the evidence for the association between sEBR and dopamine receptor 

activity has been less conclusive for the D1 receptor as it has been for the D2 receptor (Jongkees & 

Colzato, 2016). While sEBR has been shown to reflect the activity of the D1 receptors (Jongkees & 

Colzato, 2016), which are prevalent in the PFC (Mishra et al., 2018), these findings come from 

animal studies as studies done with healthy humans have all focused on D2 receptors (Jongkees & 

Colzato, 2016). Even in animal studies, findings have been less conclusive for the D1 receptors as 

they have been for the D2 receptors (Jongkees & Colzato, 2016). There have been null findings for 

the effect of D1 agonists and antagonists on sEBR (Desai et al., 2007; Kleven & Koek, 1997) and 

one study reported an association between D2 but not D1 receptor availability and sEBR in drug 

naïve monkeys using PET (Groman et al., 2014), which might be explained by D2 receptors being 

more sensitive to dopamine than D1 receptors (Frank & O’Reilly, 2006). Jongkees & Colzato 

(2016) raised a hypothesis that baseline sEBR may be primarily influenced by D2 availability while 

D1 mediated effects might be limited to pharmacological conditions (Jongkees & Colzato, 2016).  
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4.3. sEBR and cognitive measures 

In the GREADT/BEDOB sample, sEBR did not predict performance in the tasks measuring 

cognitive flexibility and working memory, even though such associations have been reported 

previously (Jongkees & Colzato, 2016). It is worth noting that sEBR has been found to predict 

performance in some cognitive flexibility tasks but not in all of them (Jongkees & Colzato, 2016), 

and there is not one standard way of measuring cognitive flexibility. In addition, TMTB is also 

sensitive to other cognitive domains, in particular to the ability to maintain a complex response set 

(Kortte et al., 2002). It may well be that this lack of specificity is the reason why no association 

between sEBR and performance in TMTB was found.  

The Digits span backwards -task (DSB) is the most used test to assess working memory capacity in 

clinical neuropsychology (Hilbert et al., 2015). However, it has not been used in the studies 

investigating the connection between sEBR and working memory. Other methods, such as N-back 

task (Owen et al., 2005), are typically favored in an experimental context, and correlations between 

DSB and experimental working memory tasks tend to be weak (Hilbert et al., 2015). It seems 

plausible that the association between sEBR and working memory performance is more pronounced 

in tasks that emphasize inhibitory control, such as stop-signal task or N-back task (Jongkees & 

Colzato, 2016).  

 

4.4. The APTD and sEBR  

The intervention study utilized the APTD method, which is thought to decrease central dopamine 

synthesis and release (Hartmann et al., 2020b). In this study, the APTD intervention and the 

associated presumed decrease in central dopamine release did not affect sEBR in the LFS or the 

HFS groups. This finding is surprising, as the APTD intervention has notable effects on central 

dopamine levels and would thus be expected to affect the participants’ blink rates. It is plausible 

that no effect was found due to the small sample size of the intervention study. The sample size was 

low due to an unusually high dropout rate compared to other studies making use of the APTD 

method (Hartmann et al., 2020b). The main reason for participants dropping out was nausea or 

vomiting which are common side-effects of ATPD, probably due to its unpalatable taste (de Wit et 

al., 2012; Robinson et al., 2010). A possible bias in the data might be due to different reactions to 

the APTD intervention, in that the individuals who dropped out may have had stronger reactions to 

the ATPD, which may have been reflected to sEBR had they stayed in the study.  
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4.5. BMI, diet and sEBR 

In addition to the genotypes, this study examined the possible association between diet, BMI and 

sEBR in an exploratory manner. In the GREADT/BEDOB study sample, BMI had a significant 

effect on sEBR both when analyzing the entire sample and when analyzing ‘normal’ blinkers 

separately. However, BMI had no significant effect on sEBR in the ‘frequent’ blinkers group or in 

the intervention study sample. When dividing the sample into normal weight and overweight/obese 

groups, BMI predicted sEBR only in the overweight/obese group.  

It should be noted that the sample size in the intervention study was much smaller than in the 

GREADT/BEDOB study and there were far fewer participants with excess weight or obesity, which 

could explain why no effects of BMI were found in that sample. 

In the ‘frequent’ blinkers group, unknown sources of variance may have overpowered the 

association between BMI and sEBR (Doughty & Naase, 2006). These could include tiredness 

resulting from completing multiple tasks, from measurements being conducted in the evening, or 

from insufficient sleeping the night before the test day (Barbato et al., 2000), any ocular discomfort 

resulting from contact lens wear (Al-Abdulmunem & Briggs, 1999), or hormonal medication use in 

women (Yolton et al., 1994).  

The exploratory finding of a significant association between BMI and sEBR in the 

GREADT/BEDOB study supports the idea that the link between sEBR and dopamine would be 

significant only when the dopaminergic system is significantly dysregulated (Dang et al., 2017). 

The finding that BMI was not associated with sEBR in the normal weight group but only in the 

overweight/obese group further supports this idea. Several studies have found altered central 

dopamine levels and striatal dopamine D2 receptor density in individuals with obesity (Cosgrove et 

al., 2015; Dunn et al., 2012; Eisenstein et al., 2013; Horstmann et al., 2015; Kessler et al., 2014; 

Wang et al., 2001). Furthermore, there are important similarities between obesity and chronic drug 

use as both of them are associated with altered D2 receptor density (Barry et al., 2009) and altered 

sEBR (Colzato et al., 2008; Kowal et al., 2011).  

The significant association between BMI and sEBR might mean that increased striatal 

dopaminergic tone in individuals with obesity results in higher sEBR as well (Horstmann et al., 

2015). This hypothesis cannot be confirmed as there were no direct measures of striatal dopamine 

such as PET included in this study. It could not be determined whether the association between 

sEBR and BMI was linear or quadratic as both models were significant and explained the data 

equally well. It is possible that quadratic association would be evident with larger range of BMI. 
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Horstmann et al. (2015) suggested that the non-linear relationship between obesity and 

dopaminergic tone would be visible with BMI-values closer to 50. According to the model by 

Horstmann et al. (2015), a quadratic relationship between BMI and sEBR could be explained by 

individuals with overweight having reduced dopaminergic tone and thus reduced sEBR while 

individuals with obesity would have increased dopaminergic tone and thus increased sEBR.  

In rodent studies, HFS-diet has been associated with changes in the dopaminergic system 

independent of excessive weight (van de Giessen et al., 2013). There is preliminary evidence that 

HFS-diet is associated with changes in dopamine precursor availability, which is indicative of 

changes in central dopamine levels in humans (Hartmann et al., 2020b). In this study, diet had no 

association with sEBR in either of the samples. It should be kept in mind that although the DFS has 

been found psychometrically sound (Fromm & Horstmann, 2019), there is always a level of 

uncertainty associated with using self-report measures. In this study BMI did not correlate with 

DFS-score in either of the samples, which has been seen in prior studies (Francis & Stevenson, 

2013; Fromm & Horstmann, 2019). This could be explained by individuals with higher BMI 

underreporting their fat and sugar intake, which has been found to be more common in individuals 

with overweight or obesity (Braam et al., 1998). Thus, it is possible that DFS-scores were biased by 

social desirability effects.  

 

4.6. Limitations of this study 

Regarding the assessment of sEBR, the measurement period was quite short (5 minutes) in the three 

study samples included in this study, although it was comparable to most studies measuring sEBR 

in humans (Jongkees & Colzato, 2016). Dang et al. (2017) suggested that it may take a much longer 

assessment for the association between sEBR and dopamine to be distinguished in individuals with 

intact dopaminergic functioning. However, if the association between sEBR and dopamine function 

were so subtle that even slight confounding factors can overpower it, sEBR should not be used as a 

simple proxy for dopamine function (Dang et al., 2017). As mentioned in the introduction, there are 

many potential confounding factors that should be taken into account when measuring sEBR such 

as time of the day (Barbato et al., 2000), ocular discomfort or disease (Nakamori et al., 1997), and 

potentially age and gender (Bentivoglio et al., 1997; Schellini et al., 2005). Moreover, there are 

unknown sources of variance as well, causing some individuals to have considerably higher blink 

rates than others (Doughty & Naase, 2006).  
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A more significant limitation regarding the assessment of sEBR is that in the BEDOB study some 

of the measurements were done in the afternoon or even in the evening, while in the intervention 

study and the GREADT study the measurements were conducted before noon. Blink rates have 

been found to be larger in the evening than in the morning (Barbato et al., 2000), so the varying 

measurement times could potentially affect the results of this study. Moreover, the measurement 

times were not available for the BEDOB study so they could not be properly controlled for in the 

analyses. Therefore, the results of this study should be interpreted with caution and replicated with 

more careful methodological considerations.   

Small sample size is a major limitation in the intervention study, resulting in low statistical power 

of the analyses. Because of the small sample size, analyses were not performed separately for the 

‘normal’ and ‘frequent’ blinkers which might affect the validity of the results (Doughty & Naase, 

2006). Moreover, the intervention study sample included mainly subjects in the normal weight – 

overweight range, which may explain why no effect of BMI was observed on sEBR. After all, in 

the GREADT/BEDOB study sample BMI did not predict sEBR in the normal weight group but 

only in the overweight/obese group.  

Another limitation is that only males were recruited in the GREADT study, which means that the 

possible effect of gender could not be controlled for in the GREADT/BEDOB sample. Only males 

were included because there have been findings of sex differences in central dopamine system 

(Laakso et al., 2002; Munro et al., 2006; Zachry et al., 2021). On the contrary, only females were 

included in the intervention study, because larger behavioral effects of APTD-intervention have 

been found in women compared to men (Hartmann et al., 2020b). Again, it is possible that inclusion 

of only female participants may affect the generalizability of the results. However, the BEDOB 

study did include both males and females and, in that sample, gender was not associated with sEBR. 

Findings on the association between gender and sEBR have been inconclusive in prior studies 

(Bentivoglio et al., 1997; Doughty, 2002; Schellini et al., 2005). Moreover, even though hormonal 

changes across the menstrual cycle have been linked to different dopamine baseline levels (Colzato 

& Hommel, 2014; Jacobs & D’Esposito, 2011), sEBR does not seem to be affected by those 

changes (Hidalgo-Lopez et al., 2020).  

 

4.7. Conclusion 

In this study, the association between sEBR and two dopaminergic polymorphisms, the COMT 

Val158Met and the Taq1A, were focused on in three study samples. As a secondary exploratory 
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research problem, association between BMI, diet, and sEBR was investigated. This study found no 

evidence for the association between genetic variations in dopaminergic genes and sEBR, which 

has been suggested to reflect central dopaminergic functioning. In the GREADT/BEDOB study 

sample, BMI had a significant effect on sEBR both when analyzing the entire sample and when 

analyzing ‘normal’ blinkers separately. BMI did not predict sEBR in the ‘frequent’ blinkers. When 

dividing the sample into normal weight- and overweight/obese -groups, BMI predicted sEBR only 

in the overweight/obese -group. This study converges with those of authors suggesting caution in 

using sEBR as a proxy for central dopamine functioning of healthy humans. It may be that sEBR 

and dopamine function are noticeably correlated in situations where the dopamine system is 

significantly dysregulated, such as PD, schizophrenia, and chronic drug use. The exploratory 

finding of an association between BMI and sEBR supports this idea, especially as the connection 

was significant only in the overweight/obese group but not in the normal weight group. In future 

studies, particular attention should be paid to methodological considerations when studying sEBR.  
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