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Preface 
 

Part of the data on which this work is based on has recently been published in 

the article of Sebold et al. ( 2019). More precisely, in the article we used neurobiological 

data of 39 subjects, whereas in this work we analysed the complete sample of 58 study 

neuroimaging participants. Furthermore, different clinical scales and questionnaires 

were used in the article than in this work.  
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Abstract 
 
Abstract (English). 
 

Alcohol dependence (AD) is the most common substance use disorder (SUD) 

both in Germany and worldwide. Yet its specific pathogenesis remains unclear. The 

aim of this study was to enhance the understanding of the underlying neurochemical 

processes of AD and thus gain knowledge about the development and maintenance 

of this disease. 

Besides having its well-known GABAergic effects, alcohol interferes directly and 

indirectly with many other neurotransmitters such as dopamine (DA). In prior studies, 

a release of DA following acute alcohol intake was often observed in the limbic striatum 

(LS). Further, DA is strongly associated with positive reinforcement, which is a basic 

mechanism involved in addiction in general.  

Neurobiologically, there are indications that chronic alcohol intake may reduce 

dopamine D2 and D3 receptor (DR2/3) availability in the striatum. This adaptation 

process has been interpreted as a compensatory downregulation mechanism of DA 

receptors, which may provoke certain withdrawal symptoms in AD.  

In the present study, we used the highly affine, specific radiotracer 18F-fallypride 

to quantify the striatal DR2/3 availability via positron emission tomography (PET). The 

sample consisted of 20 diagnosed alcohol-dependent patients (AD) after alcohol 

withdrawal, 19 controls with low-risk (LR) and 19 individuals with high-risk alcohol 

intake (HR). We used three subgroups to reflect different levels of alcohol intake and 

our aim was to investigate the extent of the dopaminergic impairment within these 

groups. 

We observed significant reductions of the DR2/3 availability of AD subjects 

compared to LR and HR in the sensorimotor and associative part of the striatum. 

There were no significant differences between the LR and HR groups. The severity of 

alcohol dependence as well as the extent of the craving symptoms were inversely 

correlated with the DR2/3 availability in the associative and sensorimotor striatum in 

the whole sample.  

While earlier studies have mainly focused on the LS, we observed significant 

differences in DR2/3 availability in the sensorimotor and associative striatum in AD. 

We did not observe significant differences between our HR and LR individuals, which 

may be due to power issues.  
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These findings are in line with the concept that a gradual loss of control over the 

drinking behavior may be associated with a shift from ventro- to dorsostriatal 

adaptation processes, which has only been shown in animal studies up to now. Our 

findings add to a growing body of evidence showing that AD and addiction symptoms 

such as craving are associated with impaired dorsostriatal DR2/3 availability.  

                                                                            

Keywords: Alcohol dependence, dopamine, sensorimotor striatum, associative 

striatum, PET, 18F-fallypride, DR2/3 availability, craving symptoms. 
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Abstrakt (German). 
 

Obwohl Alkoholabhängigkeit die häufigste Suchterkrankung, sowohl in 

Deutschland als auch weltweit ist, konnte die genaue Pathogenese der Erkrankung 

bisher noch nicht vollständig erklärt werden. Ziel dieser Studie war es nähere 

Erkenntnisse über die zugrundeliegenden neurobiologischen Grundlagen der 

Alkoholabhängigkeit zu gewinnen und darüber ein besseres Verständnis über die 

Entstehung und Aufrechterhaltung dieser Erkrankung zu erlangen. 

Neben den bekannten GABAergen Effekten, beeinflusst Alkohol zudem direkt 

und indirekt noch viele weitere Neurotransmitter, wie zum Beispiel Dopamin (DA). 

Akuter Substanzkonsum führt möglicherweise zu einer erhöhten Dopaminfreisetzung 

im limbischen Striatum. DA ist mit positiver Verstärkung assoziiert, einem 

Lernmechanismus der grundlegend mit Suchtentwicklung verbunden ist.  

Neurobiologisch scheint chronischer Alkoholkonsum zu einer verringerten 

Dopamin- 2 und 3 (D2/3) Rezeptordichte im Striatum zu führen. Dieser 

Adaptationsvorgang kann als eine kompensatorische Herunterregulation der 

Rezeptoren interpretiert werden, was wiederum Grundlage klinischer 

Entzugssymptome von Alkoholabhängigen sein könnte.  

In dieser Studie wurde die Dopaminrezeptorverfügbarkeit mittels Positronen-

Emissions-Tomographie (PET) bestimmt. 18F-fallypride, ein hoch affiner, spezifischer 

DR2/3 Antagonist wurde als Radiotracer zur Bestimmung der D2/3 

Rezeptorenverfügbarkeiten in striatalen Gehirnregionen genutzt. 

Die Stichprobe bestand aus 20 abstinenten Patienten mit diagnostizierter 

Alkoholabhängigkeit, 19 gesunden Kontrollen mit geringem (Low Risk, LR) und 19 

Kontrollen mit riskantem Alkoholkonsum (High Risk, HR). Die drei Referenzgruppen 

repräsentieren verschiedene Schweregrade von Alkoholkonsum und wurden benötigt, 

um das Ausmaß der dopaminergen Adaptationsprozesse innerhalb dieser Gruppen zu 

untersuchen. 

Im assoziativen und sensomotorischen Bereich des dorsalen Striatum der 

alkoholabhängigen Patienten konnte eine signifikant erniedrigte D2/3 

Rezeptorenverfügbarkeit im Vergleich zu LR und HR Kontrollen nachgewiesen 

werden. Es gab keine signifikanten Unteschiede zwischen den LR und HR Gruppe. 

Desweiteren wurde in der gesamten Stichprobe eine inverse Korrelation zwischen der 

Dopaminrezeptorverfügbarkeit im assoziativen und sensomotorischen Striatum und 

der Schwere der Alkoholabhängigkeit sowie „Craving“ Symptomen festgestellt. 
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Zusammenfassend wurden in dieser Studie signifikante Veränderungen der 

DR2/3 Verfügbarkeit im assoziativen und sensomotorischen Striatum gefunden, 

während vorherige Studien vor allem Ergebnisse im limbischen Striatum fanden. Das 

es keine signifikanten Unterschiede zwischen HR und LR Probanden gab könnte ein 

Problem der mangelnden Teststärke unserer Analyse sein. 

Unsere Befunde sind übereinstimmend mit dem Konzept eines graduellen 

Kontrollverlusts über das Trinkverhalten, welcher nach Tierstudien mit einem Shift von 

ventro- zu dorsostriatalen Adaptionsprozessen assoziiert sein könnte. Unsere 

Ergebnisse fügen sich in eine wachsende Anzahl von Studien ein, die eine Assoziation 

der Alkoholabhängigkeit mit einer reduzierten dorsostriatalen D2/3 

Rezeptorverfügbarkeit zeigen. 

 

Stichworte: Alkoholabhängigkeit, Dopamin, sensomotorisches Striatum, 

assoziatives Striatum, 18F-fallypride, DR2/3 Verfügbarkeit, Craving Symptome. 

 

  



 13 

Introduction 
 

Alcohol addiction and alcohol dependence are used as functional equivalents 

based on the definition in the Diagnostic and Statistical Manual of Mental Disorders, 

4th Edition (American Psychiatric Association, 2000). In this study DSM IV criteria were 

used to diagnose and include alcohol-dependent (AD) subjects in the sample because 

the study concept was outlined before the DSM 5 was published. Although the DSM 5 

is the current version of the manual, we decided to use DSM IV throughout the text to 

have a consistent definition for alcohol dependence in the entire work (American 

Psychiatric Association, 2013, 2000).  

Alcohol and ethanol are used as synonyms for better readability. Moreover, LS 

and ventral striatum are used as functional equivalents. Further, the dorsal striatum is 

used as the functional equivalent of the sensorimotor striatum (SMS) and associative 

striatum (AS) as they both form the dorsal striatum.  

 

Alcohol dependence  
 

Definition. 
 

Alcohol dependence (AD) and alcohol abuse are subsumed under the term 

alcohol use disorder (AUD) in the 4th edition of the Diagnostic and Statistical Manual 

of Mental Disorders (DSM-IV) (American Psychiatric Association, 2000). In DSM-IV 

AD or rather substance dependence in general is defined as: 

 

“…a maladaptive pattern of substance use, leading to clinically significant 
impairment or distress, as manifested by three (or more) of the following, 
occurring at any time in the same 12-month period: 

 
1. tolerance, as defined by either of the following: 

a. a need for markedly increased amounts of the substance to achieve 
intoxication or desired effect 

b. markedly diminished effect with continued use of the same amount of 
the substance 
 

2. withdrawal, as manifested by either of the following: 
a. the characteristic withdrawal syndrome for the substance 
b. the same (or a closely related) substance is taken to relieve or avoid 

withdrawal symptoms 
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3. the substance is often taken in larger amounts or over a longer period than 
was intended 
 

4. there is a persistent desire or unsuccessful efforts to cut down or control 
substance use 

 
5. a great deal of time is spent in activities necessary to obtain the substance 

(e.g., visiting multiple doctors or driving long distances), use the substance 
(e.g., chain-smoking), or recover from its effects 

 
6. important social, occupational, or recreational activities are given up or 

reduced because of substance use 
 

7. the substance use is continued despite knowledge of having a persistent or 
recurrent physical or psychological problem that is likely to have been 
caused or exacerbated by the substance (e.g., current cocaine use despite 
recognition of cocaine-induced depression, or continued drinking despite 
recognition that an ulcer was made worse by alcohol consumption)” 

(American Psychiatric Association, 2000) 

 
Another influential diagnostic classification is the 10th version of the International 

Classification of Diseases (ICD-10) published by the WHO (World Health Organization, 

2016).  The WHO uses the terms “harmful alcohol use” and “alcohol dependence 

syndrome”. Harmful alcohol use is defined here as:  

“A pattern of psychoactive substance use that is causing damage to 
health. (…)” 

The definition of “alcohol dependence syndrome” is: 

“A cluster of behavioral, cognitive, and physiological phenomena that 
develop after repeated substance use and that typically include a 
strong desire to take the drug, difficulties in controlling its use, 
persisting in its use despite harmful consequences, a higher priority 
given to drug use than to other activities and obligations, increased 
tolerance, and sometimes a physical withdrawal state. (…)”  

(World Health Organization, 2016) 

 
These definitions show that AUD covers a spectrum of diseases and that the 

boundaries between moderate alcohol consumption, risky alcohol use and alcohol 

dependence are fluid (Saitz, 2005). For a graphic representation of the spectrum of 

alcohol use and abuse see Figure 1. To reflect different levels of alcohol consumption 

in our study design, we used three reference groups: subjects with low risk (LR) of 

developing an AD, individuals at high risk (HR) and abstinent subjects with a diagnosed 
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AD. LR and HR were classified with the Alcohol Use Disorder Identification Test 

(AUDIT) (Bush et al., 1998; Saunders et al., 1993). 

 
Figure 1. The spectrum of alcohol use, adapted from Saitz (2005). 

 
Epidemiology. 

 
Alcohol abuse is highly common and leads to severe physical and mental health 

impairments in the consumer (World Health Organisation, 2014). The economic as well 

as social consequences for society due to health care, prevention and indirectly 

caused damages are enormous. According to the WHO, 3.3 million people worldwide 

are killed by alcohol consumption and its consequences every year (World Health 

Organisation, 2014).  

The damages of alcohol on different organ systems and on mental health are 

well known and well documented in numerous clinical studies (Singer and Batra, 

2011). Nearly all organs are affected, and many new findings prove the carcinogenic 

effect of alcohol intake (Seitz and Müller, 2011; Singer and Batra, 2011). Moreover, 

Lim et al. showed in 2012 that regular alcohol consumption is one of the major health 

risk factors (Lim et al., 2012). 

Additionally, the WHO’s “Global Burden of Disease Study” showed that in 

Germany alcohol consumption (in men) is the 5th major risk for disease pathogenesis 

in general (Plass et al., 2014). Furthermore, in Germany 20% of the risk for all diseases 

is precipitated by alcohol and nicotine intake (Mann et al., 2016). 
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In Germany the per capita alcohol consumption adds up to just under 10 liters of pure 

ethanol per year (Batra et al., 2016; Gaertner et al., 2015). This very high level of 

alcohol consumption has remained relatively constant for several years (Gaertner et 

al., 2015). 14% of the adult German population (men and women, aged 19 to 64 years) 

or 7.4 million people are affected by hazardous alcohol consumption (Batra et al., 

2016). Further, it is assumed that about 3.1% of the population match the diagnostic 

criteria of the ICD-10 for harmful alcohol use, while another 3.4% meet the criteria for 

AD (Batra et al., 2016; Pabst et al., 2013).  

The economic impact of alcohol intake and its consequences is immense: at 

least 30 billion euro are spent each year in Germany (Effertz and Mann, 2013). Hence, 

AD in Germany – and as well in Europe – is the leading expense factor in the mental 

health system (Effertz and Mann, 2013).  

In summary, this data on AD and its effects show the major importance of 

research which furthers the understanding of alcoholism and its pathogenesis. 

 

Withdrawal. 
 

Withdrawal – along with tolerance – is a pharmacological criterion for AD, as 

they are the results of an adjustment process resulting from alcohol use. As with 

tolerance, withdrawal symptoms vary in regard to quality and quantity, depending on 

the abused substance. Alcohol is associated with strong withdrawal symptoms in AD 

or risky consumers (Victor and Adams, 1953). Withdrawal is described in DSM-5 as 

follows:  

“Withdrawal is a syndrome that occurs when blood or tissue 
concentrations of a substance decline in an individual who had 
maintained prolonged heavy use of the substance. After developing 
withdrawal symptoms, the individual is likely to consume the 
substance to relieve the symptoms. Withdrawal symptoms vary 
greatly across the classes of substances, and separate criteria sets 
for withdrawal are provided for the drug classes. Marked and generally 
easily measured physiological signs of withdrawal are common with 
alcohol, opioids, and sedatives, hypnotics, and anxiolytics. (…)” 

(American Psychiatric Association, 2013) 

Withdrawal symptoms vary greatly in subjects. Some people describe only 

harmless symptoms such as a headache and discomfort whereas others may suffer 

from severe delirium tremens, which might lead to death when not recognized or 

treated correctly. 
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There are mild symptoms that are colloquially termed “hangover”. These 

symptoms normally occur in subjects with moderate alcohol intake. Symptoms range 

from headache, nausea, diarrhea, feeling weak, tiredness or being impaired in 

cognitive, visual or spatial skill performance (Wiese et al., 2000).  

Moreover, there are early symptoms that usually occur within 48 hours. These 

might be a hand tremor, different kinds of hallucinations or illusions (visual, auditory, 

tactile) or generalized tonic-clonic seizures (American Psychiatric Association, 2013; 

Brust, 2014). Late withdrawal symptoms can be a possible episode of delirium 

tremens, autonomic hyperactivity, psychomotor agitation, anxiety or insomnia 

(American Psychiatric Association, 2013; Brust, 2014).  

Due to the large variety of symptoms, alcohol withdrawal should in general be 

medically supervised and, if necessary, pharmacologically treated. Benzodiazepines 

are the main treatment option for alcohol withdrawal, but there are also other 

substances such as clomethiazole, which is not available in the United States but very 

commonly used in Europe (Bonnet et al., 2011). There are also other pharmaceuticals 

such as phenobarbital, anticonvulsants, baclofen, Gamma-hydroxybutyric acid (GHB), 

neuroleptics, beta-blockers and alpha-2-agonists, ethanol and N-methyl-d-aspartate 

(NMDA) receptor blockers, which can be used as second or third line treatment options 

(Brust, 2014).  

 

Craving symptoms. 
 

Craving is a term used to describe a certain symptom in substance misuse or 

dependence. There has been a long discussion and dispute about the term and its 

definition and utility (Drummond et al., 2000; Kozlowski and Wilkinson, 1987; Pickens 

and Johanson, 1992). In 1991 different international experts discussed the topic at the 

Addiction Research Center (ARC) of the National Institute on Drug Abuse in the US. 

They agreed on the importance of the topic and its role in understanding drug 

dependence but pointed out that there was still a lack of knowledge and further 

research to do (Pickens and Johanson, 1992). Hence, additional studies followed and 

examined the theory of craving and the clinical relevance of craving as a major 

symptom in addiction (Addolorato et al., 2005; Drummond, 2001; Ferguson and 

Shiffman, 2008).  

The definitions of craving are very diverse, but most researchers agree on the 

assumption that craving is “a subjective experience of wanting to use a drug” 
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(Drummond, 2001; Tiffany et al., 2009). According to Tiffany and Wray (2012), this 

definition has three elements: craving is conscious, craving is best captured by an 

expression of desire, and that desire is directed toward the use of a specific drug. Since 

the 5th edition of DSM, craving has been part of the diagnostic criteria for AUD and is 

described as follows:  

“Craving is manifested by an intense desire or urge for the drug that 
may occur at any time but is more likely when in an environment where 
the drug previously was obtained or used. Craving has also been 
shown to involve classical conditioning and is associated with 
activation of specific reward structures in the brain. Craving is queried 
by asking if there has ever been a time when they had such strong 
urges to take the drug that they could not think of anything else. 
Current craving is often used as a treatment outcome measure 
because it may be a signal of impending relapse.”  

(American Psychiatric Association, 2013) 

 
The assessment of craving symptoms also varies. For instance, there are 

questionnaires that contain one item in regard to craving as in the Substance 

Dependence Severity Scale (SDSS) and on the other hand, there are questionnaires 

that assess craving as a score out of multiple items as in the Obsessive Compulsive 

Drinking Scale (OCDS) discussed in Obsessive Compulsive Drinking Scale (OCDS). 

(Miele et al., 2000). Most questionnaires or questions relating to craving are self-rating 

questions. Additionally, self-rated craving might also be correlated with corresponding 

regional brain activation (Brody et al., 2002; Grant et al., 1996; McClernon et al., 2005).  

Previous studies have shown a potential link between craving and striatal 

dopamine receptor density and synthesis capacity (Heinz et al., 2004b, 2005). The 

clinical importance of craving is its possible role in predicting relapse risk and clinical 

outcome (Heinz et al., 2010; Schneekloth et al., 2012; Sinha, 2013). The aim of this 

study was, among other things, to assess the neurobiological correlates of craving and 

their possible role in relapse prediction.  

 

Abstinence and relapse. 
 

Abstinence is in most cases the aim of the treatment of AD, although, “controlled 

drinking” might also be considered as an optional treatment goal. The debate about 

“controlled drinking” has been ongoing for a long time and is still very relevant (Carroll, 

1978; Mann et al., 2016). Today “controlled drinking” is being seen more and more as 
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a second option in the treatment of AD, for example, when the patient refuses 

abstinence. The new English therapy guidelines from 2011 came to the conclusion that 

“controlled drinking” should be accepted as an intermediate treatment goal, which led 

to intense discussions internationally (NICE. Alcohol-use disorders: diagnosis, 

assessment and management of harmful drinking and alcohol dependence., 2011). 

The European Medicines Agency (EMA) also agreed with this statement (2011) as did 

the “Deutsche Gesellschaft für Psychiatrie, Psychotherapie, Psychosomatik und 

Nervenheilkunde (DGPPN)”, a subgroup of the “Arbeitsgemeinschaft der 

Wissenschaftlichen Medizinischen Fachgesellschaften e.V. (AWMF)” (EMA (European 

Medicines Agency). Annual report 2010, 2011; Mann et al., 2016).  

The reason for this acceptance may be the hope that more people with alcohol 

dependence or harmful use might consider counselling or medical treatment if the 

reduction of the alcohol intake will be an accepted treatment goal. In the US nearly half 

of the people with AD in need of treatment reported that they were not willing to cut out 

drinking completely, which indicates that this hope is realistic (Substance Abuse and 

Mental Health Services Administration (SAMHSA). Results from the 2005 National 

Survey of Drug Use and Health: National Findings., 2006). Yet, perhaps “controlled 

drinking” should not be offered as a second therapeutic option because abstinence 

seems to be the safest and most effective form of treatment (Batra et al., 2016). In 

summary, it can be stated that abstinence should be the treatment goal in AD, whereas 

“controlled drinking” might be an important intermediate step.  

Unfortunately, in AD the relapse rate in reformed alcoholics remains at a very 

high level. Up to 85% of AD patients undergoing detoxification suffer from relapse 

when they do not receive further treatment such as psychotherapy or 

psychopharmacotherapy (Boothby and Doering, 2005; Walter et al., 2015). The 

question how to possibly decrease the relapse rate and how to improve treatment 

options might be the most important research question in regard to AD. 

Relapse to heavy drinking is defined as the alcohol intake of more than 60g of alcohol 

per occasion in men and more than 48g of alcohol in women after a period of 

abstinence. The predictors of relapse are a subject of controversial discussion and of 

great clinical importance. Therefore, one important long-term goal of this study is to 

contribute to the improvement of relapse prediction. 
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Pathogenesis. 
 

The exact pathogenesis of AD is not known. It is assumed that a 

multidimensional development and complex interplay of social, psychological and 

genetic influences as well as cognitive functioning and reward-dependent learning 

contribute to the development of AD. 

Social factors may be environmental influences such as family situation, 

parenting practices, educational style, friends and peer groups – especially in young 

adults (Andrews et al., 2002; Rose et al., 2001; Sher et al., 2005).  

Additionally, there are psychological influences such as special personality traits 

that might be associated with AD. For example, neuroticism, disinhibition and 

extraversion each seem to have a connection with the development of AD (Sher et al., 

2005). Moreover, there are other personality traits which have been found to contribute 

to an early onset of alcohol consumption, such as extraversion, impulsivity, sensation 

seeking, and novelty seeking (Nees et al., 2012). 

Genetic influences also play a major role in the development of AD. It is 

estimated that around 50% of the vulnerabilities related to AD are associated with 

genetic factors (Prescott and Kendler, 1999; Schuckit, 2009). For instance, there are 

many different genes that may be associated with an increased risk of developing an 

AD (Goldman et al., 2005). In genome-wide association studies (GWAS), twin studies, 

linkage studies and candidate gene studies, several potential genetic predisposing 

factors have been identified (Tawa et al., 2016). The complexity and variance of the 

genetic factors involved in AD are linked to the concept of intermediate phenotypes 

(Heinz et al., 2007; Schumann, 2007). Intermediate phenotypes or endophenotypes 

are defined as intermediate between the observable disorder and its potential 

biological cause (Schumann, 2007). One example of an intermediate phenotype is the 

potentially reduced DR sensitivity in AD, which may be modulated through the 

dopaminergic genes COMTVal58Met and DRD2Taq1A (Schellekens et al., 2012). 

Another approach to understanding the pathogenesis of AD takes into account 

cognitive disorders or dysfunctions, which may also contribute to the development of 

the disorder. Especially executive dysfunctions might play an important role in the 

development of addiction and in particular unhealthy alcohol consumption (Corral et 

al., 2003; Goldstein and Volkow, 2011; Sher et al., 2005). Executive functions are an 

umbrella term for different cognitive processes such as cognitive inhibition, cognitive 

flexibility and working memory, and higher order executive functions such as planning, 
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multi-tasking and fluid intelligence (Chan et al., 2008). Thus, executive dysfunctions 

may represent an impairment of cognitive control, which seems to be evident in 

addiction. The brain regions involved in executive functions may be localized in frontal 

and specifically in prefrontal cortical areas and are potentially impaired in addiction 

(Goldstein and Volkow, 2011; Volkow and Fowler, 2000).  

Moreover, there seems to be a connection between AD and reward-dependent 

learning, as drugs of abuse seem to increase DA in reward circuits and thus may 

contribute to its rewarding effects. Hence, a focus of research in this domain is 

dopaminergic transmission in the midbrain and the basal ganglia, which form a 

substantial part of the reward system (Di Chiara and Imperato, 1988; Everitt et al., 

2001; Wise, 1996). These reward circuits will be discussed further in Dopaminergic 

pathways and the reward system. 

All in all, due to the various social, psychological, genetic as well as cognitive 

factors and their mutual influence, the pathogenesis of alcoholism can be best 

understood through a multidimensional approach.  

 

Neurobiology. 
 

The numerous neurobiological factors and their interactions in the development 

of AD are as complex as the underlying neurochemical processes involved in the 

pathogenesis discussed above. Alcohol directly and indirectly affects many 

neurotransmitter systems, such as the GABAergic, glutamatergic, serotonergic, opioid 

and dopaminergic systems (Heinz et al., 2009). It is important to differentiate between 

the acute effects of ethanol and the results of chronic ethanol intake. In the following, 

I will predominantly focus on chronic alcohol consumption, as I want to elucidate the 

underlying neurobiological processes in the disease development of AD.  

 

Gamma-aminobutyric acid.  
 

Alcohol acts as a positive allosteric modulator of the GABAA receptor (Gamma-

aminobutyric acid type A receptor) in the central nervous system (CNS), leading to an 

opening of chloride channels and hence to a hyperpolarization of the cell (Malenka et 

al., 2009a). This hyperpolarization reduces the firing rate of the neuron and thus 

reduces its activity. 

Gamma-aminobutyric acid (GABA) is a major inhibitory neurotransmitter, which is 
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reinforced by alcohol intake mainly through GABAA receptors. Acute consumption 

induces the activation of GABA receptors, whereas chronic alcohol intake may lead to 

a homeostatic downregulation of the GABAA receptors (Krystal et al., 2006). Thus, in 

abstinence - after chronic ethanol consumption – the GABAergic system seems to be 

noticeably impaired (Grobin et al., 1998). 

 

Glutamatergic modulation. 
 

Ethanol modulates ionotropic glutamate receptors, such as the α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPA-R), the kainate receptor 

(KAR) and N-methyl-D-aspartate (NMDA) receptor. It is a negative allosteric modulator 

of these receptors and hence modulates the mainly excitatory acting transmitter 

glutamate. The effects of ethanol on the GABAA and the NMDA receptors can be an 

explanation for the sedating effects of alcohol because the inhibitory transmitter GABA 

is activated and the excitatory neurotransmitter glutamate is inhibited (Grobin et al., 

1998; Spanagel, 2003).  

Chronic alcohol consumption leads to a prolonged inhibition of NMDA receptors 

and thus to a potentially compensatory upregulation of this receptor subtype (Bachteler 

and Spanagel, 2005; Chastain, 2006; Spanagel, 2003). Moreover, the functionality of 

the NMDA receptor seems to be optimized through specific structural changes within 

the receptor, leading to a possibly reinforced sensitivity of the receptor (Spanagel, 

2003). If – during withdrawal – alcohol intake is stopped, the activity of those 

postsynaptic neurons increases and can in the worst-case lead to glutamate-induced 

excitotoxicity (Tsai et al., 1995). Excitotoxicity means neuronal damage, or rather 

neurodegenerative processes caused by excessive receptor stimulation (Tsai et al., 

1995). Some of the clinical effects of alcoholism, such as withdrawal seizures and 

delirium tremens, may be consequences of the impaired glutamatergic system in AD 

(Spanagel, 2003). 

 

Serotonergic impairments. 
 

Subsequently, the serotonergic transmitter system is also mediated by ethanol 

intake. Ethanol acts as a 5-hydroxytryptamine type 3 receptor (5-HT3-R) agonist, 

reinforcing the regulatory monoamine serotonin, also known as 5-hydroxy-tryptamine 

(5-HT). Serotonin, just like other monoamines, mediates the excitatory (e.g. glutamate) 
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and inhibitory (e.g. GABA) neurotransmitter systems and thus interacts with cortical 

information processing (Heinz et al., 2004a). There seems to be an association 

between high alcohol preference and low endogenous 5-HT functioning (Nishikawa et 

al., 2009). Furthermore, chronic alcohol consumption may be associated with lowered 

availability of serotonin transporters (SERT), especially in the brain stem (Heinz et al., 

1998). 

Moreover, serotonergic impairments seem to be associated with impulsive 

aggression, negative mood states and lowered response to alcohol intake, which are 

behavior patterns that may be important for the development and maintenance of AD 

(Heinz et al., 2001). 

All in all, serotonergic impairments play a major role in the development and 

maintenance of AD and may also indirectly influence GABAergic and glutamatergic 

neurotransmitter systems. The modulation of serotonergic neurotransmission and its 

role in AD is complex. It is not yet fully understood, and research so far has produced 

inconsistent results.   

 

Endogenous opioid system. 
 

The endogenous opioid system is also affected by ethanol intake, leading to 

increased opioid activity levels (Naber et al., 1981). Alcohol intake leads to the release 

of beta endorphins, which is conversely linked to the reinforcement of consumption 

and contributes to dependence (Racz et al., 2008). These alterations in the opioid 

system due to chronic alcohol consumption are closely linked with the dopaminergic 

system (Benjamin et al., 1993; Cowen and Lawrence, 1999; Herz, 1997; Koob, 2014). 

Furthermore, endogenous opioid release is indirectly influenced by the 

glutamatergic changes in AD through unidentified mechanisms in the basal ganglia 

(Malenka et al., 2009a; Möykkynen and Korpi, 2012).  

 

Interactions between glutamate, GABA and dopamine.  
 

Several intoxication and withdrawal symptoms in AD may be explained through 

the relation between the reduced activity of the NMDA receptor system and the higher 

activity of the GABAergic receptors in alcohol withdrawal (Schuckit, 2016). Glutamate 

may subsequently modulate mesolimbic DA release via GABAergic interneurons in AD 

(Carlsson et al., 1999; Kalivas et al., 2005). Furthermore, Gleich et al. (2015) observed 
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a negative correlation between frontal glutamate concentration and striatal dopamine 

synthesis capacity, as well as between striatal glutamate concentration and striatal DA 

synthesis capacity, leading to the hypothesis of a potential regulatory mechanism of 

the dopaminergic system through glutamate (Gleich et al., 2015). 

Previous animal experiments have shown that prefrontal NMDA receptor 

blockade leads to an increasing striatal dopamine release (Del Arco et al., 2008; 

Usun et al., 2013). After withdrawal there might be an increased glutamate 

concentration in AD because of the omission of alcohol induced NMDA receptor 

blockade (Kalivas et al., 2005; Spanagel, 2003). This may affect the regulation of the 

dopaminergic system, which might then result in a potential reinforcement of drug 

intake (Floresco et al., 2001). A pharmaceutical normalization of elevated glutamate 

levels with the pharmaceutical acamprosate in AD after detoxification reduces 

craving symptoms and may thus decrease alcohol intake as Spanagel and others 

have shown in mice (Sass et al., 1996; Spanagel et al., 2005). 

All in all, this shows that the neurochemical interactions and adaptations 

resulting from alcohol consumption are very complex. We will now focus on DA and 

its coherences with reward-dependent learning as well as with its role in the 

development and maintenance of addiction.  

 

Dopamine and alcohol dependence 
 

Alcohol consumption leads to an increased DA release especially in the LS (Di 

Chiara, 1997). This altered DA release contributes to the rewarding effects of alcohol 

intake and may provoke reinforcement of the drug intake (Boileau et al., 2003; Di 

Chiara, 1997; Schultz et al., 1997). Higher levels of striatal DA are of great significance 

for craving symptoms and relapse prediction (Heinz et al., 2005, 2004b; Schuckit, 

2016). In previous AD studies, researchers have been able to show a reduced DR2 

availability in the striatum of alcoholics compared to that of healthy controls (Heinz et 

al., 2004b; Volkow et al., 1996). This finding may be interpreted as a compensatory 

downregulation of DR due to chronic alcohol intake and thus chronic altered DA 

release. In the following paragraphs the dopaminergic neurotransmission and its 

impairments following chronic alcohol consumption will be further discussed. 
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The dopaminergic system. 
 

Dopamine. 
 

Dopamine (DA, contracted from 3,4-dihydroxyphenethylamine) is an amine 

synthesized from its precursor chemical L-DOPA, which is produced in the brain as 

well as in the kidneys. It has several different important functions in the brain and body 

of the human organism. In the central nervous system (CNS) it functions as a 

neurotransmitter, which means it is a chemical released by neurons. It is stored in the 

presynaptic terminal of the neuron within vesicles and released in the synaptic cleft via 

exocytosis. In the synapse it can be either resumed via dopamine transporters (DAT) 

or bind to a cell surface dopamine receptor on the postsynaptic terminal of the neuron. 

There are five different receptor subtypes, which can be divided in two groups, the D1-

like receptors (DR1/5) and the D2-like receptors (DR2-4). In the CNS the D1-like 

receptors lead to a Gs-protein-coupled activation of adenylate cyclase and thus to an 

increased intracellular level of the second messenger cyclic adenosine 

monophosphate (cAMP). In this case, the effect on the neuron can be either an 

activation of the cell through the opening of sodium channels or an inhibition via 

opening potassium channels. On the other hand, the D2-like receptors lead through a 

Gi-protein-coupled inhibition of adenylate cyclase to a decreased intracellular level of 

cAMP. Additionally, there are also dopamine autoreceptors on the presynaptic 

terminal. Those can be D2 or D3 receptor subtypes, which are responsible for a 

negative feedback mechanism (Beaulieu and Gainetdinov, 2011). For an overview of 

a dopaminergic synapse and the receptor types, see Figure 2. 

Thus, DA may lead to an activation or inhibition of the neuron, depending on the 

receptor it binds to and the response of the neuron due to the second messenger 

system (Romanelli et al., 2009). D1 receptors are the most frequent receptor subtype, 

followed by D2 receptors and then – significantly lower – D3 to D5 receptors (Romanelli 

et al., 2009). The distribution and the density of the DR vary greatly between different 

brain regions in the CNS. The striatum is one of the DR-richest regions, whereas white 

matter and cerebellar tissue have a low availability of DR (Rice et al., 2011). 
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Figure 2. Dopaminergic synapse, adapted from Politis (2014). 

 
 

Dopaminergic pathways and the reward system. 
 

There are various DA pathways in the brain which play an important role in the 

extrapyramidal motor system, the hormone system, executive control, arousal, 

reinforcement, motivation and the reward system. The four major dopaminergic 

pathways are shown as a schematic structure in Figure 3. 
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Figure 3. Major dopaminergic pathways (Doyon et al., 2013; Ikemoto, 2010; Malenka et al., 2009b, 
2009c; Moal and Simon, 1991). 

 
The diverse roles and tasks of DA in the CNS include its role as a major 

transmitter of the extrapyramidal motor system (nigrostriatal pathway), the hormonal 

system (tuberoinfundibular pathway) and its role in regulating arousal and executive 

control and functioning (mesocortical pathway) (Malenka et al., 2009b). Moreover, DA 

plays a major role in reward- and aversion-dependent cognition and associative 

learning (mesolimbic and nigrostriatal pathways (2), (3), see Figure 3) (Ikemoto, 2010; 

Malenka et al., 2009c). These pathways play a key role for reward-dependent learning 

and thus for understanding the development and maintenance of addiction. 

If an activity or behavior is rewarded, it will consequently be reinforced (Olds, 

1977; Skinner, 1938). In the paradigm of Skinner, reinforcement is defined as a higher 

potential for a specific response to a certain behavior. Reward in this case can be 

defined as a reinforcement, which then increases or decreases the possible behavior. 

This is part of the concept of operant or instrumental conditioning.  

Another approach is the reinforcement paradigm of Pavlov, which was based 

on his research with dogs (Pavlov, 1927). He introduced the term reinforcement in the 

context of classical conditioning. Classical conditioning means that a certain cue 

triggers a specific behavior. In Pavlov’s case a ringing bell led to a dog’s salivation, 

because the dog learned beforehand that it would get food when the bell was ringing.  

Interestingly, both paradigms complementarily help to understand the concept of drug 
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reward. If related to certain cues, e.g. images or the smell of alcoholic beverages, this 

may result in clinical symptoms such as craving or drug-seeking behavior analogous 

to the salivary flow in the dogs of Pavlov’s research. 

In diverse previous research work it has been suggested that DA might be a 

neuronal correlate of reward. In 1993 Robinson and Berridge pointed out that the 

sensitization of the DA system due to learning processes causes incentive salience, 

which means that a stimulus becomes more attractive. This incentive salience might 

result in the craving for a substance and hence a possible reinforcement of drug intake 

(Robinson and Berridge, 1993). Schultz et al. observed in 1997 that the neurobiological 

correlate of reward may at least partly fulfilled by striatal DA release, depending on the 

prediction of reward or punishment (Schultz et al., 1997; Wise and Rompre, 1989). The 

correlate of this DA release is short phasic bursts of dopamine activation, which were 

shown by Schultz et al. (1997) in rodents. The release is highest when not predicted 

and there may also be a DA release when the behavior is not followed by a reward 

(Schultz et al., 1997; Wise and Rompre, 1989). Hence, DA plays a key role in 

reinforcing behavior and motivational learning (Wise, 2004). Natural reinforcers such 

as food and others such as substances of abuse or monetary rewards may lead to a 

subsequently increased DA release and hence to a rewarding effect – neurochemically 

and behaviorally (Di Chiara, 1997; Schultz, 2015).  

 

The striatum: major part of dopaminergic pathways. 
 

The striatum is an anatomical structure in the forebrain which forms part of the 

basal ganglia. Functionally, the striatum is a main part of the motor and the reward 

system. It is a formation of nuclei which can be subdivided in different ways, leading to 

different classification systems. On the one hand, there are anatomic approaches that 

classify the different nuclei and their exact position, and on the other hand there are 

functional approaches that are based on functional entities observed in previous 

research. 

Anatomically, the striatum consists of the nucleus accumbens, the olfactory tubercle, 

the caudate and the putamen. All the nuclei are located in the forebrain, localized next 

to the frontal horn of the lateral ventricle and lateral of the thalamus. The nucleus 

accumbens can additionally be subdivided into a core and a shell. 

Moreover, the striatum can be divided in a ventral striatum and a dorsal striatum. 

This subdivision is controversial among researchers, and different research groups 
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have proposed alternative subdivisions. In this study, the nomenclature and definitions 

of Martinez et al. (2003) and Mawlawi et al. (2001) were used. Furthermore, the 

striatum can be functionally subdivided into a sensorimotor, associative and limbic part. 

In these functional compartments it forms part of the nigrostriatal and mesolimbic 

dopaminergic pathways discussed above. The detailed regions of interest which we 

investigated will be discussed in the Methods section (see Regions of interest). 

The striatum plays a major role in the reward system and hence in the concept 

of reinforcement, which explains its importance for addiction. Numerous previous 

clinical studies have shown the connection between AD, the striatum and alterations 

in the dopaminergic neurotransmitter system (Beck et al., 2009; Boileau et al., 2003; 

Deserno et al., 2015; Di Chiara, 1997; Di Chiara and Bassareo, 2007; Heinz et al., 

2005, 2004b; Rominger et al., 2012). Striatal dysfunctions play not only a major role in 

addictive disorders but are also of great importance for other psychiatric diseases such 

as schizophrenia (Heinz, 2002). Additionally, other psychiatric diseases such as 

attention-deficit/ hyperactivity disorder (ADHD) or bipolar affective disorders might be 

associated striatal dysfunctions (Ashok et al., 2017; Biederman, 2005; Chamberlain et 

al., 2011; Del Campo et al., 2011). Thus, the striatum and its subdivisions are the 

targeted brain regions we will examine in this work.  

 

Measurement methods of dopamine receptor availability. 
 

Measuring striatal as well as extrastriatal dopamine requires a neuroimaging 

technique that allows a functional approach on molecular levels. Positron emission 

tomography (PET) as well as single-photon emission tomography (SPECT) are 

relatively new nuclear functional imaging techniques that enable researchers to 

investigate the dopaminergic neurotransmission. With either of them, it is possible to 

examine presynaptic dopamine activity (including dopamine transporters, vesicle 

transporters and dopamine storage) as well as the postsynaptic dopaminergic system 

(DR2/3) (Politis, 2014). 

To acquire data, it is necessary to apply a radiolabeled molecule intravenously. 

This so-called radiotracer allows the exploration of physiological and biochemical 

functions of the body or the brain. More precisely, PET allows a molecular functional 

illustration of specific physiological processes, depending on the substance used. An 

overview of the potential imaging methods for dopamine and the respective 

radiotracers that can potentially be used in research is shown in Figure 4. 
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Figure 4. Radiotracers in dopaminergic neuroimaging, reproduced and adapted from Politis (2014). 

 

To be able to perform a PET scan, a radionuclide is injected intravenously into 

the subject. In the body, the radiotracer emits positrons, which indirectly emit gamma 

rays. These gamma rays can then be detected by the scanner. The detection and 

localization of this radioactivity enables a three-dimensional image reconstruction via 

computational analysis. Typically, a CT scanner is used to contribute structural data to 

perform this reconstruction. This CT scanner is usually located within the same 

machine (PET-CT).  

In this study our aim was to examine the postsynaptic DR availability of DR2/3 

in subregions of the striatum and to investigate the differences between LR and HR 

controls and AD subjects. 

There are different approaches to investigating the postsynaptic DR2/3 status. 

As shown in  Figure 4, there are several specific radiotracers that can be used in PET 

or SPECT measurement for exploring postsynaptic dopamine receptors, such as 123I-

epidepride, 123I-IBZM or 11C-PHNO (Erritzoe et al., 2014; Guardia et al., 2000; Plisson 

et al., 2012; Repo, 1999; Searle et al., 2010; Verhoeff et al., 1993). Another possibility 

is the amphetamine paradigm, where an examination of the D2/3 receptors with a PET-

CT is performed after the in vivo application of amphetamine. This has already been 

done in clinical studies on alcohol consumption and AD (Martinez et al., 2005; Munro 

et al., 2006). Other radiotracers which are frequently used in addiction research are 
11C-raclopride, a selective D2 receptor antagonist and 18F-fallypride, a high affinity 
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DR2/3 antagonist. Both can be used in medical research in regard on dopaminergic 

dysfunctions (Antonini et al., 1996; Farde et al., 1997; Köhler et al., 1985; Mukherjee 

et al., 1995; Volkow et al., 1996).  
18F-fallypride is a high affine DR2/3 ligand measuring striatal as well as 

extrastriatal DR2/3 availability in the CNS (Mukherjee et al., 1995; Slifstein et al., 

2004). It has an affinity similar to that of striatal and extrastriatal DR2/3 and enables a 

quantitative measurement of the whole brain in one session (Slifstein et al., 2004).  

Slifstein et al. (2004) showed that the in vivo affinity of 18F-fallypride for DR2 is 

lower than its in vitro affinity and also, that there is a similar affinity for the receptors in 

extrastriatal and striatal brain regions of nonhuman primates (Slifstein et al., 2004). 

These results suggest that this tracer is not affected very much by regional differences 

of endogenous DA and thus might be a good tool for investigating regional DR density 

(Slifstein et al., 2004). This is why we decided to use 18F-fallypride as radiotracer in 

this study. 
18F-fallypride is a radiotracer that is frequently used in research on addiction 

such as AD, methamphetamine use disorders, cocaine use disorders and nicotine 

dependence (Lee et al., 2009; Morales et al., 2015; Okita et al., 2016; Robertson et 

al., 2016; Ballard et al., 2015; Fotros et al., 2013; Fehr et al., 2008). 

 
Dopamine system and alcohol dependence. 

 
The acute consumption of alcohol leads to an increased DA release especially 

in the striatum (Di Chiara, 1997). This altered DA release contributes to the rewarding 

effects of ethanol and may provoke reinforcement of the drug intake analogous to the 

concepts discussed above (Boileau et al., 2003; Di Chiara, 1997; Schultz et al., 1997). 

In AD, alcohol consumption is continued in spite of negative consequences, which may 

lead to the assumption that the reward system is impaired by chronic alcohol intake. 

These alterations consist in a bias towards alcohol and alcohol-related stimuli as 

opposed to other rewards (Hyman, 2005; Wrase et al., 2007). Neurobiologically, 

substance-related cues induce higher striatal activation in AD, than conditioned stimuli 

such as natural or monetary rewards, which induce lower striatal activation (Carelli et 

al., 2000).  

Volkow et al. (2017) reviewed PET studies with regard to acute as well as 

chronic effects of alcohol on dopaminergic neurotransmission. They concluded that the 

acute drug effects of the altered DA release, measured via amphetamine application, 
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had been successfully been investigated in PET studies, whereas the PET studies had 

yielded only inconsistent results for the chronic effects of alcohol consumption (Boileau 

et al., 2003; Laruelle et al., 1996; Urban et al., 2010). The clinical PET studies they 

examined ranged from investigating presynaptic dopamine transporters and dopamine 

synthesis capacity ([18F]DOPA) to examining of postsynaptic receptors (Heinz et al., 

2005, 2004b, 2000; Martinez et al., 2005). Volkow et al. (2017) suggest that chronic 

alcohol effects have been shown in PET and SPECT studies leading to the common 

statement that the dopaminergic system seems to be impaired in AD. 

Kamp et al. (2018) reviewed a series of PET studies and found that one of  the 

chronic effects of alcohol consumption on the dopaminergic system seems to be a 

reduced DR availability in AD subjects as compared with healthy subjects whereas DA 

transporters and DA capacity did not significantly differ in AD and healthy subjects 

(Kamp et al., 2018).  

The first PET study with respect to DR in AD was performed by Volkow et al. 

(1996), who observed a reduced D2 receptor availability in the striatum of AD 

compared to nonalcoholics via 11C-raclopride (Volkow et al., 1996). Moreover, Repo et 

al. (1999) investigated DR2 availability via 123I-epidepride, but did not find significant 

differences in the receptor levels of AD to HC (Repo et al., 1999). In contrast, Guardia 

et al. (2000) found higher striatal D2 receptor levels – examined via 123I-IBZM – 

associated with early relapse in AD subjects. In 2002 Volkow et al. published a11C-

raclopride PET study in which reduced DR2 availabilities were observed in the caudate 

and putamen of AD compared to HC subjects (Volkow et al., 2002b). Heinz et al. (2004) 

confirmed this finding in another PET study showing lower availability of dopamine 

receptor 2 and 3 (DR2/ DR3) in the LS (Andreas Heinz, Siessmeier, et al., 2004). In 

2014 Erritzoe et al. investigated DR3 availabilities in AD subjects via 11C-PHNO and 

found the receptor densities to be lowered in the hypothalamus of AD compared to HC 

(Erritzoe et al., 2014). 

Rominger et al. (2011) were the first to use 18F-fallypride to investigate 

extrastriatal and striatal D2/3R availability in AD (Rominger et al., 2012). They found 

reductions of the D2/3R availability in extrastriatal brain regions (such as the thalamus 

and hippocampus) but not in striatal brain regions of AD subjects in comparison to age- 

and gender-matched controls.  

Moreover, Pfeifer et al. (2016) used 18F-fallypride to investigate the D2/3R 

status in association with acute ethanol intake (Pfeifer et al., 2016). They did not find 
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acute alterations in the DR2/3 status after alcohol intake and they concluded that 

alterations might be associated with chronic alcohol intake. 

Spreckelmeyer et al. (2011) investigated opiate-induced DA release in AD and 

healthy controls via 18F-fallypride PET (Spreckelmeyer et al., 2011). The authors 

observed significantly reduced binding potentials (BP) of 18F-fallypride in the LS in AD 

and HC, and additionally in the AD subjects, the BP in the LS was positively correlated 

with the AUDIT score. The LS was defined as the combination of nucleus accumbens, 

the ventral caudate and the ventral putamen according to the definitions of Mawlawi et 

al. (2001). We used these definitions of striatal and substriatal regions of interest in our 

study. 

Although the results regarding DR2/3 availability in AD are partly heterogenous, 

the new meta-analysis of Kamp et al. (2018), which includes 16 in vivo neuroimaging 

studies, has revealed a significantly lowered DR2/3 availability in AD compared to HC. 

These impaired DR2/3 receptor densities were observed in the striatum, especially in 

the caudate as well as in the putamen. To our knowledge the receptor status of 

individuals at high risk on developing an AD has not yet been examined in any PET 

study. Thus, it is of great interest to investigate whether the DR2/3 availability of HR 

subjects lies between that of AD and LR subjects. Therefore, we used this sample with 

three reference groups representing different levels of alcohol consumption. We aim 

to elucidate how the receptor status is impaired in subjects with more severe alcohol 

consumption. 

The lowered DR2/3 availability in AD has up to now often been interpreted as 

an adaptational downregulation process in AD due to an excess of DA release because 

of a more frequent ethanol consumption. The neuroadaptational processes underlying 

the development and maintenance of AD involve certain steps and brain regions, as 

reviewed by Koob and Volkow (2010). The authors argue that with a more automatized 

drinking pattern the neuronal adaptation mechanisms shift from ventrostriatal to 

dorsostriatal brain regions. This has been shown in several preclinical studies (Corbit 

et al., 2012; Haber et al., 2000; Ikemoto, 2007). Thus, both the ventral and the dorsal 

striatum may be involved in the development and maintenance of AD. Hence, it will be 

interesting to investigate the DR2/3 availabilities in the dorsal as well as ventral regions 

of the striatum in subjects with different alcohol consumption patterns as this has not 

yet been performed in humans.  

For this purpose, we used the precise functional subdivisions of the striatum into 
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a sensorimotor, associative and limbic part along with the definition of Martinez et al. 

(Martinez et al., 2003; Mawlawi et al., 2001). Further, we wanted to investigate if there 

is a difference in the striatal location of the potential dopaminergic impairments of 

individuals at high risk from AD patients compared to the LR controls. 

Moreover, the severity of the impairment of the dopaminergic system may be 

correlated with the extent of the bias of the reward system. (Di Chiara and Bassareo, 

2007). This might also contribute to withdrawal symptoms in subjects who remain 

abstinent after a long time of chronic ethanol consumption. This correlation might thus 

be an important connection to clinical scales such as craving symptoms and clinical 

outcome parameters (Volkow et al., 1996; Heinz et al., 2004b; Grüsser et al., 2004; 

Beck et al., 2009; Wrase et al., 2007). For example, Volkow et al. (2002) observed an 

association of lowered DR2 availabilities with higher ratings of “drug-wanting” in AD 

(Volkow et al., 2002a). This finding was supported by the study of Heinz et al. (2004b), 

who found a correlation of craving symptoms with impaired DR2/3 availabilities in the 

ventral striatum of AD. Additionally, there may be a potential link between the reduced 

DR2 sensitivity and availability and the prediction of relapse in AD (Heinz et al., 1996, 

1995). Therefore, we would like to link our investigations of the DR availabilities to 

clinical symptoms such as the severity of symptoms caused by alcohol and especially 

craving symptoms. To our knowledge this has not yet been investigated in HR 

subjects. Further, this may help us to potentially link DR availabilities and clinical 

symptoms such as craving to relapse prediction. 

All in all, one new aspect of this work is the representation of alcohol 

consumption on different levels. This dimensional approach has not yet been 

considered in any PET study regarding alcohol addiction. 

 

Hypotheses 
 

With regard to the above-mentioned clinical studies and recently published 

reviews (Heinz et al., 2004b; Kamp et al., 2018; Volkow et al., 2002b, 1996), we 

assume a reduced striatal availability of D2 and 3 receptors in AD compared to LR 

controls, which leads to our first hypothesis: 

 

(H1) There is a significant reduction in the binding potential of 18F-fallypride –

measuring striatal DR2/3 availability – in AD compared to LR.  
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Along with the above-mentioned preclinical studies suggesting a shift from 

ventro to dorsostriatal dopaminergic impairments in a more habituated alcohol 

consumption (Corbit et al., 2012; Haber et al., 2000; Ikemoto, 2010), we aim to 

investigate the striatal D2/3 receptor availability in the ventral as well as dorsal part of 

the striatum. For this, we will use the functional subdivisions of the striatum in the 

sensorimotor, associative and limbic parts as defined by Martinez et al. (Martinez et 

al., 2003; Mawlawi et al., 2001).  

According to the above-mentioned concept of addiction as a spectrum disorder, 

with AD representing the upper part of a spectrum of different levels of alcohol use, we 

decided to do our investigations in a sample with three study participant groups (Saitz, 

2005). As planned in our study design, we recruited a group of abstinent AD patients 

and two matched control groups: one group with low risk of developing an AD (LR) and 

one group with high risk of developing an AD (HR), classified via the AUDIT score 

(Barbor et al., 1989; Saunders et al., 1993). Thus, we hypothesize, that 

 

(H2) Striatal DR2/3 availability in HR lies intermediately between that of AD and 

LR with significant reductions in striatal DR2/3 availability in HR compared to LR 

controls (H2a) and significantly higher striatal DR2/3 availability in HR compared to AD 

patients (H2b). 

 

Moreover, to link the potential differences on the receptor level with clinical 

symptoms and look at their potential clinical relevance we have chosen the Obsessive-

Compulsive Drinking Scale (OCDS) and the Alcohol Dependence Scale (ADS).  

As discussed above, craving symptoms have been associated with 

dopaminergic impairments on a receptor level in AD (Heinz et al., 2005, 2004b). Yet 

the severity of the alcohol addiction and the extent of the craving symptoms in 

association with DR2/3 availability have to our knowledge not been investigated in a 

dimensional sample with a subgroup of individuals at high risk. Thus, we will 

investigate the severity of alcohol dependence, measured with the ADS, as well as 

craving symptoms, measured with the OCDS, and with their potential correlation with 

the impaired dopaminergic system. This leads us to our 3rd and last hypothesis: 

 

(H3) Higher scores in the ADS and in the OCDS correlate negatively with striatal 

DR2/3 availability. 
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Methods 
 
Learning and alcohol dependence (LeAD) study.  
 

The current study is part of a larger project of numerous clinical studies about 

learning mechanisms and their connection with AD (see Figure 5 and www.lead-

studie.de for further information, clinical trial number: NCT01679145). It is a “Deutsche 

Forschungsgemeinschaft” (DFG) funded project (DFG-FOR 16/17) and a collaboration 

between the “Technische Universität Dresden” and the “Psychiatrische 

Universitätsklinik der Charité Berlin”.  

 
 

 

 
 

Figure 5. Learning and alcohol dependence (LeAD) study, 1st funding period. 
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In the 1st funding period, there were seven different projects involved, among 

which Project 1 (P1) and Project (P2) were the main projects. Thus, P1 and P2 had a 

central role in regard to the recruitment process, and the other projects used their 

sample and some of their data with different methods and research questions for their 

own objectives. This work is about Project 5 (P5), which collaborated closely with P2 

and also shared some of their data, as further explained in Figure 12. 

P5 was approved by the local ethics committee and supervised by Prof. Jürgen 

Gallinat under the title “Role of dopaminergic and glutamatergic neurotransmission for 

learning dysfunction in alcohol use disorders”. The focus of this work was in particular 

dopaminergic neurotransmission in AD in the context of clinical scales and was thus 

only an extract of the whole project itself. The data storage and process were executed 

by project Z (see Figure 5), which coordinated all the. research groups and 

administrated the data acquisition and storage.  

 
Study process.  

 
At first all potential study participants were contacted via telephone or in person 

and underwent a standardized screening. All subjects that were included in the study 

after the screening were informed about the aim of the study, the imaging methods 

and in particular about the radiation exposure of about 5.8 mSv due to the PET/CT and 

signed informed consent forms. After that, the study participants were invited to our 

standardized clinical assessment, which included a drug and alcohol test, a battery of 

questionnaires, impulsivity tasks and several neuropsychological tests. After having 

taken part in the assessment, the study participants got their appointments for the 

neuroimaging slots. 

At a first appointment at the “Physikalisch Technische Bundesanstalt” (PTB), 

study participants underwent magnetic resonance imaging (MRI) in a 3 Tesla scanner 

(Siemens TRIO). Magnetic resonance spectroscopy (MRS) was performed in the 

anterior cingulate cortex (ACC) and the hippocampus (HC) to measure different 

concentrations of transmitters such as GABA and glutamate. Additionally, functional 

magnetic resonance imaging (fMRI) was performed during the resting state and while 

the study participants were playing Tetris in the scanner. The MRS and fMRI data will 

not be a subject of this work, but the T1-weighted MR images were partly essential for 

acquiring the PET data. Specifically, those images were used to have a higher quality 
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image as a template for the emission signals of the PET (see Processing of PET data.). 

The PET scan was performed on another scheduled date at “Charité Campus Virchow 

Klinikum” (CVK). 

Furthermore, we contacted the study participants 6 months afterwards via 

telephone for our standardized telephone assessment, which consisted of several 

questionnaires investigating the drinking behavior, mental and physical health, hospital 

or medical consults in the meantime and the current living situation of the subjects. 

After 12 months we contacted them again to invite them for another clinical 

assessment in person. It was similar to our baseline assessment and included various 

questionnaires, impulsivity tasks and neuropsychological tasks as well as another 

blood sample collection. 

After their participation in the study, all subjects received an appropriate 

expense allowance for the baseline assessment and neuroimaging appointments as 

well as for the follow-ups. An overview of the study process is shown in Figure 6. 

 

  
Figure 6. Study process. 
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Subjects 
 

We successfully recruited 58 study participants: 20 patients with alcohol 

dependence (AD), 19 controls with low risk (LR) and 19 controls with high risk (HR) of 

developing an AD. Due to a high number of drop-outs and technical difficulties such 

as problems with the tracer synthesis and with the PET scanner itself, we had to recruit 

a higher number of subjects in each group to reach a sufficient number of PET 

participants. For an overview of the sample size and the reasons for drop-outs see 

Figure 7. 

  
Figure 7. Sample size and reasons for drop-outs. 

 
Recruitment. 

 
We recruited patients with a diagnosed alcohol dependence according to DSM-

IV who were undergoing alcohol withdrawal in an alcohol detoxification treatment unit 

(American Psychiatric Association, 2000). Patients were recruited from inpatient and 

outpatient facilities in Berlin. Different hospitals were involved in the recruitment 

process: Jüdisches Krankenhaus Berlin, Bundeswehrkrankenhaus, St. Hedwig 

Krankenhaus, Psychiatrische Universitätsklinik Charité Berlin Campus Mitte. The AD 

was diagnosed by the independent, respective practitioner in the institutions and later 

confirmed within our assessment through the Composite International Diagnostic 

Interview (CIDI) (Jacobi et al., 2013; Wittchen and Pfister, 1997). 
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The LR and HR controls were both recruited via the local online platform “Ebay 

Kleinanzeigen” (https://www.ebay-kleinanzeigen.de) as well as in the regional 

community (advertisements in supermarkets, newspapers). The announcements 

included information about the aim and conditioning of the study as well as some of 

the inclusion and exclusion criteria. Everyone who was interested could contact us for 

further information and – if interested – undergo the standardized telephone screening. 

We recruited mostly men and only few women to match the gender with our patient 

group, which consisted mostly of men. We additionally tried to match the age and 

educational level between the three groups. 

 

Exclusion criteria. 
 

Subjects with a lifetime history of DSM-IV bipolar or psychotic disorder were 

excluded, as well as subjects with a current DSM-IV diagnosis of major depressive 

disorder, generalized anxiety disorder, post-traumatic stress disorder (PTSD), 

borderline personality disorder, or obsessive-compulsive disorder (OCD) (American 

Psychiatric Association, 2000). Other exclusion criteria were a history of substance 

dependence other than alcohol or nicotine dependence and a current substance use 

other than alcohol or nicotine. A urine screening was performed to check other 

potentially abused substances. If the screening was positive for any substance, it led 

directly to exclusion. Additionally, subjects with a history of severe head trauma or 

central neurological disorders such as dementia, Parkinson’s disease, multiple 

sclerosis or strokes were excluded. Moreover, pregnant or nursing/ breastfeeding 

women were excluded from the study participation.  

Especially for the experimental part (assessment, MRS and PET scan) there 

were other exclusion criteria such as alcohol intake during the last 24 hours and use 

of medication or drugs which are known to interact with the central nervous system 

(CNS) during the previous 10 days or at least four half-lives after the last intake, except 

for detoxification treatment such as benzodiazepines or chlomethiazole. 

Additionally, subjects who had participated in another clinical study with 

radiation exposure (e.g. PET, SPECT, CT) during the last 3 months were not included 

in this project. Moreover, all study participants had to have no contraindications with 

regard to undergoing an MRI scan. For MRI capability, study participants had to have 

no metal in their body such as screws, metal clips, implants, dental prostheses, insulin 

pumps etc. Furthermore, large tattoos and colored tattoos were not allowed as they 
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may heat during the scan. We will now further discuss the inclusion criteria of our three 

subgroups. 

 

Inclusion criteria. 
 

As mentioned above, we tried to carefully match our study participants from the 

different groups with regard to age, gender, educational attainment and other variables 

such as handedness. 

 

Low-risk and high-risk controls. 
 

LR and HR had to be mainly right-handed and smokers. Furthermore, they 

should not have had a critical consumption of any other drug other than nicotine and 

alcohol. To be able to pool LR subjects from our project (P5) and our partner project 

(P2), we had to use slightly different instruments to classify our participants. 

In P5, the subjects were categorized via the AUDIT score (Bush et al., 1998; 

Saunders et al., 1993). An AUDIT score equal to or below 8 led to study participation 

as a LR control, whereas an AUDIT score of more then 8 led to participation as a HR 

control. The HR subjects were not undergoing any kind of treatment for their substance 

misuse. In contrast, the AD patients were undergoing alcohol withdrawal in an alcohol 

detoxification treatment unit before their participation in the study.  

The LR subjects who were recruited by our partner project (P2) were not 

categorized by the AUDIT, but instead were given the Composite International 

Diagnostic Interview (CIDI) in which an alcohol dependence and an alcohol abuse are 

excluded (Jacobi et al., 2013; Wittchen and Pfister, 1997). We did not include any HR 

subjects from P2.  

 

Alcohol-dependent patients. 
 

We included patients who had suffered from AD or symptoms of AD consistently 

for at least the last three years. Moreover, AD subjects had to be abstinent for a 

minimum of 3 days (72h). 

Besides the exclusion criteria discussed above, patients had to have a low 

severity of withdrawal symptoms. We used the CIWA (Clinical Institute Withdrawal 

Assessment for Alcohol) Scale to objectify the withdrawal symptoms (Saitz et al., 1994; 



 42 

Sullivan et al., 1989). The CIWA score had to be below 3, indicating that they were 

physically and mentally able to participate. Moreover, the subjects needed to be able 

to provide a fully informed consent and to use self-rating scales.  

 

Clinical assessment 
 

All study participants underwent a standardized clinical assessment including a 

battery of questionnaires, a neuropsychological assessment and a drug and alcohol 

test, which - if positive - led to exclusion. Additionally, we collected blood samples from 

all our study participants to investigate markers of neuroplasticity. The assessment 

took place at least one day before the MRS measurement and a minimum of two days 

before the PET in a special testing room at St Hedwig Krankenhaus Berlin and at 

Charité Campus Mitte (see Study process.).  

The assessment took about 3 hours all in all. First, we informed our participants 

conscientiously about the aim of the study and the procedure. After the consent, the 

drug and alcohol test (respiratory alcohol test and urine screening for drugs) followed. 

After that, we did a neuropsychological testing session (paper pencil) and a rapid visual 

processing task at the computer (RVP), and then we continued with the impulsivity 

tasks (gambling tasks with possible wins of money in cash). Moreover, the participants 

answered a battery of validated and standardized questionnaires at a computer. After 

the successful completion of the assessment, we arranged the appointments for the 

MRS and PET scans during the following days. 

The Fragerström Test for Nicotine Dependence (FTND) was used to assess the 

smoking behavior of the study participants (Fagerström, 1978; Fagerstrom and 

Schneider, 1989; Heatherton et al., 1991). Further, the Edinburgh Handedness 

Inventory (EHI) was used to assess handedness and to exclude left-handed subjects 

(Oldfield, 1971). In the following paragraphs, we will discuss the AUDIT score which 

was part of the screening and the ADS and OCDS scales, which were the main clinical 

scales used in this work.  
 

Alcohol Use Disorders Identification Test (AUDIT). 
 

The AUDIT is a screening instrument for AD consisting of 10 items: three core 

questions (known as AUDIT-C) and 7 additional items (Bush et al., 1998; Saunders et 

al., 1993). The first questions quantify the alcohol consumption and the other questions 
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ask about risky drinking behavior and other characteristics of substance abuse. The 

AUDIT was developed by the World Health Organization (WHO), first published in 

1989 and then subsequently updated in 1992 (Barbor et al., 1989). In 2001 the second 

version of the manual was published, containing the version of the AUDIT Score that 

we used in the screening to differentiate the LR from the HR controls (Babor et al., 

2001). It is a tool that is used internationally for both clinical and research purposes 

and is known for its validity and reliability. We used the cut-off score of 8 points, which 

was evaluated with respect to sensitivity and specificity for harmful alcohol intake by 

Saunders et al. (1993) and Conigrave et al. (1995).  We included the study participants 

with an AUDIT score over 8 points in the HR control group.  

 

Alcohol Dependence Scale (ADS). 
 

The ADS is a scale containing 29 items, which was developed in 1982 by 

Skinner et al.  (Skinner and Allen, 1982; Skinner and Horn, 1984). The scale allows a 

quantification of alcohol dependence in different degrees of abusive alcohol 

consumption. In addition, it directly correlates with a high number of 

psychopathological symptoms and physical consequences resulting from alcohol 

consumption (Skinner and Allen, 1982; Skinner and Horn, 1984). Whereas the AUDIT 

is more frequently used in identifying individuals with alcohol abuse and alcohol 

dependence, the ADS is used in subjects with problematic alcohol intake to quantify 

their symptom severity. The ADS was used in this study to search for a potential 

association of the symptom severity with the striatal DR2/3 availability and to 

investigate the clinical importance of the possible dopaminergic impairment in HR and 

AD subjects.  

 

Obsessive Compulsive Drinking Scale (OCDS). 
 

The OCDS is a self-rating instrument which asks questions about the thoughts, 

images and pictures of alcohol consumption and how the individual deals with them. 

There are 14 questions about the thoughts and behaviors that might occur with regard 

to alcohol intake during the time when the individual is not drinking alcoholic beverages 

(Anton et al., 1995). There OCDS consists of two subscales. The first 7 questions deal 

with obsessions and the following questions 8 to 14 with compulsions. Obsessions are 

defined as uncontrollable unwanted intrusive reoccurring thoughts, whereas 
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compulsions are defined as repetitive unstoppable behavior patterns or mental acts 

(American Psychiatric Association, 2013). The assessment of craving symptoms was 

performed to link potential impairments of the dopaminergic system with clinical 

symptoms as has been done before in several clinical studies in addiction research 

(Heinz et al., 2004b, 2005; Morales et al., 2015; Volkow et al., 2006b). Up to now 

craving symptoms and DR2/3 availability has not been investigated in individuals at 

high risk of developing an AD. As craving symptoms are associated with a potentially 

higher relapse risk in alcohol-dependent subjects, they are of great clinical importance 

(Heinz et al., 2010; Paliwal et al., 2008; Potgieter et al., 1999; Schneekloth et al., 2012).  

 

Positron Emission Tomography 
 

Development and history. 
 

Positron emission tomography (PET) is part of the relatively young medical field 

of nuclear medicine. In the United States the Society of Nuclear Medicine was founded 

in 1954, and in 1960 the first papers were published in their Journal of Nuclear 

Medicine. In 1971 nuclear medicine was officially recognized by the American Medical 

Association and in 1972 the American Board of Nuclear Medicine was founded. The 

concept of emission and transmission tomography was formed in the late 1950s by 

David E. Kuhl, Luke Chapman and Roy Edwards. Additionally, the work of Gordon 

Brownell, Charles Burnham and others at the Massachusetts General Hospital on 

annihilation radiation, the use of light pipes and volumetric analysis in medical imaging 

contributed greatly to the development of PET imaging (Brownell, 1999).  

PET imaging became more accepted in clinical medicine with the development 

of radiopharmaceuticals such as primarily labeled 2-fluorodeoxy-D-glucose analogs 

(2FDG), developed by Ido et al. (1977 and 1978) and the Brookhaven group (Gallagher 

et al., 1977). In 1986 the work of Hamacher et al. made it possible to produce higher 

amounts of tracer, which was also a big step in the history of PET (Hamacher et al., 

1986). The in vivo application of 18F-fallypride, a high affinity D2/D3 receptor antagonist 

and the specific radiotracer used in our study, was first performed in 1997 by 

Mukherjee et al. in nonhuman primates and in 2002 primarily in healthy volunteers 

(Mukherjee et al., 1997, 2002).  
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Principles of PET. 
 

A radiotracer is a radiolabeled chemical compound that takes part in the 

metabolic processes in the body and thus allows diverse investigations. Radiolabeled 

means that one or more atoms are replaced by a radioisotope. Thus, a 

radiopharmaceutical has two parts: a molecular structure and a positron emitting 

radioisotope (Wadsak and Mitterhauser, 2010).  

The iotopes of a chemical element differ only in the mass number, which is 

written on the top left side of the element, e.g. 1H, 2H etc. for hydrogen. The mass 

number is the total number of protons and neutrons in the atomic nucleus (also called 

nucleons). An isotope is radioactive if its atomic nucleus is unstable due to its excess 

nuclear energy. The radioisotopes of hydrogen, carbon, phosphorus and iodine are 

frequently used to better understand biochemical reactions, or to track the distribution 

of a substance or fluid flow (Rennie, 1999). The tracer is designed to have properties 

similar to those of a physiological molecule and can thus participate equally in the 

metabolism/ functioning of the biological substance without significantly altering in the 

physiological process. Hence, these characteristics allow the substance to be tracked 

through the body (Wadsak and Mitterhauser, 2010).  

Various radiotracers used in different fields of medicine, for example 18F-

fluorodeoxyglucose (FDG) in oncology, cardiology and infectiology and 11C-raclopride 

or 18F-fallypride in neuroimaging, as well as other tracers in pharmacokinetics to track 

a radiolabeled drug in preclinical studies. The radionuclides that are used in PET 

normally have short half-lives, for instance carbon-11 about 20 min or fluorine-18 about 

110 min (Carlson, 1998). They can be classified according to the radionuclide used 

(e.g. 11C, 18F), the field of application (e.g. oncology, neuroimaging), the status of 

development (e.g. preclinical status) or the target site (e.g. glucose transporter) 

(Wadsak and Mitterhauser, 2010). 

After selection of the appropriate radiotracer for the respective research 

question, the tracer is usually injected intravenously into the subject. Further, it 

distributes, depending on its molecular structure, to a certain receptor type or metabolic 

process in the brain or body. The tracer emits positrons, which means that because of 

its unstable atomic nucleus and excess of protons it may undergo b+ decay (positron 

emission). 

b+ decay is defined as the decay of nuclides which have more protons in their 

nucleus than neutrons. The excessive proton (p) of this nuclide is thus converted into 
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a neutron (n), a positron (e+) and an electron neutrino (neutrino, ve):  

p à n + e+ + ve 

The underlying mechanisms of emission are a result of the transformation of 

quarks, which are elementary particles participating in the formation of protons and 

neutrons.  

The result of the b+ decay is a more stable nuclide, due to the conversion of the 

proton (p) into the neutron (n). The positron as well as the electron neutrino (neutrino) 

are emitted (positron emission). The positron is by definition a positively charged 

antiparticle of an electron (antielectron, e+), which means that it has the same mass 

and spin, but its electric charge is +1. The neutrino (ve) is electrically neutral and has 

a very small mass. It escapes without interaction in contrast to the positron, which 

interacts with an electron of the subject. This interaction is called annihilation radiation 

and leads to the conversion of both the electron and the positron into two photons. As 

a result of this transformation of their entire mass, these high energy photons (511keV, 

120EHz, long-wave gamma-emission) are distributed in opposite directions (at about 

a 180° angle) (Mikla and Mikla, 2014). This gamma radiation can be detected by the 

PET. In the following paragraph, I will discuss the detection and processing of signals 

in the PET system. 

 

Functioning of the PET system. 
 

Signal detection and data collection. 
 

A PET-CT scanner possesses circular detectors that register the coincidences 

of the annihilation radiation of both sides. These coincidence processing units localize 

the source of the radiation nearly simultaneously through a straight line (line of 

response, LOR). The timing resolution of this process determines the signal-to-noise 

ratio (SNR) and thus the image quality. These coincidence events represent the “raw 

data”, which is then grouped into projection images called sonograms. They are 

analogous to CT images and are reconstructed similarly, yet they are noisier and have 

a lot fewer counts than the usual CT scans.  
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Signal noise and side effects. 
 

Another side effect arises if at least one of two photons interacts with matter and 

thus gets deflected from its path. This is called “scatter” and subsequently leads to an 

incorrect LOR. Furthermore, there are so-called “random events”, where photons are 

detected as coincidence pairs, although they actually originate from different events. 

Additionally, in the short time after the detection of the event, the detector cannot detect 

new events, and is called “dead time”.  

 

Data processing.  
 

Due to the noise, scatter, random events etc., a substantial preprocessing of the 

data is essential afterwards. Moreover, the spatial and temporal registration of the 

decay process is performed, which allows interferences to be made about the 

distribution of the radiotracer in the body. The preferred method for the reconstruction 

is a statistical, likelihood-based approach with iterative expectation maximization 

algorithms, which was also used in this study (see Measurement.) (Lange and Carson, 

1984; Vardi et al., 1985). 

 

Attenuation correction.  
 

Another important step in the data acquisition is the attenuation correction. 

Attenuation happens when the emitted photons are absorbed by intervening tissue on 

their way through the body before they are detected. The intensity of the attenuation 

differs with the thickness of tissue in the path of the LORs. To correct the attenuation, 

a CT scan is performed to estimate the attenuation. Because of potential artifacts, the 

corrected and uncorrected images are added and reconstructed together. 

 

Computational reconstruction. 
 

A computational reconstruction allows the computation of sectional and thus 

three-dimensional (3D) images. Multiple circular detectors are needed to be able to do 

a 3D reconstruction, and the coincidences have to be detected between rings as well 

as within rings. The 3D images have a better sensitivity in comparison to 2D images 

whereas, as a side effect, scatter and random events are slightly enhanced.  
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Coregistration. 
 

The resulting PET data can then be combined with CT or MRI images to unify 

the functional with the structural imaging of the subject. In our study the PET images 

were coregistered with the individual T1-weighted MRI scans. By using the unified 

segmentation approach, the T1 images and the subjects map of the BPND of 18F-

fallypride were spatially normalized into the anatomical space of the Montreal 

Neurological Institute (MNI) (Ashburner and Friston 2005). The result was a functional 

as well as structural image on a molecular level, depending on the respective 

radiotracer. We will now discuss the specific tracer that was used in this study.   

 

Measurement. 
 

18F-fallypride as radiotracer. 
 

18F-fallypride, a high affinity DR2/3 antagonist, was used as radiotracer in this 

trial. It is a benzamide radiolabeled with Fluorine-18 (18F), which is a fluorine 

radioisotope (Mukherjee et al., 1995). It is substituted for a hydroxyl group in fallypride 

(the parent molecule). The molecular formula of 18F-fallypride is C20H2918FN2O3 ((S)-N-

((1-Allyl-2-pyrrolidinyl)methyl)-5-(3-[18F]fluoropropyl)-2,3-dimethoxybenzamide);  its 

chemical structure is shown in Figure 8. 18F-fallypride has a short half-life (109.7min) 

and in 97% of the time emits positrons during its decay (b+ radiation) (Fowler and Wolf, 

1973) .  

 
Figure 8. Chemical structure of 18F-fallypride (C20H2918FN2O3).  
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Procedure. 
 

The D2/3 receptor status was examined via 18F-fallypride PET by a time-of-flight 

PET/CT system Philips Gemini TF 16 (Surti et al., 2007). The effective radiation dose 

for our study participants from the injection of this radiotracer was 4.3 mSv, and the 

radiation exposure from the low dose CT scans was <0.5 mSv each. Altogether, there 

was a radiation exposure of about 5.8 mSv for each study participant. They were 

informed in detail about this method beforehand, particularly about the radiation 

exposure, and gave their consent. 

The procedure started with intravenously injecting two hundred MBq 

(megabecquerel) of the radiotracer (18F-fallypride) over 30 seconds. After this, the data 

was acquired in 3 consecutive blocks and a resulting time of approximately 240 

minutes (Slifstein et al., 2010a). The procedure was structured as follows: 50 min list-

mode emission scan, 30 min break, 60 min list-mode emission scan, 60 min break, 40 

min list-mode emission scan (Slifstein et al., 2010b). Scanning was continued until 4h 

after the injection, because, as Laruelle et al. discovered in 2003, the radiotracer 

reaches the wash-out phase in the striatum within this time period and hence allows a 

precise quantification of DR2/3 receptor density (Laruelle et al., 2003). 

After the emission data was collected, it was sorted following a defined protocol. 

The data from the first block was sorted into 3 x 20 s, 3 x 1 min, 3 x 2 min, 2 x 5 min, 

3 x 10 min, whereas the data of the second and third blocks was sorted into 10 min 

frames. Additionally, before each block there was a low dose CT performed to allow 

the attenuation correction of the emission data (see Principles of PET.) in the 

subsequent block (120 kV, 40 mAs). An overview of the protocol of the measurement 

process of the PET-CT is shown in Figure 9. The subjects were allowed to move during 

the breaks, resulting in potential artifacts. These artifacts may have been a result of an 

incomplete repositioning of the subjects after the break and hence a spatial mismatch 

between CT and PET. Therefore, we corrected for motion, which was possible with the 

data acquired by the low dose CT. 
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Figure 9. PET-CT protocol. Retrieved with permission from Zacharias (2018). 

 
Processing of PET data. 

 
For our analyses we processed the raw data obtained from PET. Preprocessing 

included corrections for time, motion, filtering and smoothing of the images. After 

reconstructing the PET images, they were coregistered to the structural T1-weighted 

MRI images of the subjects. For this, the sum of early PET frames (during the perfusion 

phase) was used. Using the 8th version of Statistical Parametric Mapping (SPM8), the 

individual MRI was stereotactically normalized into the Montreal Neurological Institute 

(MNI) template (SPM, 2017). Furthermore, the PET images were stereotactically 

normalized by applying the same transformation parameters to the PET frames. The 

distributions of grey matter (GM), white matter (WM) and cerebro-spinal fluid (CSF) 

were calculated for every individual brain image to allow individual normalization of 

each image. 

SPM8 was used to compare the reference groups and perform voxel-wise 

correlations via the factor group (LR, HR, AD subjects). Rominger et al. (2012) 

observed an altered age-related loss of DR2/3 availability in AD compared to healthy 

controls and thus we added age as a covariate as regressor of no interest. (Rominger 

et al., 2012). Furthermore, smoking status was included as a covariate as regressor of 

no interest based on several recent PET studies in which an association of tobacco 

consumption with lowered striatal DR availabilities was observed (Albrecht et al., 2013; 

Fehr et al., 2008; Wiers et al., 2017). Rex toolbox was used for extracting the BPND, 

measured by 18F-fallypride PET, from our regions of interest (ROIs), based on our 

hypotheses (MATLAB 8.0 and Statistics Toolbox 8.1, 2012).  
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Regions of interest. 
 

The regions of interest were defined on the basis of the work of Martinez et al. 

(2003) and Mawlawi et al. (2001). Referring to my hypotheses elaborated above, my 

focus was the striatum including its subregions. As described in Mawlawi et al. (2001), 

on the one hand there is a functional subdivision into a limbic, an associative and a 

sensorimotor part of the striatum or on the other hand an anatomic subdivision. The 

anatomic classification means a subdivision into a ventral and dorsal striatum with their 

respective subunits (see Figure 10, Table 1, Figure 11). Thus, the ROIs we explored 

were the LS, AS and SMS on the left and the right cerebral hemispheres. Based on 

these regions of interest (ROIs), time activity curves (TACs) were generated. 

 

 
Figure 10. Subregions of the striatum according to Mawlawi et al. 2001. 

Coronal slice of a magnetic resonance image in a human subject. VST= ventral striatum, DCA=dorsal 
caudate, DPU = dorsal putamen. The horizontal solid line identifies the transaxial anterior commissure–
posterior commissure plane. See text for boundary criteria (a, b, c). FLV= frontal horn lateral ventricle; 
AIC= anterior internal capsule; VPU= ventral putamen; VCA= ventral caudate, NA= nucleus accumbens.  

Table 1. Regions of interest (ROIs). 

 
Notes. Table adapted from Martinez et al. (2003) 
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Figure 11. Striatal ROIs:  sensorimotor striatum red-, associative striatum blue- and limbic striatum 
green-colored retrieved with permission from Sebold et al. (2019). 

 
Non-displaceable binding potential. 

 
The primary outcome parameter was the non-displaceable binding potential 

(BPND). It is a combined measure of the density of the available receptors and the 

affinity of the radiotracer to these specific receptors. BPND is the ratio at equilibrium of 

a specifically bound to non-specifically bound (non-displaceable) radiotracer in tissue 

(Innis et al., 2007). This parameter for the comparison of receptor densities is normally 

calculated using reference tissue methods and comparing receptor-rich and receptor-

free regions as we did. Precisely, the binding potential equals the volume of the total 

radiotracer uptake in tissue (VT) minus the distribution volume of the non-displaceable 

volume (VND). VND is defined as the sum of free readiotracer in tissue plus non-specific 

binding in tissue. The unit of BPND is ml/cm3 and its equation is the following: 

 

𝐵𝑃!" =
𝑉#		 − 𝑉!"
𝑉!"

=	
𝑉#
𝑉!"

− 1 

 
 

Simplified reference tissue method. 
 

To estimate the non-displaceable distribution volume, a reference tissue with a 

negligible density of the targeted receptors is needed. This method, the two-step 

simplified reference tissue method (SRTM), was used in this study for modelling on the 

level of voxels supplying parametric maps of the BPND (Buchert and Thiele, 2008; Gunn 

et al., 1997; Wu and Carson, 2002). Potential reference tissues are, for example, the 

cerebellum, white matter and the visual cortex, as they are all regions with nearly no 
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DR2/3 (Hakan et al., 1996; Ishibashi et al., 2013; Narendran et al., 2011).  We agreed 

to perform our analyses with a white matter reference region, particularly the bilateral 

superior longitudinal fasciculus (SLF) as defined by the white-matter tractography atlas 

provided by the Laboratory of Brain Anatomical MRI of Johns Hopkins University (Hua 

et al. 2008). This decision was, among other factors, due to the work of Ishibashi et al. 

(2013) who concluded that the SLF may offer statistical facilities in studies using 18F-

fallypride PET. As AD is associated with cerebellar atrophy, we decided not to use the 

cerebellum as reference region (Beck et al. 2012). Further, time-radioactivity curves 

(TACs) were then generated on the basis of our specific striatal ROIs described above. 

 

Statistics 
 

Statistical analyses were performed with IBM SPSS Statistics Version 24.0 (IBM 

Corp., Armonk, NY) for mac OS and carried out according to the description in Field 

(2009). Beforehand, we tested our data visually for normal distribution via Q-Q-plots. 

The Q-Q-plots revealed a non-normal distribution of most of our variables and 

therefore we used non-parametric tests for our further analyses. Due to the sample 

size of this study, neither the Shapiro-Wilk nor the Kolmogorov-Smirnov tests were the 

appropriate tests for determining normal distribution. 

For descriptive statistics we reported the mean, standard deviation (SD), 

minimum (min), maximum (max), median and interquartile range (IQR) of the 

questionnaire scores. The median and IQR were chosen for a better representation of 

the non-normally distributed questionnaire data. The IQR means the difference 

between the 25th and the 75th percentiles, being equal to the 1st quartile subtracted 

from the 3rd quartile. For demographic variables we used only mean, SD, min and max 

to describe our sample. 

The Kruskal-Wallis (K-W) test was used as the non-parametric alternative for 

the one-way independent ANOVA (univariate analysis of variance (ANOVA)). The K-

W test was performed to compare the DR availability represented by the BPND of 18F-

fallypride in our chosen ROIs (see above) (Kruskal and Wallis, 1952). The grouping 

variable were our three reference groups (LR, HR, AD). 

Age as well as the smoking status were included as covariates in our statistical 

analyses, because both factors have been associated with a reduced striatal DR2/3 

availability (Albrecht et al., 2013; Fehr et al., 2008; Rominger et al., 2012; Wiers et al., 

2017). 
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Furthermore, we performed three Mann-Whitney tests as non-parametric post-

hoc tests for the pairwise comparisons (Mann and Whitney, 1947). We compared the 

LR and HR, the LR and AD as well as the HR and AD groups for the respective ROIs 

which had reached significance in the K-W test. A Bonferroni correction was applied 

and so all the effects of the post-hoc tests are reported at a two-sided .0167 level of 

significance. 

Furthermore, the DR availability in our respective ROIs were correlated with 

clinical data. As clinical scales we used the ADS and the OCDS scores, as well as the 

OCDS subscales “thoughts” and “impulse to act”. Spearman’s rho was applied as a 

non-parametric correlation coefficient.  
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Results 
 
Description of the sample 
 

Low-risk and high-risk subjects. 
 

We successfully recruited 33 LR subjects. 8 were recruited by our research 

team and 25 subjects were included from our partner project (DFG FOR 16/17, Project 

2). 19 LR controls completed the entire study and participated in the PET-CT. The 

average age in this subsample was 45.2 years (min 30.8, max 60.8, standard deviation 

8.7 years) and there were 3 women and 16 men in this subgroup.  

Additionally, we recruited 32 HR controls, from which 19 subjects completed the 

whole study including the PET-CT. The average age in this group was 42.9 years (min 

26.8, max 57.6, standard deviation 9.1 years) and there were 2 women and 17 men in 

this subgroup. Figure 12 gives an overview of the sample, its exact size and the 

recruitment process and of the study in general. The descriptive statistics are displayed 

in Table 2. 

 
Figure 12. Number of participants, recruitment and process. 

 
Alcohol-dependent patients. 

 
31 patients with a diagnosed AD participated in our study. P2 recruited 27 and 

our research team recruited 4 patients. 19 of them completed the whole study including 

the PET-CT. The mean age in this group was 45.4 years (min 29.4, max 58.3, standard 

deviation 8.4 years) and there were 3 women and 17 men in this group. 
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The mean abstinence duration among the patients was 36.5 days (min 9, max 

96, median 29, standard deviation 20.1 days). The measurement of one patient was 

very delayed (after 96 days) due to technical difficulties and an electricity failure at the 

PET scanner. Without inclusion of this participant, the mean abstinence rate would be 

30.2 days (standard deviation 15.2 days). For the detailed drinking variables of the AD 

subjects, see Table 2. 

 
Table 2. Sample characteristics. 

 
 
Notes: a significant difference, b p value of Wilcoxon rank sum test with continuity correction, c p value of 
Welch Two sample t-test, d p value of Chi-square test, e Pearson’s Chi squared. *Nonparametric test 
statistics are displayed as median and interquartile ranges instead of mean and standard deviation. 
Clinical variables are determined as follows: AUD Identification: Alcohol Use Disorder Identification Test 
(Saunders et al., 1993); severity of alcohol dependence:  Alcohol Dependence Scale (Skinner and Allen, 
1982; Skinner and Horn, 1984); craving: Obsessive-Compulsive Drinking Scale, subscale “thoughts”, 
subscale “impulse to act (Anton et al., 1995)”; age first drink: the first consumption of one alcoholic 
beverage; age of first AD diagnosis and years since AD diagnosis: the onset / duration of the alcohol 
dependence according to the DSM-IV classification (American Psychiatric Association, 2000). 
Handedness was assessed via the Edinborough Handedness Scale (Oldfield, 1971); smoking was 
assessed via the Fragerström Nicotine Dependence Scale (Heatherton et al., 1991). Part of this table 
was published in Sebold et al. (2019). 
 
 
Dopamine Receptor Availability 

Group comparison. 
 

(H1) There is a significant reduction in the BPND of 18F-fallypride – measuring 

striatal DR2/3 availability – in AD compared to LR.  

(H2) Striatal DR2/3 availability in HR lies intermediately between that of AD and 

LR with significant reductions in striatal DR2/3 availability in HR compared to LR 

controls (H2a) and significantly higher striatal DR2/3 availability in HR compared to AD 

patients (H2b). 
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Primarily, a Kruskal-Wallis (K-W) test was performed throughout our whole 

sample (N=58) to test for differences with regard to the mean DR availability (BPND of 
18F-fallypride) extracted from each striatal ROI.  

The K-W test showed a significant group difference of the BPND in the SMS in 

the right (H(2)=13.46, p=.001) and in the left brain hemisphere (H(2)=6.07 p=.047), 

as well as in the AS in the right brain hemisphere (H(2)=9.67, p=.005). Additionally, 

there was a trend towards significance in the left AS (H(2)= 5.09, p=.077). There 

were no significant group differences in the left and right LS. For an overview of the 

group comparison of the BPND see Table 3. The mean DR2/3 availability (BPND of 
18F-fallypride) is shown for our three respective study groups in the AS, SMS and LS 

in both hemispheres in Figure 13, Figure 14, Figure 15 respectively. 

Further, post-hoc group comparisons were conducted between the three 

subgroups for pairwise comparison using Mann-Whitney tests. A Bonferroni 

correction was applied and thus all effects are reported at a .0167 level of 

significance (p < .05/3). 

LR subjects showed a significantly higher BPND of 18F-fallypride than AD 

subjects in the SMS (U=58, z=-3.709, p<.001, r=-0.594) as well as in the AS on the 

right brain hemisphere (U=100, z=-2.782, p=.011, r=-0.405). Additionally, there was a 

trend towards significance in the SMS in the left hemisphere (U=113.5, z=-2.15, 

p=.030, r=-0.347) For an overview see Table 4. Thus, H1 could be confirmed for the 

SMS and AS in the right brain hemisphere.  

There were no significant differences of the BPND of 18F-fallypride in the 

respective brain regions of LR compared to HR subjects (see Table 5).  As there 

were no significant differences shown for the BPND of 18F-fallypride of LR compared 

to HR subjects, H2a was rejected in behalf of the null hypothesis.  

HR subjects showed a significantly lower BPND of 18F-fallypride than AD 

subjects in the AS in the right brain hemisphere (U=91, z=-2.782, p=.005, r=-0.445). 

Additionally, there were trends towards significance shown in SMS in the right 

(U=120, z=-1.967, r=-0.315, p=.049) and in the left hemispheres (U=116, z=-2.079, 

p=.038, r=-0.333). For an overview see Table 6. As there were significant differences 

shown for the BPND of 18F-fallypride in HR compared to AD subjects in the AS, H2b 

could be confirmed. 
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Table 3. Group comparison of the mean BPND in the respective ROIs (N=58) 

 
 
Notes: The mean BPND was extracted for each striatal ROI using SPM8 and analysed via the K-W test 
in SPSS throughout the whole sample. Significant p values are marked and reported for p<.05 
 
 
Table 4. BPND of LR compared to AD subjects in the respective ROIs. 

 
 
Table 5. BPND of LR compared to HR subjects in the respective ROIs. 

 
 
 
Table 6. BPND of HR compared to AD subjects in the respective ROIs. 

 
 
 
Notes: Table 4, Table 5 and Table 6 show the mean BPND extracted for the respective striatal ROIs 
using SPM8 and analysed via Mann-Whitney tests in SPSS for pairwise comparisons. Significant p 
values are marked and reported at p < .0167. 
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Figure 13. Boxplots showing the mean DR2/3 availability (BPND of 18F-fallypride) of LR, HR and AD 
subjects in the left and right hemispheres of the AS, respectively.  

 
Figure 14. Boxplots showing the mean DR2/3 availability (BPND of 18F-fallypride) of LR, HR and AD 
subjects in the left and right hemispheres of the SMS, respectively. 

 

 
Figure 15. Boxplots showing the mean DR2/3 availability (BPND of 18F-fallypride) of LR, HR and AD 
subjects in the left and right hemispheres of the LS, respectively.  
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Correlation with Clinical Scales 
 

(H3) Higher scores of the ADS and the OCDS correlate negatively with the 

striatal binding potential of 18F-fallypride.  

 
Dopamine receptor availability and the Alcohol Dependence Scale.  
 

We performed a bivariate correlation between the BPND in the respective 

striatal ROIs and the sum of the ADS score throughout the whole sample (n=51, see 

Table 7). The results show a negative correlation between the sum of the ADS score 

and the BPND in the SMS in the right hemisphere (rs= -0.332, p=.017) and in the AS 

in the right hemisphere (rs= -0.390, p=.005). There was no significant correlation in 

the LS (see Table 8). Figure 16 and Figure 17  show the visualized correlation of the 

BPND in the SMS and the AS with the sum of the ADS score, respectively.  

 
Table 7. Correlations of BPND and ADS-Score (N=51). 

 
Notes: 1 rs= Spearman’s correlation coefficient; 2 significance (2-tailed). Significant p values are marked 
and reported at p<.05. 

 
Figure 16. Scatterplot of the correlation of the BPND in the SMS in the left and right brain hemispheres 
with the sum of the ADS score, respectively. 
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Figure 17. Scatterplot of the correlation of the BPND in the AS in the left and right brain hemispheres 
with the sum of the ADS score, respectively. 

 
Dopamine receptor availability and Obsessive-Compulsive-Drinking-
Scale. 

 
We performed a bivariate correlation between the BPND in the respective 

striatal ROIs and the sum of the OCDS score throughout the whole sample (for n=53, 

see Table 8). 

The results show a negative correlation between the sum of the OCDS-Score 

and the BPND in the SMS on the right hemisphere (rs= -0.315, p=.022). There was no 

significant correlation either in the AS or in the LS.  

For the OCDS subscale “thoughts”, representing obsessions in relation to 

alcohol consumption, there was a significant correlation between the SMS in the left 

(rs=-0.317, p=.021) and the right brain hemispheres (rs=-0.424, p=.002) as well as in 

the AS in the right hemisphere (rs= -0.305, p=.026). Additionally, there was a trend 

towards significance between the AS in the left brain hemisphere (rs=-0.241, p=.083) 

and this subscale. There was no significant correlation between the LS and the 

OCDS subscale “thoughts”. Figure 19 shows the correlation of the BPND in the SMS 

and the AS in the right hemisphere with the sum of the OCDS subscale “thoughts”, 

respectively.  

The OCDS score “impulse to act”, representing compulsions in relation to 

alcohol consumption, showed a trend towards significance in the SMS in the right 

hemisphere (rs=-0.234, p=.083).  
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Table 8. Correlations of BPND and OCDS (N=53). 

 
Notes: 1 rs= Spearman’s correlation coefficient; 2 significance (2-tailed). Significant p values are marked 
and reported at p<.05. 

  
Figure 18. Scatterplot of the correlation of the BPND in the SMS in the right hemisphere with the sum of 
the total OCDS score as well as of the AS in the right hemisphere with the OCDS subscale “thoughts”, 
respectively. 

 
Figure 19. Scatterplot of the correlation of the BPND in SMS in the left and right hemispheres with the 
OCDS subscale “thoughts”, respectively. 
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Discussion 
 

In the present work, we investigated striatal DR2/3 availability in recently 

abstinent alcoholics (AD), subjects with riskful alcohol consumption (HR), and 

subjects with a low-risk pattern of alcohol consumption (LR). Quantification of DR2/3 

availability was performed via 18F-fallypride PET. We analyzed the BPND of 18F-

fallypride in subregions of the striatum including the SMS, the AS and the LS of both 

cerebral hemispheres in each subject. To link our physiological observations with 

clinical data, we performed the OCDS and the ADS questionnaires, which assess 

craving symptoms and the severity of alcohol dependence, respectively.  

We observed differences in striatal DR2/3 availability (BPND of 18F-fallypride) 

between our three reference groups. Specifically, we found significant reductions of 

the DR availability in the SMS and in the AS comparing the AD patients with LR 

controls as well as with HR controls. In contrast, we did not observe significant 

differences between the LR and the HR groups.  

 Across groups, the dorsostriatal DR2/3 availability was inversely correlated 

with the severity of alcohol dependence as well as with craving symptoms, 

respectively. Contrary to our expectations, we did not observe significant group 

differences in the ventral striatum. 

 

 
Group comparison of dopamine receptor availability 
 

Low-risk individuals compared to alcohol-dependent patients. 
 

In acordance with our first hypothesis (H1), we observed a significantly lower 

DR2/3 availability in the striatum of the AD patients compared to the LR controls. 

Specifically, alterations of the BPND of 18F-fallypride were shown in the SMS as well as 

in the AS.  

These findings are supported by a recent meta-analysis by Kamp et al. (2018) 

and several recent PET studies, which have reported associations between low 

densities of striatal DA receptors and alcohol dependence specifically  in AD patients 

compared to healthy controls (Heinz et al., 2005, 2004b; Kamp et al., 2018; Martinez 

et al., 2005; Ravan et al., 2014; Volkow et al., 2007, 2002b, 1996). In most of these 

PET studies a decreased DR availability in the dorsal and in the ventral parts of the 
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striatum was observed, whereas we found decreases in the dorsostriatal brain areas 

but no significant differences in the ventral striatum.  

One potential reason may be the low spatial resolution of in vivo imaging 

methods in PET studies in the past and the resulting difficulties in differntiating the 

ventral from the dorsal striatum (Tupala et al., 2001).  

Moreover, as there are indices of a potential recovery of striatal DR2/3 

availabilities during prolonged abstinence in AD patients, differences in the abstinence 

duration in comparison to other PET studies may eventually contribute to the divergent 

results between our study and the works of Heinz et al. and Rominger et al.  (Heinz et 

al., 2005, 2004b; Rominger et al., 2012). In the studies of Heinz et al. in 2004 and 

2005, a lowered DR2 availability was shown in the bilateral putamen as well as in the 

ventral striatum of AD subjects compared to healthy controls (Heinz et al., 2004b, 

2005). In the sample of the AD patients in their study, the mean abstinence duration 

was 2 to 4 weeks, while our patient group had a mean abstinence duration of about 

five weeks at the moment of the PET scan (36.4 days, SD: 20.1, see Table 2). Thus, 

the comparable longer abstinence duration in our AD subsample might be one 

contributing factor to the absence of ventrostriatal DR impairments, as there might 

have been a partial recovery of DR during the prolonged abstinence.  

Another contributing factor to our divergent results from other comparable PET 

studies may be the fact that we included age and the smoking status as covariates in 

our statistical analyses as both factors have been associated with reduced striatal 

DR2/3 availabilities (Albrecht et al., 2013; Fehr et al., 2008; Rominger et al., 2012; 

Wiers et al., 2017). In many other studies, such as Martinez et al. (2005) these factors 

have not been included as nuisance regressors. Moreover, our sample of 58 study 

subjects was relatively large for a PET study. This may have increased the power of 

our study and thus allowed the identification of effects in the dorsal striatum, which is 

formed by the AS and SMS. 

Koob and Volkow (2010) argue that ventrostriatal and dorsostriatal alterations 

in AD subjects seem to be different neuroadaptational steps in the transition towards 

alcohol dependence. More precisely, they argue that these steps include impairments 

of the ventral and the dorsal striatum, the orbitofrontal, prefrontal cortex, as well as the 

cingulate gyrus and later the extended amygdala (Koob and Volkow, 2010). 

This shift from ventrostriatal to dorsostriatal neuroadaptational processes might 

proceed via ascending spiral connections in the midbrain as Haber et al. (2000) and 
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Ikemoto et al. (2007) have shown in preclinical studies. Along with these findings, 

Vollstädt-Klein et al. (2010) observed lower activations in the ventral striatum and 

prefrontal cortical brain areas and higher fMRI activations in the dorsal striatum of high-

risk drinkers compared to people with a moderate alcohol consumption during the 

presentation of alcohol related cues. Furthermore, Corbit et al. (2012) observed an 

association of a shift from dorsomedial towards dorsolateral striatal adaptational 

processes in ethanol accustomed rats with automatized drinking patterns because in 

the animals returned a more flexible behavior pattern after this brain region was 

inactivated. 

Given that we did not observe further ventrostriatal impairments of the DR2/3 

availability and considering the above-mentioned preclinical and clinical studies, one 

may speculate that the AD subjects in our sample shifted from ventrostriatal to 

dorsostriatal adaptational processes and hence to a more automatized and compulsive 

drinking pattern. Our sample may thus represent a group of AD individuals progressed 

more towards the development of AD than individuals in earlier studies showing 

alterations in the ventral striatum. This assumption is supported by the fact that craving 

symptoms correlated significantly with the BPND in the SMS and AS in our sample. In 

contrast, in the study of Martinez et al. (2005), who observed a decreased DR2 

availability in the LS, AS and SMS in AD subjects compared to healthy controls, the 

BPND in these brain areas did not correlate with craving symptoms. Taken together one 

could argue that in our sample the dorsostriatal alterations may be the neurobiological 

correlate of a compulsive drinking pattern. 

These considerations are in line with the observation of Koob and Volkow (2010) 

that the dorsal striatum is linked to associative learning processes and habit learning 

as well as action initiation and might thus play an important role in automatized 

behavior patterns (Koob and Volkow, 2010). Many studies regarding other SUD have 

observed particularly dorsostriatal but no ventrostriatal dopaminergic impairments as 

we did in alcohol-addicted subjects. For example, Kim et al. (2011) showed a reduced 

DR2 availability in the bilateral dorsal caudate and the right putamen in internet- 

addicted subjects compared to healthy controls. Furthermore, Lee et al. (2009) did not 

find group differences with regard to DR2/3 availability in the ventral striatum in 

methamphetamine-dependent subjects compared to healthy controls, but they did find 

significant alterations in the dorsal striatum. The dorsal striatum has also been in the 

focus of studies investigating the acute effects of substance abuse on the 
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dopaminergic system. Volkow et al. (2006) were able to show that cocaine-associated 

cues seem to induce DA release in the bilateral DS, which correlated significantly with 

the increase of craving scores (Volkow et al., 2006b). This work was based on 

preclinical studies of Ito et al. (2000, 2002), who were able to show an acute increase 

of DA in the dorsal but not in the ventral striatum when drug-associated conditioned 

stimuli were presented to cocaine-seeking rats. (Ito et al., 2002).  

These findings show the importance of the dorsal striatum in the development 

and maintenance of addiction. Thus, our study contributes to a growing body of 

evidence demonstrating the importance of particularly dorsal striatal impairments for 

the understanding of alcohol dependence. As we were able to show reduced DR2/3 

availabilities in a particularly large sample of AD patients compared to LR as well as 

HR subjects, this emphasizes the presumably important role of the dorsal striatum. 

More studies with a focus on the dorsal striatum are needed to explore more closely 

its role in addiction. 

 

DR availability in high-risk individuals compared to low-risk controls. 
 

In contrast to our hypothesis (H2a), there were no significant alterations in the 

DR2/3 availability of the LR controls compared to the HR controls. However, in 

accordance with our hypothesis (H2b), HR subjects showed significantly higher DR2/3 

availability in the AS than AD patients. Hence, LR and HR subjects both possessed a 

significantly higher DR2/3 availability compared to AD subjects, but there were no 

significant differences observed when comparing LR and HR controls. Thus, we have 

to reject our hypothesis that the DR2/3 availabilities of HR lie intermediately between 

those of AD and LR subjects. 

Despite the fact that the HR subgroup practiced a significantly riskier drinking 

pattern than the LR group (AUDIT score of 9 or higher), the postsynaptic DR2/3 

availability was not significantly impaired compared to that of the LR subjects. 

Interestingly, the HR subjects had not yet shifted towards manifest alcohol 

dependence despite their riskful alcohol drinking patterns. Moreover, their striatal 

DR2/3 availabilities did not lie intermediately between those of LR and AD subjects, 

as there were no significant reductions of the BPND of the HR compared to that of the 

LR group. Further, the HR individuals seemed to have striatal DR2/3 densities 

comparable with those of the LR subjects. One explanatory approach for the 
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relatively high striatal DR2/3 availabilities in the HR subgroup may be that the study 

participants of the HR group may not have had such a strong predisposition for 

alcoholism or perhaps they even possessed protective factors that prevented them 

from developing an alcohol dependence.  

These predisposing factors may be, for example, genetic influences as it is 

known that about 50% of the vulnerabilities related to AD are associated with genetic 

factors (Prescott and Kendler, 1999; Schuckit, 2009). Several potential genetic 

influences on the development of AD-involved genes are associated with the DR 

expression (Berggren et al., 2006; Comings and Blum, 2000; Schellekens et al., 2012). 

Nevertheless, these associations seem to be polygenetic and many other transmitter 

systems or enzymes besides the dopaminergic system are involved as well (Tawa et 

al., 2016). Additionally, several epigenetic mechanisms such as DR2 promotor 

methylation may be involved with the DR2/3 availability in AD subjects (Bidwell et al., 

2018). Thus, the HR subjects may have possessed DR2/3 availabilities comparable to 

those of the LR group and higher than those of the AD subjects due to potential 

contributing genetic and epigenetic influences.  

Further, the relatively high densities of DR2/3 availabilities in the HR group may 

have been a protective factor for not developing an AD despite their risky drinking 

patterns. This hypothesis is supported by Volkow et al. (2006), who observed higher 

levels of DR2 in nonalcoholic subjects of families with many alcohol dependent family 

members. The authors argue that high levels of DR2 availability may be a protective 

factor against AD (Volkow et al., 2006a). This may indicate that the relatively high 

striatal DR2/3 availabilities in the HR subjects of our sample may have been a factor 

that might have protected them from developing an AD. On the other hand, this may 

indicate that the lower DR2/3 availabilities in AD patients were a result of their stronger 

predisposition for AD. Of course, we do not know how extensive the genetic influences 

are or to what extent the DR availability may be epigenetically or behaviorally 

influenced.  

Moreover, we have to consider the numerous other potential predispositions for 

alcohol dependence which exist apart from the dopamine recepotor availability, such 

as variants in the metabolism enzyme genes alcohol dehydrogenase (ADH) and 

aldehyde dehydrogenase (ALDH), which were identified as the most significant single 

nucleotide polymorphisms (SNPs) in AD in the meta-analysis of genome-wide 

association studies (GWAS)  by Tawa et al. (2016). So, there may have been 
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numerous non-dopaminergic genetic alterations in our HR group compared to the LR 

sample, which may be potential explanations for their risky drinking pattern. 

Further, we can argue that the HR subjects in our sample may have had 

certain behavioral predipositions which shifted them to a risky alcohol consumption 

pattern. These behavioral predisposing factors for riskful alcohol consumption may 

be, for example, dysfunctional learning processes such as habitual choices instead of 

goal-directed choices (Everitt et al., 2008; Voon et al., 2015). Accordingly, HR 

individuals in our sample might have possessed other learning strategies than LR 

individuals, leading to a more habituated alcohol consumption. 

 

Individuals at high risk compared to alcohol-dependent patients 
 

As mentioned above, in accordance with our hypothesis (H2b), HR subjects 

showed significantly higher striatal DR2/3 availability than AD patients. Interestingly, 

when comparing AD with HR subjects, we only observed alterations in the AS, 

whereas when comparing AD patients with LR controls we found differences in the 

AS and the SMS.  

The SMS plays a critical role in fine motor control and locomotion, whereas the 

AS seems to be relevant for stimulus response learning and associative functions 

(Joel and Weiner, 2000; Martinez et al., 2003). The lowered DR2/3 availability in the 

AS of AD patients compared to HR and LR subjects might indicate differences in the 

learning behavior and associative functions of the subgroups. It has been shown that 

AD is associated with a shift to more habitual, automatized decision making and 

more disorganized learning mechanisms (Garbusow et al., 2014b; Sebold et al., 

2014, 2017). Additionally, in AD subjects compared to LR there seems to be a 

stronger effect of the determination of instrumental behavior such as alcohol-seeking 

and consumption through Pavlovian conditioned cues (Garbusow et al., 2014a).  

These learning mechanisms reflect a shift to habitual behavior patterns which 

seem to be associated with habitual and compulsive drug use whose potential 

neurobiological correlate may be the dorsostriatal neurocircuitry (Everitt et al., 2008; 

Everitt and Robbins, 2005; Taylor et al., 2013; Yin et al., 2004). 

Thus, we may assume that these impairments of the DR2/3 in the AS of AD 

compared to HR subjects indicate a shift to a habitual compulsive drug use, which is 

in line with the aforementioned observations of Koob and Volkow, suggesting a shift 
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from ventral to dorsal striatal impariments with progressive alcohol misuse (Koob and 

Volkow, 2010). 

The differences between HR and AD subjects might also correspond with 

genetic and epigenetic alterations, indicating that HR individuals are categorially 

different from AD individuals. Further, HR subjects may have had the above-

mentioned resilient factors that protect them from developing a manifest AD. Thus, 

our results suggest a categorial difference between these two subgroups. Despite 

this categorial difference, we did not find any significant alterations between the LR 

and the HR group. This is not automatically a contradiction to the idea of alcohol 

consumption and risky acohol use as a spectrum, as one potential explanation may 

be that LR and HR subjects lie closer together on the spectrum, and in a larger 

sample it might be possible to find HR subjects with an intermediate impairment of 

DR2/3 availabilities between manifest AD and LR controls (Saitz, 2005). Another 

potential explanation might be that there were different subgroups within the HR 

subjects and that some of the individuals were more resilient than others. 

Furthermore, lowered striatal DR availability may also have an impact on the 

subjective experience of alcohol intake. Volkow et al. (2005) observed that 

individuals with higher striatal DR2/3 availability reported the effects of intravenous 

ethanol intake as aversive in contrast to subjects with lower levels, who experienced 

the effect positively (Volkow et al., 2002a, 1999). Yoder et al. (2005) support these 

findings. In their study, the subjective response to an intravenous alcohol dose was 

higher in healthy controls with lower striatal D2/3 receptor levels than in individuals 

with higher striatal receptor levels (Yoder et al., 2005). This may explain through 

which mechanism DR2/3 availability can be a predisposing factor for developing an 

AD, but it could also be seen as a reinforcing factor once the dopaminergic system 

has adapted to AD through a compensatory downregulation of striatal DR2/3 

availabilities. 

Volkow et al. (2002b) observed a persisting striatal D2/3 receptor reduction in 

alcoholics after four months of abstinence, whereas Rominger et al. (2012) report a 

higher striatal level in 4 out of 17 AD subjects who remained abstinent for 1 year 

(Rominger et al., 2012; Volkow et al., 2002b). These contradictory results indicate that 

longitudinal studies are necessary to explore the DR availability before the 

development of AD and during the disease as well as in withdrawal and after a long 

time of abstinence, as we do not know whether the AD subjects had a lower DR2/3 
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availability due to genetic or epigenetic influences before developing the disease or if 

they developed the dopaminergic impairment as a neurobiological compensatory 

reaction because of the DA excess in chronic alcohol abuse. 

 

Correlation with Clinical Scales 
 

Dopamine receptor availability and Alcohol Dependence Scale. 
 

Furthermore, we observed correlations of the DR2/3 availability with clinical 

scales throughout the whole sample. Confirming our hypothesis (H3), the severity of 

alcohol abuse – measured with the ADS score – correlated significantly with the DR2/3 

availability in the SMS as well as with the AS. However, the correlation of the ADS-

Score with the DR2/3 availability in the LS did not reach significance.  

With this additional analysis we were able to validate our findings of a reduced 

dorsostriatal DR2/3 availability in AD subjects compared to LR and HR controls. This 

emphasizes the association of reduced striatal DA receptors with clinical symptoms. 

This may be interpreted on the one hand as a compensatory receptor downregulation 

due to chronic alcohol intake or on the other hand as a predisposing factor caused by 

genetic or epigenetic influences.  

Koob and Volkow (2010) discuss that both the dorsal and the ventral striatum 

seem to play an important role in the transition towards AD and thus support our 

findings in the dorsal striatum and their association with the severity of alcohol misuse. 

They see dorsostriatal dopaminergic impairments as one important step in the circuitry 

of addiction (Koob and Volkow, 2010). Along with Everitt et al. (2008) we can interpret 

the correlation between the severity of alcohol dependence and lowered dorsostriatal 

DR2/3 availability as a gradual loss of control over the drinking behavior and its 

possible neurobiological correlate (Everitt et al., 2008). Nevertheless, genetic and 

epigenetic factors may also contribute to the lowered DR availabilitiy and its correlation 

with the severity of alcohol dependence. 

 

Dopamine receptor availability and Obsessive Compulsive Drinking Scale. 
 

In accordance with our hypothesis (H3), we observed a significant inverse 

correlation of the total OCDS score with DR2/3 availability in the SMS. Specifically, the 

more thoughts the study participants had about alcohol consumption when they were 
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not drinking and the more difficulty they had controlling their drinking behavior, the 

lower was their availability of DR2/3 in the SMS. In contrast, the DR2/3 availability of 

the LS was not significantly correlated with the OCDS score.  

This finding is in accordance with several recent PET studies which investigated 

craving symptoms and striatal DR availability as well as DA turnover in AD (Heinz et 

al., 2005, 2004b; Kumakura et al., 2013). 

Furthermore, the investigation of the two subscales of the OCDS led to 

interesting results. The subscale “impulse to act”, representing compulsions and thus 

the ability to control drinking behavior, correlated significantly only with the DR2/3 

availability in the SMS. Compulsions and self-perception of uncontrolled drinking 

behavior are thus associated with a substriatal region, which plays a critical role for 

fine motor control and locomotion (Joel and Weiner, 2000; Martinez et al., 2003). This 

is supported by the fact that there are several studies indicating that joystick training 

for approaching and avoiding alcohol cues, e.g. pictures of alcoholic beverages, may 

have an impact on the clinical outcome of AD subjects (Sharbanee et al., 2014; Wiers 

et al., 2015, 2011, 2010). Thus, we were able to observe an association of compulsions 

with the reduced striatal DR2/3 availabilities in the SMS, which emphasizes a potential 

role of the motor system in controlling drinking behavior. It may be worth exploring 

striatal DR2/3 availabilities together with an approach and avoidance task in AD. 

On the other hand, the subscale “thoughts”, representing obsessions and thus 

thoughts associated with alcohol consumption, correlated significantly with the DR2/3 

availability in the SMS as well as in the AS in the whole sample. As the AS seems to 

be relevant for stimulus response learning and associative functions, its coherence 

with recurring thoughts about alcohol consumption when not drinking seems logical 

(Joel and Weiner, 2000; Martinez et al., 2003). 

These results nevertheless suggest that craving symptoms and the subjective 

loss of control over drinking behavior may be related to dorsostriatal DR dysfunctions, 

which has been shown in several studies with regard to SUD (Heinz et al., 2005; 

Vanderschuren et al., 2005; Volkow et al., 2006b). For example, Heinz et al. (2005) 

observed a negative correlation between craving symptoms and the DR2/3 availability 

in the bilateral putamen and the right caudate in AD subjects. Moreover, Volkow et al. 

(2006b) found reduced DR2 availabilities in the dorsal but not in the ventral striatum of 

cocaine-addicted subjects who were exposed to cocaine cues. These impaired DR 

availabilities also correlated with self-reports of craving. Furthermore, Vanderschuren 
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et al. (2005) have shown that a blockade of DR in the dorsal striatum inhibits cocaine 

seeking behavior in rats.  

All in all, with this work we were able to show a potential link between the 

severity of craving symptoms and the dorsostriatal dysfunction. More precisely, we 

were able to show differential results for substriatal regions. Craving symptoms have 

been associated with relapse prediction in many previous studies (Addolorato et al., 

2005; Paliwal et al., 2008; Schneekloth et al., 2012). It would be very interesting to 

investigate craving symptoms, dorsostriatal DR2/3 availability and their potential 

impact on relapse probabilities in our sample. Therefore, the future analysis of our 

clinical follow-ups will be very important.  

 

Limitations 
 

Measuring the BPND of 18F-fallypride is a well-established method to assess the 

DR2/3 availability in striatal brain regions (Mukherjee et al., 2002). However, it is not 

possible to exclude potential confounders in the data acquisition. As Laruelle et al. 

(1997) have shown for other radiotracers, free endogenous DA may influence the 

DR2/3 availability via PET. Nevertheless, as we did not expose our study participants 

during the data acquisition to any direct positive stimuli which might have caused a DA 

release, such as pictures of alcoholic beverages, we suggest that this confounder is 

insignificant. 

Another important point which has to be considered when interpreting and 

comparing our results is the selection of ROIs. The ROIs of Martinez et al. (2003) and 

Mawlawi et al. (2001) that we have chose in our study follow a functional approach; 

dividing the striatum into the SMS, the AS and the LS. Other studies, for instance, use 

the Talairach space, which divides the striatum into the putamen, caudate and nucleus 

accumbens (Heinz et al., 2005; Lancaster et al., 2000; Talairach and Tournoux, 1988). 

These differences play a role in the comparability of the studies.  

Although we tried to match our respective subgroups carefully, we did not 

differentiate between men and women when evaluating their drinking behavior. We 

categorized the study participants into the reference groups using the same criteria for 

both sexes. This can be criticized, as the female body has on average more fat and 

less water and also metabolizes alcohol differently (American Psychiatric Association, 

2013). Thus, the same amount of ethanol causes a higher blood alcohol level in 



 73 

females. However, we did not include many women in our reference groups (3 women 

in the LR, 2 in the HR and 3 in the AD group), which is why we refrained from a further 

differentiation.  

Additionally, we cannot rule out that the individuals in the LR group may have 

underreported their drinking behavior. LR as well as HR subjects were practicing an 

active drinking pattern and it is very difficult to objectify the exact amount and the 

habits of their alcohol consumption. 

Moreover, a potential confounder could have been the variability of days of 

abstinence in our AD group (min 9, max 96, mean 36.5, SD 20.1) at the time of the 

baseline data acquisition. Furthermore, long time spans between clinical assessments 

and the 18F-fallypride data acquisition were partly inevitable as problems with tracer 

synthesis and limited time slots for using the PET scan were not predictable. 

Nevertheless, other samples in comparable PET studies had similar abstinence rates 

in their patient groups (Spreckelmeyer et al., 2011). 

 Furthermore, when interpreting the correlations of the DR2/3 availabilities with 

the clinical scales, the effect sizes have to be taken into account. For example, the 

correlation coefficient (Spearman’s R) when correlating the ADS score with the 

dorsostriatal DR2/3 availability varied from -0.332 to -0.390 in the respective ROIs, so 

the effect sizes should be interpreted as small to medium. Additionally, the correlation 

coefficient (Spearman’s R) when correlating the OCDS score with the striatal DR2/3 

availability varied from -0.305 to -0.424, with consequently small to medium effect 

sizes. Thus, our conclusions about these clinical correlations are limited to a certain 

extent. Moreover, these significant correlations only show coherences and 

associations, but do not enable us to deduce causalities.  

 

Perspectives 
 

In our study, we were able to observe significant reductions in the BPND of 18F-

fallypride – measuring striatal DR2/3 availability – in the SMS and AS of AD patients 

compared to the LR and HR controls.  

It will be very interesting to investigate whether our findings allow a potential 

association with the prediction of relapse and long-term clinical outcome of AD 

patients. Especially craving symptoms seem to be associated with a higher relapse 

probability (Heinz et al., 2010; Paliwal et al., 2008; Potgieter et al., 1999; Schneekloth 

et al., 2012). The correlation of the measured DR2/3 availability with clinical craving 
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symptoms in our data might potentially allow assumptions about relapse prediction. As 

we also collected clinical follow-up data for the study participants over a period of 12 

months, we might potentially soon have new insights of the associations of dorsotriatal 

dysfunctions with craving symptoms and relapse probabilities.  

Moreover, as mentioned above, Rominger et al. (2012) observed that the BPND 

of 18F-fallypride may increase in some AD patients during abstinence or pronounced 

reduction of alcohol consumption. This potential recovery of the DR2/3 availability is 

an interesting phenomenon and might be worth investigating further. A design of a 18F-

fallypride PET study in subjects before developing an AD, then during the diagnosed 

AD with an active drinking pattern and after a short and a longer time while abstinent 

would be the best option to further investigate whether the dopaminergic alterations 

are predisposing factors or resulting adaptive processes.  

Furthermore, it might be very interesting to investigate different levels of alcohol 

consumption in a larger sample in a PET study. We did not find any difference between 

the DR2/3 availabilities of LR compared to HR subjects, but maybe in a larger sample 

of HR subjects it might be possible to observe DR2/3 availabilities lying intermediately 

between those of the LR and AD subjects. 

Additionally, we plan to investigate the MRS data we collected and the. potential 

associations of different transmitter concentrations with striatal DR2/3 availability. 

Specifically, prefrontal glutamate concentration with its potential modulating impact on 

the striatal dopaminergic neurotransmitter system may be of great interest (Carlsson 

et al., 1999). Through this we may be able to find associations of this blunted striatal 

dopaminergic neurotransmission with the prefrontal glutamate concentration. 

Another interesting research domain is the investigation of extrastriatal DR2/3 

availabilities and their clinical coherences. Rominger et al. (2012) were able to show 

that changes in dopaminergic functions in AD may not be limited to striatal regions, 

and may for instance extend to frontal or other extrastriatal. We also acquired 18F-

fallypride PET data of extrastriatal regions such as the prefrontal cortex or the anterior 

cingulate cortex, leading to contradictory results (Zacharias, 2018).  

Moreover, it may be interesting to investigate potential genetic and epigenetic 

factors determining DR2/3 availability in our study participants and especially in AD 

subjects in association with the striatal DR2/3 availabilities. Due to the large number 

of potentially involved genes and epigenetic factors, this sample is unfortunately not 

large enough for analyses. Nevertheless, it may be very interesting to combine genetic 
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and epigenetic investigations with PET data acquisition in a larger sample of AD 

subjects to further the understanding of the extent of genetic predisposition on  

impaired dopaminergic neurotransmission and its impact on the development of AD.  

Thus, due to the complexity of psychiatric disorders such as AD, a 

multidimensional approach considering genetic, behavioral and neurochemical factors 

seems necessary to be able to gain more knowledge about the development and 

maintenance of this SUD. 

Our finding of lowered DR2/3 availability in the dorsal striatum of AD subjects 

compared to LR and HR controls contributes to a better understanding of the 

pathophysiology of the disease but does not provide a comprehensive account of it. 

Further research will be necessary to investigate the dorsal striatum in order to explore 

a potential association with relapse prediction.  

Potentially, the observed alterations in DR2/3 availability may also serve as a 

starting point for the development of innovative interventions. Vanderschuren et al. 

(2005) were able to show in their preclinical study that an infusion of the DR antagonist 

alpha-flupenthixol into the dorsal striatum inhibited cocaine-seeking behavior in rats. 

This study emphasizes the impact of the dorsal striatum and allows an experimental 

outlook on a potential clinical application. 

Moreover, identifying predisposing factors for developing an AD by assessing 

the striatal DR2/3 availability might be one option to potentially help to prevent alcohol 

misuse. This could then contribute to an increased understanding of AD and help to 

optimize specific treatment options and therapy plans for the patients.  
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