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Abstract: 

The forefront treatment of Parkinson’s disease (PD) is levodopa. Previously, it has 

been reported that cerebral blood flow is increased while neuronal activity is 

decreased in key subcortical regions including the putamen when patients are 

treated with levodopa. This may be associated with levodopa-induced dyskinesia 

(LID). To study the effect of clinically-determined anti-parkinsonian medication, 

ten PD patients (5 with LID and 5 without LID) have been scanned with [18F]-

fluorodeoxyglucose PET (FDG-PET) and perfusion MRI (pMRI) when they are 

ON and OFF medication. Regions of interest were defined and mean values were 

calculated. A significant interaction effect has been found in the putamen 

(p=0.023). This dissociation was especially predominant in patients with LID 

compared to the ones without. We proposed a novel analytical method to quantify 

the degree of dissociation in the putamen, Putamen-to-thalamus 

Hyperperfusion/hypometabolism Index (PHI), which may have potential to be used 

as a biomarker for LID. 
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1. Introduction:  

Levodopa (LD) has been the first line of treatment of Parkinson’s disease 

(PD) since its introduction in the 1960s. More than 50% of patients develop 

levodopa-induced dyskinesia (LID) after five to ten years of the treatment 

[3]. While the exact cause of LID is still unknown, epidemiological studies 

suggest the duration of the PD, the severity of PD symptoms, the duration of 

levodopa treatment, and the overall dose are the major risk factors of these 

side effects [4]. LID is a very disabling side effect and once it is established 

it is very hard to treat. It interferes with the quality of patients’ lives and puts 

a huge burden on the health care system. The treatment of dyskinesia is still 

considered an unmet need. Amantadine is the only FDA approved anti-

dyskinetic medication that does not compromise the benefit of anti-

parkinsonian medication [3], but it typically loses its efficacy in an average 

of 8 months [5]. The degree of LID fluctuates throughout the day, so its 

documentation is often highly dependent on subjective opinions of patients, 

which makes it difficult to conduct a clinical trial targeting LID. Therefore, 

an objective and quantifiable biomarker for LID is highly desired to monitor 

the effects of treatment as well as to identify those individuals at higher risk 

of developing LID.  
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Functional brain imaging such as functional magnetic resonance imaging 

(fMRI) and positron emission tomography (PET) have been increasingly 

used as a means to measure the effect of different treatments on the human 

brain. It has been revealed that LID is acutely triggered by large, transient 

increases in striatal dopamine release following levodopa administration [6]. 

Both the severity of dopaminergic denervation [7] and malfunction of 

preserved serotonergic terminals [8] play important roles in LID 

development.  

Recently, it has been observed that the neurovascular coupling hypothesis 

had been violated in PD patients under levodopa treatment [1], suggesting 

that chronic levodopa exposure induces angiogenesis and that it may be 

involved with LID [9]. The neurovascular coupling hypothesis posits that 

increases of neuronal (or synaptic) activity are followed by increases in 

glucose metabolism and cerebral blood flow (CBF) [10]. Hirano et al., [1] 

investigated the effect of constant levodopa infusion (intravenous levodopa 

infusion titrated to achieve maximal improvement in Parkinson’s motor 

symptoms) and its related motor complications in PD. They used [15-O]-H2O 

PET scan to measure regional cerebral blood flow (rCBF) and FDG-PET to 

measure regional cerebral metabolic rate (rCMR). They found that rCBF 

was increased while rCMR was decreased by levodopa in the putamen, 
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thalamus, pons, subthalamic nucleus (STN), and primary motor area (M1) 

(i.e., violation of neurovascular coupling hypothesis). This dissociation was 

especially predominant in PD patients with LID compared to the ones 

without, which may result in functional overshoot in the thalamo-cortical 

circuitry in response to acute levodopa administration and induce LID [9].  

In the current study, we investigated if clinically determined anti-

parkinsonian medication also dissociates the CBF and FDG-uptake using 

perfusion MRI (pMRI) and FDG-PET, respectively. We further proposed a 

novel and practical analytic method to quantify the degree and the spatial 

extent of dissociation in the putamen in comparison to thalamus (i.e., 

neurovascular dissociation) in which only the ON condition scans are used. 

This quantitative approach might have the potential to be used as a 

biomarker for LID.  

 

2. Background: 

2.1. Parkinson’s Disease (PD): 

PD is considered the most common cause of parkinsonism, which is a 

syndrome manifested by a wide variety of symptoms. PD is a chronic and 

progressive neurological disorder that affects over 1 million people in North 

America alone [11]. It is the leading cause of movement disorder and the 
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second most common neurodegenerative disorder after Alzheimer’s Disease 

(AD) [12]. Since Tretiakoff reported that the most severely affected area of 

the brain in terms of neuron loss was in the substantia nigra pars compacta 

(SNc) of the midbrain, the association between the loss of dopamine neurons 

and PD has been well documented [13]. While PD has previously been 

described as a motor system disorder, it is now considered to be a complex 

condition with a wide variety of clinical features that include 

neuropsychiatric, motor and non-motor manifestations [12]. 

 

2.1.1. Epidemiology of Parkinson’s Disease (PD):  

The incidence and prevalence of PD varies by age, by sex, and by 

geographic location [14]. A meta-analysis of 47 studies including worldwide 

population, in the period between 1985 - 2010 has been done. It was found 

that the worldwide prevalence of PD was approximately 0.3% in the general 

population 40 years of age and older [15]. In other words, approximately 7.5 

million people have PD globally. PD incidence increases with age (a mean 

age at diagnosis is 70.5 years), and it is rare in people younger than 40 [16].  

 

2.1.2. Pathology of Parkinson’s Disease (PD): 

Gross autopsy of patients with PD have shown that SNc and pontine locus 
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ceruleus are the most affected areas. Depigmentation, neuronal loss, and 

gliosis are typically found in those regions [17]. According to Braak’s 

staging hypothesis, the earliest pathological changes in PD starts in the 

medulla oblongata and the olfactory bulb, progressing slowly over years to 

the cerebral cortex, SNc, and the midbrain [18]. Other brain regions are also 

affected by the disease process, including the internal segment of the globus 

pallidus (GPi), the median-parafascicular complex, the pedunculopontine 

tegmental nucleus, and the caudal intralaminar thalamic nuclei [19].  

 

2.1.2.1. Lewy Bodies and other Intracellular Inclusions: 

The pathologist Frederick Lewy described the main histopathological 

findings in PD, which are named after him. Lewy bodies are round, 

intracytoplasmic neuronal inclusions. They are made up of alpha-synuclein, 

ubiquitin, microfilament subunits, and tubulin [14]. In PD’s brain autopsy, 

Lewy bodies are mainly found in the Substantia nigra (SN), the basal 

nucleus of Meynert, locus ceruleus, cerebral cortex, and sympathetic ganglia 

[18]. 

 

2.1.3. Pathophysiology of Parkinson’s Disease (PD): 

To understand the pathophysiology of PD, the Basal Ganglia circuit and its 
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communication with motor cortical centers must be understood. 

 

2.1.3.1.  Basal Nuclei and Motor Circuitry: 

The basal nuclei (also named basal ganglia) are a group of extrapyramidal 

structures communicating with each other and with higher cortical centers 

through neuronal pathways and different neurotransmitters. These regions 

include the SN, striatum (caudate and putamen), internal globus pallidus 

(GPi), external globus pallidus (GPe), and subthalamic nucleus (STN) [14]. 

In the basal nuclei, there are two pathways to transmit signals between the 

cortical and the extrapyramidal structures, a direct and an indirect pathway. 

These pathways play important role in regulating the body movement and 

physical tone [20].  

In the direct pathway, the striatum receives excitatory input from the 

cerebral cortex, which activates the inhibitory neurons in the striatum. The 

inhibitory neurons projecting to inhibits the GPi and substantia nigra pars 

reticulata, resulting in a net disinhibition or excitation of the thalamus. The 

thalamus projects via excitatory pathways primarily to the premotor cerebral 

cortex, resulting in a net facilitation of the cerebral cortex and increase the 

ease of initiating movement [20].  

In the indirect pathway, the excitatory projections from the cerebral cortex 
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facilitate inhibitory neurons in the striatum, which inhibits GPe. This 

decreases tonic inhibition of the subthalamic nucleus, resulting in increased 

excitatory output to the medial globus pallidus. This excitatory input to the 

medial globus pallidus increases the inhibitory output from the medial 

globus pallidus to the thalamus, ultimately decreasing the excitatory 

feedback to the cerebral cortex. [20]. In other words, the indirect pathway 

has opposite effects on GPi in comparison with the direct pathway. The 

connection between the STN and the GPi and between STN and the (GPe) is 

excitatory, mediated by glutamate [14].  

 

The striatum is controlled by different inhibitory and excitatory inputs. The 

excitatory input of the striatum is mediated by the neurotransmitter 

glutamate, which is released from the prefrontal supplementary motor area 

(SMA) [14, 20]. The striatal output is mediated by gamma-amino-butyric-

acid (GABA), the main inhibitory neurotransmitter in the brain [14, 20].  

Dopamine released from SNc provides both excitatory and inhibitory 

influences on the striatum. Dopamine acts primarily through dopamine D1 

receptors on the neurons that are involved in the direct pathway, exciting 

these neurons. It acts on dopamine D2 receptors on the striatal neurons that 

are involved in the indirect pathway, inhibiting them. Therefore, dopamine 
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excites the direct pathway and inhibits the indirect pathway to balance and 

regulate body movement and tone (Figure 1).  

Five different dopamine receptors (D1 - D5) have been identified. They are 

distributed throughout the basal ganglia, frontal cortex and limbic system. 

The most common receptors involved in PD pathophysiology are the D1, D2 

and D3 receptors, which receive nigrostriatal dopaminergic inputs. The rest 

of the receptors D4, and D5 are highly concentrated in the mesolimbic part 

of the brain which controls emotions [14, 21]. As a consequence of 

dopamine deficiency in the striatum of PD patients, denervation 

hypersensitivity of D1 and D2 are seen, which means the sensitivity of D1 

and D2 receptors to dopamine is increased [22]. Other studies also 

demonstrated the expression of those receptors and their G protein is 

affected by the denervation [23]. It is generally believed that D1 receptors 

are acting as an excitatory modulator while D2 receptors are an inhibitory 

modulator. When activated by dopamine, D1 receptors select and reinforce 

the wanted motor program to be executed. D2 receptors however, have a 

lower threshold than D1, thus it inhibits the unwanted (or competing) motor 

program from the surrounding area [24]. In PD, the overall dopaminergic 

degeneration makes it difficult to reach the high threshold of D1 receptors 

which may be clinically expressed as akinesia. 
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2.1.3.2.  Compensatory Mechanisms: 

The brain has the ability to compensate to some extent for the presynaptic 

dopamine deficiency in different ways. In pre-symptomatic stage, the brain 

increases the release of dopamine in the striatum [25]. Furthermore, cell to 

cell interactions through gab junctions are significantly enhanced [26]. In 

contrast, dopamine transporters (DAT) are downregulated, leading to less 

dopamine reuptake and higher synaptic dopamine levels [27]. The 

unaffected dopaminergic neurons increase the synthesis and release of 

Figure 1: Direct and Indirect Dopamine Pathway. Dopamine 
secreted by substantia nigra binds to D1 receptor, stimulating the 
excitatory pathway which improves motion. Dopamine binds to D2 
receptor, inhibiting the inhibitory pathway which improves motion. 
GPi: globus pallidus internus. GPe: globus pallidus externus. STn: 
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dopamine, which indicates active compensatory mechanism in their 

functional capacity that might reach by at least fivefold [28]. 

These multiple compensatory mechanisms at different levels allow the brain 

to compensate for the loss of dopaminergic neurons before clinical 

symptoms developed [28]. Ironically, these active compensations increase 

dopamine turnover, which leads to the accumulation of toxic biochemical 

end products of dopamine metabolism in the synaptic cleft. Eventually, these 

toxic metabolites may damage further the remaining healthy dopaminergic 

neurons in the brain [28].  

The enhanced D1 signaling (as a compensatory mechanism) inhibits the 

focusing effects of dopaminergic system that is achieved by the balancing 

act of the D1 and D2 receptor pathways [24]. Unbalanced activation of D1 

receptors has been suggested to be involved with LID expression by 

executing the abnormal involuntary movement [29].  

 

2.1.4. Clinical Presentation:  

PD is characterized by a wide spectrum of symptoms. The most frequently 

reported symptoms are resting tremor, bradykinesia, postural instability, and 

rigidity [30-32]. The mortality rate in PD is not correlated with the severity 

of the disease symptoms [12]. These symptoms (except postural instability) 
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typically begin on one side then progress to the contralateral side.  

Tremor in PD is resting, pill-rolling tremor usually affecting the limbs, lips, 

jaw, and tongue. It is exacerbated by stress, anxiety, or emotional excitement 

[33, 34].  

Bradykinesia, describes the generalized slowness of voluntary movement. 

For this reason, it is reported as the most common symptom and the major 

cause of disability in PD [12]. 

Rigidity is resistance and generalized stiffness to passive movement around 

joints [35-38].  

Postural instability is a frequent cause of falls in PD and might cause 

significant risk of injury [12]. Postural instability is the most resistant 

symptom to dopaminergic medications [39]. 

The accurate diagnosis of PD rests on the physicians’ impression from 

clinical examination. To diagnose PD, bradykinesia plus tremor or rigidity 

must be present [40].  

 

2.1.5. Treatment: 

Treatment can be divided into pharmacological and non-pharmacological 

treatment. Based on the severity of the disease at the time of diagnosis, the 

decision is made to initiate medications or not [41]. Levodopa or dopamine 
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agonist can be used initially for PD patients who require symptomatic 

therapy. It is recommended to start a dopamine agonist in young patients 

(age <65 years) to avoid early complications of levodopa, while levodopa is 

recommended in older patients (age >65 years) [41].  

 

The major drugs available for the treatment of PD motor symptoms include 

levodopa, dopamine agonists, monoamine oxidase (MAO) B inhibitors, 

anticholinergic agents, and catechol-O-methyl transferase (COMT) 

inhibitors. 

 

2.1.5.1. Levodopa (LD): 

The dopamine precursor, levodopa, has been the gold standard medication 

for PD since its introduction in the market 50 years ago. Bradykinesia 

responds very well to levodopa, especially when it becomes disabling to 

patients. Levodopa, also controls tremor and rigidity symptoms, but it is less 

effective in treating postural instability [41].  

Levodopa therapy is typically combined with carbidopa, a peripheral 

decarboxylase inhibitor to block its catabolism to dopamine in the 

gastrointestinal tract and liver before it crosses the blood-brain barrier 

(BBB). This combination has two reasons: dopamine itself does not cross 
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the BBB, and to prevent the symptoms of high dopamine level in the 

peripheral circulation such as nausea, vomiting, and orthostatic hypotension 

[41-43]. 

Despite the fact that levodopa is the most effective treatment for idiopathic 

PD, multiple adverse effects have been reported secondary to the peripheral 

stimulation of dopamine receptors. These adverse effects are: hallucinations, 

delusions, agitation, nausea, dizziness, headache, confusion, and orthostatic 

hypotension [41]. 

  

2.1.5.1.1. Levodopa-induced Motor Complications: 

After five to ten years, as many as 50% of PD patients develop the disabling 

complications of levodopa, which include motor fluctuations and dyskinesia 

[41].  

The risk of developing motor complications is positively correlated with 

young age at the onset of the disease, PD duration, PD severity, high 

levodopa dose (usually > 300 mg/d), and female sex [3, 42, 44]. Among all 

these, young age at the onset of PD is the most reported one [3]. Some 

patients express dyskinesia soon after initiating the levodopa therapy. 

However, others remain dyskinesia free for a long period of time despite 

high levodopa dose [3]. This raises the role of individual neural plasticity 
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and the genetic composition, which might play a role in dyskinesia 

development [3].  

Motor fluctuations are alterations between periods during which the 

symptoms of PD are controlled, and periods during which the symptoms of 

PD reemerge. There are many types of motor fluctuations, including the 

following: wearing off, unpredictable off periods, freezing of gait, and acute 

akinesia.  

Dyskinesia is defined as abnormal involuntary movements. It is usually 

secondary to excess dopamine in striatal synapses [45]. It includes chorea, 

dystonia, ballism, and myoclonus [46]. Chorea is irregular, spasmodic, 

involuntary movement of the limbs or facial muscles, often accompanied by 

hypotonia. Dystonia is a syndrome of abnormal muscle contraction that 

produces repetitive involuntary twisting movement and abnormal posturing 

of the neck, truck, face and extremities. Ballism is a type of involuntary 

movement affecting the proximal limb musculature, manifested as jerking, 

flinging movement of the extremity; caused by a lesion of or near the 

contralateral STN. Myoclonus is one or a series of shock-like contraction of 

a group of muscles. 
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2.2. Molecular Imaging of Levodopa-induced Dyskinesia (LID): 

In the past 20 years, PET molecular imaging has played a significant role in 

investigating molecular changes in vivo in both human and animals. This 

modality gives invaluable information behind the underlying biochemical, 

molecular, and vascular changes leading to the development of LID [47]. 

The pathological processes in PD are not only limited to dopamine 

depletion, other neurotransmitters such as serotonin, glutamate, and 

acetylcholine are also involved. With the use of different radioligands, PET 

allowed the investigation of multiple systems involved in the development 

of LID (Table 1). They include dopaminergic, serotonergic, glutamatergic, 

opioid, endocannabinoid, noradrenergic, cholinergic systems, vascularity, 

and metabolism of the brain [47]. 
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Neurotransmitter 
system 

radiotracers function PET findings 

Dopamine 
 

11C-
raclopride 
 

Dopamine 
D2/D3 
receptor 
antagonist 
 

Rapid and large synaptic 
dopamine fluctuation in the 
striatal synapses over four hours 
post LD intake in dyskinetic PD  
patients [46, 48]. 

18 F – dopa 
 

Decarboxyl
ation of F-
DOPA to 
fluoro-
dopamine. 
AADC 
activity. 
 

Reduction in 18F-dopa uptake 
by 28% in the putamen and 
12% in the caudate in LID 
patients compared to stable 
responders. 
Indirectly estimate nigrostriatal 
cell death in humans [50]. 

Serotonin 11C-DASB 
 

SERT 
binding. 
 

overall decrease in SERT 
binding levels in advanced PD 
patients compared with normal 
controls [63]. 

 
Glutamate 
 

11C-CNS 
51619 
 

NMDA 
receptors 
marker 
 

LD increased the uptake of 11C-
CNS 51619 in the putamen, 
caudate, and precentral gyrus in 
patients with LID comparing to 
stable responders (decreased 
uptake) [72].  

Adenosine [11C] TMSX 
and [11C] 
SCH442,416 
 

A2A 
adenosine 
receptors 
markers 

Increase A2A adenosine 
receptors expression in the 
striatum in PD LID patients 
[47]. 

Acetylcholine 2-18F-fluoro-
A-85380 
 

nicotinic 
acetylcholin
e receptors 
marker. 
 

Significant reduction in 
nicotinic acetylcholine 
receptors in the striatum and 
substantia nigra of non-
demented PD patients 
compared with a group of 
healthy controls [76].  

 
Table 1: Summary of PET radiotracers studies in PD patients with LID.  
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2.2.1. The Dopaminergic Hypothesis: 

Since nigrostriatal dopamine function is markedly affected in PD, 

intuitively, dopamine PET imaging would be one of the most useful imaging 

techniques for investigating PD-related molecular abnormalities in vivo. 

Multiple radioligands have been utilized to demonstrate dopaminergic 

biochemical pathways. The dopaminergic system at different molecular 

levels (presynaptic, synaptic, and postsynaptic) have shown to be involved 

in the development of dyskinesia. As the disease progresses, dopaminergic 

neurons ability to release dopamine into striatal synapses is diminished, 

which is compensated by DAT downregulation to maintain synaptic 

dopamine levels [48]. Over the course of the disease, this compensatory 

mechanism fails to maintain synaptic dopamine at physiological levels, 

which leads to abnormal dopamine fluctuation at synapses and eventually 

dyskinesia development [48]. 

Using post-synaptic dopamine receptor imaging techniques, the synaptic 

dopamine concentration can be estimated. Using 11C-raclopride (i.e., a 

dopamine D2/D3 receptor antagonist), previous PET studies showed a 

dramatic increase in synaptic dopamine level in the putamen one-hour post 

levodopa intake in PD patients with motor complications. Patients, who did 

not have motor complications, show stable levels of synaptic dopamine 
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concentration after levodopa administration [47, 49, 50]. In comparison to 

four-hour post levodopa administration, PD patients with motor 

complications have significant synaptic dopamine level reduction in the 

putamen, whereas in the stable group, synaptic dopamine level stayed the 

same [47, 49]. These findings suggest that rapid swing and turnover of 

levodopa level at striatal synapses may contribute to the development of 

levodopa-induced motor complications [47]. Clinically, the severity index of 

LID is positively correlated with striatal synaptic dopamine levels [6]. 

18F-DOPA is the first radiotracer that has been used in PET to estimate the 

functional dopaminergic integrity in vivo by quantifying the uptake and 

decarboxylation of 18F-DOPA to fluoro-dopamine in the striatal presynaptic 

dopaminergic neurons [51]. The 18F-DOPA uptake has been shown to be 

decreased in PD along with the dopaminergic cell degeneration [52]. In PD 

with motor fluctuations, it has been found that there is reduction in 18F-

DOPA uptake by 28% in the putamen and 12% in the caudate compared to 

stable responders (PD patients without LID) [52]. These findings suggest 

that abnormal biochemical changes in the striatum plays an important role in 

dyskinesia development at the presynaptic level.  

DAT regulates dopamine concentration at synapses, which declines as PD 

disease progresses [53]. It has been also hypothesized that DAT is further 



	 19	

downregulated as a compensatory mechanism to increase synaptic dopamine 

concentration, which was especially exacerbated in patients with LID [53]. 

The loss of DAT “synaptic dopamine regulator” impairs synaptic dopamine 

level modulation post levodopa administration resulting in synaptic 

dopamine overshoot, which might contribute to dyskinesia development 

[53]. Nevertheless, multiple factors influence DAT level, i.e., PD 

progression, age, and history of pharmacotherapy. 

Although aromatic L-amino acid decarboxylase (AADC) activity estimated 

by 18F-DOPA uptake has been used to indirectly estimate nigrostriatal cell 

death in humans, AADC is not specific to dopaminergic neurons and is 

involved in the metabolism of other monoamines [54]. DAT ligands have 

multiple limitations, the expression of DAT sites varies with dopamine 

levels and might be affected by administration of dopaminergic medications 

[54]. Also, vesicular monoamine transporter (VMT) ligand (e.g. 

Dihydrotetrabenazine (DTBZ)) is not specific for dopaminergic neurons, for 

instance, serotonin is packed into presynaptic vesicles through VMT [54]. 

All these factors compromise the reliability of previously mentioned 

biomarkers to investigate the dopaminergic system in the brain under the 

influence of pathological or pharmacological conditions.  

In sum, it is clear that dopamine degeneration plays a key role in the 
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emergence of LID. Dopamine imaging techniques using PET confirmed this 

hypothesis, but the sensitivity and specificity of this technique limit its usage 

in predicting LID in each individual. 

 

2.2.2. The Serotonergic Hypothesis: 

Another important contributor to the pathophysiology of PD is the 

serotonergic system. Different studies done in human and animals 

demonstrated the loss of serotonergic system integrity as the disease 

progresses [55-63]. In advanced PD, serotonergic neurons have the ability to 

mishandle levodopa catabolism and dopamine level in the striatum. Recent 

11C-DASB (Dimethylaminomethylphenylsulfanyl-benzonitrile) 

PET studies showed that LID development in PD patients depends on the 

integrity the of the serotonergic system [64]. This is explained by the ability 

of serotonergic terminals to convert levodopa to dopamine and release it to 

the striatum in a non-physiological manner, which will lead to the release of 

excess dopamine in synapses and LID development [64]. Serotonergic 

neurons are also able to uptake dopamine from extracellular spaces using 

serotonin transporters (SERT) [65], which is facilitated as a part of a 

compensatory process [64]. Nevertheless, serotonergic neurons lack the 

normal auto-regulation of dopamine levels in synapses. Exogenous levodopa 
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is metabolized and cleared slowly by serotonergic neurons in a non-

physiological way, which promotes the development of dyskinesia [48]. PD 

LID patients in particular have more preserved serotonergic neurons than 

non-LID PD patients, which suggests that non-physiologic mishandling of 

levodopa by intact serotonergic neurons plays a significant role in the 

pathophysiology of LID. Moreover, experimental studies show positive 

correlation between dyskinesia development and striatal SERT binding, but 

not with DAT level [66]. This finding is in line with experimental studies 

done in rat-models, showing serotonergic interventions decreased dyskinetic 

behavior in parkinsonian rat models [67-72]. Furthermore, a clinical trial 

done on PD LID patients, Buspirone (5-HT1A agonist) intake significantly 

reduced dyskinesia as define by abnormal involuntary movement scale 

scores (AIMS) [64].  The caudate and putamen 11C-DASB binding potential 

(BP) was similar in both stable and fluctuated PD patients [64]. However, 

levodopa induced greater reduction in the caudate and putamen 11C-

raclopride BP in fluctuated PD patients comparing to the stable responders, 

which was diminished by Buspirone pre-administration (i.e.11C-raclopride 

BP was increased comparing to levodopa alone in LID group) [64]. These 

findings suggest that Buspirone decreased levodopa-induced synaptic 

dopamine release selectively in patients with LID, which raised the 
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possibility of using 5-HT1A agonist as an anti-dyskinetic medication.  

 

2.2.3. The Glutamatergic Hypothesis: 

The glutamatergic system also plays a role in LID development. A recent 

PET study has demonstrated that levodopa had opposite effects on 11C-CNS 

51619 (NMDA receptor marker) uptake in the putamen, caudate, and 

precentral gyrus in patients with LID (increased uptake) vs. stable 

responders (decreased uptake) [73]. Under the OFF condition (i.e., levodopa 

was withdrawn overnight), no difference was observed in 11C-CNS 51619 

binding between PD patients with and without LID [73]. These observations 

support the fact that amantadine, NMDA non-competitive antagonist, has 

been the most effective medication so far in attenuating LIDs [48]. Despite 

the fact that amantadine is the gold standard for dyskinesia, a clinical trial 

shows that it loses it efficacy over 8 months on average [5]. Further studies 

are needed to clarify the role of amantadine and the glutamatergic system in 

dyskinesia treatment and development. 

 

2.2.4.  The Adenosinergic Hypothesis: 

The adenosine A2A receptors have the capacity to interfere with dopamine 

D2 receptor function via an adenylyl cyclase pathway, alteration of which 
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has been observed in LID PD patients [47].  

In PD animal models, A2A mRNA expression was significantly higher in the 

striatum in animals with LID compared with the stable group [47]. In a 

postmortem study done in LID PD patients, chronic exposure to levodopa 

increased A2A receptor synthesis, which might play a role in the 

development of dyskinesia [74]. Recently, a clinical study supports the 

involvement of adenosine A2A receptors in the pathophysiology of LID, in 

which istradefylline, a selective adenosine A2A receptor antagonist attenuates 

motor fluctuation post levodopa intake [75]. 

PET studies using [11C] TMSX and [11C] SCH442,416, (A2A  adenosine 

receptor marker), demonstrated increased A2A  adenosine receptor expression 

in the striatum in PD LID patients [48]. Further studies are needed to 

investigate the role of adenosinergic receptors in PD disease and LID 

pathophysiology. 

  

2.2.5. The Cholinergic Hypothesis: 

Both cholinergic, muscarinic and nicotinic receptors are distributed 

throughout the striatum [47]. In pre-clinical studies, nicotine alleviates the 

symptoms of dyskinesia by 50 % in PD animal models [76]. This finding 

raises the role of cholinergic systems in dyskinesia development. 
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PET studies with 2-18F-fluoro-A-85380, a nicotinic acetylcholine receptor 

marker, demonstrated significant reduction in nicotinic acetylcholine 

receptors in the striatum and SN of non-demented PD patients compared 

with a group of healthy controls [77]. Further studies are needed to 

investigate the role of muscarinic receptors in PD disease and LID 

pathophysiology [48].  

 

2.2.6.  The Noradrenergic Hypothesis: 

Early on in the development of PD, noradrenergic neurons of the locus 

coeruleus are degenerated [48]. Similar to serotonergic terminals, 

noradrenergic terminals mishandle levodopa metabolism by the ability of 

noradrenalin transporters to uptake levodopa and release dopamine to 

striatum in a non-physiological manner, which may promote dyskinetic 

symptoms [78]. In a preclinical trial, blocking the noradrenergic system by 

propranolol (non-selective beta blockers) alleviates dyskinesia symptoms 

[79]. In a clinical study, propranolol reduced dyskinesia symptoms by 40% 

without worsening PD symptoms [80]. 

Several noradrenergic radiotracers have been and are being developed (e.g., 

[11C] MENET, [11C] ORM-13070, [11C] yohimbine, [11C] O 

methylreboxetine, etc), but so far no PET studies with noradrenergic tracers 
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have been conducted to compare PD patients with and without LID. 

 

2.3. Vascular Imaging of Levodopa-induced Dyskinesia (LID): 

2.3.1.  Network Dysregulation Hypothesis: 

The cortico-basal ganglia network is modulated by dopamine to enable 

locomotion and movement. Levodopa administration and abnormal 

dopaminergic modulation secondary to PD might induce hypersensitivity 

and hyperconnectivity in the cortico-basal ganglia network. That might lead 

to the failure of the neural network to suppress dyskinetic movement [81-

83].  Recently, Herz and colleagues investigated LID using pharmacological 

fMRI to map task-related neuro-connectivity between the putamen and key 

cortical motor areas before the emergence of dyskinesia [81-83]. This novel 

dynamic neuro-imaging approach revealed increased connectivity in the 

active state between the putamen and M1 in the first 20-minute post 

levodopa intake in patients who developed later dyskinesia comparing to 

stable responders [81]. However, fMRI demonstrates that resting state 

connectivity between primary sensorimotor cortex (SM1) and the putamen is 

significantly decreased in LID group, but increased in non-LID group post 

levodopa intake [82]. This finding was significantly pronounced in the 

affected hemisphere with a specificity of 100% and a sensitivity of 91% 
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(p=0.0001). For the first time, it has been shown in humans that abnormal 

dopaminergic modulation of cortico-striatal connectivity triggers dyskinesia 

development. Moreover, the same group also investigated the fMRI changes 

upon acute Levedopa administration in both stable and dyskinetic PD 

patients [83]. Both groups were OFF medication for a prolonged period and 

were scanned immediately before and after levodopa intake. In the OFF 

condition, no significant group differences were detected in task related 

activity. After levodopa intake, compared to non-LID patients, PD patients 

who developed later dyskinesia symptoms showed abnormal progressive 

activity in the pre-supplementary motor area (preSMA) and bilateral 

putamen, which were detected in the first 20-minute post levodopa intake. 

This pre-dyskinetic overactivity of previously mentioned brain regions was 

positively correlated with subsequent emergence of dyskinesia symptoms (p 

< 0.001) as well as with their severity (p<0.001) [83]. This immediate 

hypersensitivity of preSMA and putamen might indicate whether levodopa 

alters the neural inhibitory networks or dyskinetic patients tend to have 

altered neural networks to control abnormal involuntary movement. To 

investigate this, another group studied the involvement of the key inhibitory 

brain regions, namely the inferior frontal cortex (IFC) and the medial frontal 

cortex (MFC) and how these affect dyskinesia development [84]. It has been 
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shown that IFC and MFC are connected to M1 to inhibit commands [85]. 

The right IFC plays a primary role in inhibiting motor movement [84]. In 

order to study if these two regions are involved in LID development, twenty-

four PD patients with or without LID were investigated in both ON and OFF 

conditions [84]. Every patient in both conditions underwent fMRI during 

execution of stop signal inhibition tasks. In the dyskinetic group, levodopa 

worsened the inhibitory control of IFC and MFC over M1 and affected 

patients’ ability to monitor motor response when dyskinesia failed to stop. 

These findings were recognized in fMRI as decreased activity of right IFC 

after levodopa administration which is compensated by increased activity of 

MFC [84]. In other words, levodopa alters IFC ability to inhibit motor 

response. At the same time, levodopa alters MFC ability to monitor motor 

response when motor inhibition failed. However, the stable responder 

showed reverse response in both regions comparing to LID patients. More 

investigations are needed to test the application of fMRI in identifying 

patients at risk to develop LID in the future.  

 

2.3.2. Neurovascular De-coupling Hypothesis: 

The neurovascular coupling hypothesis is a fundamental assumption of most 

functional brain imaging studies using fMRI, i.e., increased neuronal activity 
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is coupled with increased vascular response, which can be monitored by the 

blood-oxygen-level dependent (BOLD) signals. In 2008, Hirano and 

colleagues demonstrated that the neurovascular coupling hypothesis can be 

experimentally violated by acute levodopa infusion [1]. Eleven PD patients 

who received chronic levodopa treatment and experienced motor 

complications were studied. The CBF was measured by [15O]-H2O PET and 

the cerebral metabolic rate (CMR) was measured by FDG-PET. A noticeable 

dissociation between regional CBF and CMR values was found, i.e., the 

CBF was increased while the CMR was decreased by levodopa in the key 

subcortical extrapyramidal brain regions, which include: ventral thalamus, 

STN, globus pallidus (GP), dorsal pons, and putamen [1]. Interestingly, this 

dissociation was especially prominent in patients with LID compared to the 

ones without. The dissociation between CMR and CBF was replicated in 6-

hydroxydopamine (6-OHDA) lesioned parkinsonian rat models [86]. Rats 

experienced levodopa - mediated blood flow-metabolism dissociation in the 

striatum and M1 after both acute and chronic injection of levodopa [86]. In a 

recent dual tracer (FDG and [15O]-H2O) micro-PET study conducted in 

awake unilateral 6-OHDA rat models, similar dissociation was reported after 

treatment with single levodopa injection [87]. The researcher suggests this 

acute rise in CBF is mediated not only by the effect of levodopa, but also by 
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increase in the BBB permeability as well as vasodilation controlled by 

smooth muscle cells and endothelium changes in the striatum [9]. This 

phenomenon was more pronounced in the striatum, GP, and in the M1, the 

dysregulation of which has been implicated in LID [81, 82, 86]. To 

understand how levodopa changes CBF independently of the metabolic 

demand of the brain, further understanding of the neurovascular unit and 

how it regulates the cerebral tissue demand under normal physiological 

circumstances is reviewed. 

 

2.3.3.1. Neurovascular Unit:  

Neurons, astrocytes, endothelial cells, and smooth muscle cells are the main 

components of the neurovascular unit [88]. They are closely located to each 

other and functionally interact in a regular physiological manner [89]. Under 

pathological circumstances, they react and coordinate their response to 

prevent brain tissue insult [90].  

The BBB is composed of: non-fenestrated endothelial cells, astrocytes, and 

basement membrane [88]. The endothelial cells secrete strong vasodilators, 

such as nitric oxide (NO), carbon monoxide, prostacyclin, and endothelium 

derived hyperpolarizing factor. They also secrete vasoconstrictors, such as 

endothelin and endothelium-derived constrictor factor [91, 92]. Endothelial 
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vasoactive substances are released when specific endothelial receptors are 

activated. They are released also in response to pressure changes along the 

endothelial cell surface secondary to blood flow rate changes [92]. The 

chemical signals that are produced by endothelial cells, neurons, and 

astrocytes are translated by smooth muscle cells into changes in vessel 

diameter [88]. These chemical responses constrict or relax smooth muscle 

cells by altering intracellular Ca+2 and light chain myosin’s phosphorylation 

status [93]. Smooth muscle cells also constrict or relax based on 

intravascular pressure changes [92, 94]. These mechanisms auto-regulate the 

CBF in the brain based on the concurrent physiological status and metabolic 

demands.   

Astrocyte processes are in close proximity with cerebral blood vessels [95]. 

K+ channels, purinergic P2Y receptors, and the water-channel protein 

aquaporin-4 are distributed along astrocytes surface, which gives a clue to 

the role of astrocytes in regulating brain water permeability [96]. Neurons 

and glial cells are closely associated with cerebral vasculature. Vessels in the 

Pia are innervated by autonomic and sensory neurons which contribute to the 

release of several vasodilators e.g.: NO, acetylcholine, vasoactive intestinal 

polypeptide (VIP), calcitonin gene-related peptide (CGRP), substance P, and 

cholecystokinin neurokinin A. They also release vasoconstrictors like 
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noradrenaline, neuropeptide Y (NPY), and serotonin [88]. So the main goal 

of this neurovascular unit is to maintain the cerebral blood perfusion and 

protect brain tissue under different physiological circumstances as well as 

against different forms of cerebral injures [97, 98].  

 

2.3.3.2. Regulation of Cerebral Blood Flow (CBF): 

Functional hyperemia is a basic concept of neurovascular coupling. It means 

that the CBF is well regulated to meet the metabolic demand of the brain 

tissue under different conditions [99-101].  

The brain has the ability to auto-regulate CBF to maintain brain tissue 

perfusion despite changes in perfusion pressure or metabolic rate of the brain 

[102]. Multiple autoregulation mechanisms of the brain can be used to 

maintain constant perfusion to the tissue.  

Neuronal activity leads to the release of multiple vasodilators that act on 

regional blood vessels [103]. Moreover, active neurons induce the release of 

many vasoactive agents. For instances, some neurotransmitters such as 

acetylcholine, GABA, and neuropeptides, are vasoactive [104-106].  

Considering the fact that multiple neurotransmitters are vasodilators, 

synaptic activity is the main initiator of functional hyperemia [107]. 

Neuronal metabolic activity induces corresponding increase in regional 
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blood flow. However, dissociation of CBF and CMR have been reported 

under the influence of certain pharmacological medications, which alter the 

neurotransmitters and hemodynamic regulation in the brain [1].  

 

2.3.3.3. Association of Glucose Metabolism and CBF: 

Glucose is the main source of energy the brain tissue mostly utilizes. ATP, 

water, and Carbon dioxide (CO2), are the main end products of aerobic 

glucose metabolism. CO2 and ATP increase the CBF to deliver more 

nutrients and meet neuronal activity demand. ATP and CO2 increase CBF in 

different ways. ATP is made up of adenosine nucleosides, which act as a 

potent vasodilator in the brain [108]. That means the higher the neuronal 

activity, the more ATP is produced and the more blood is delivered to that 

region.  

The rate of CO2 production, also reflects the metabolic activity of the tissue. 

Brain vessels are quite sensitive to changes in the pressure of carbon dioxide 

(PaCO2), which means a decrease in PaCO2 constricts brain vessels, while 

with an increase in PaCO2, the vessels dilate. O2 has a significant effect on 

CBF, which means that high CO2 induces significant dilatation of the 

cerebral vasculature, which further increases CBF. On the other hand, low 

CO2 induces constriction of the cerebral arteries and decreased blood flow 
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[109]. Moreover, 5% inhalation of CO2, induces 50% increase in CBF, while 

7% of CO2 induces 100% increase in CBF [109]. (Figure 2) 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.3.4. Neurovascular De-coupling Exacerbated by Angiogenesis:  

Chronic exposure to levodopa induced significant growth of immature 

endothelial cells and micro-vessel proliferation in the striatum. Also, it 

increased synthesis and expression of vascular endothelial growth factor 

(VEGF) in the basal ganglia, astrocytes, and astrocytic processes near blood 

Figure 2: CO2  Regulation of Cerebral Blood Flow. High CO
2 
induces 

vasodilation of the cerebral vasculature, while low CO
2
 constrict the 

vessels to compensate for the regional metabolic demand. In contrast, 
sever Hypoxia induces vasodilation in the brain.  
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vessels in the parkinsonian 6-OHDA-lesion rat models [110]. The degree of 

VEGF expression was positively correlated with the total dose 

     of levodopa [9]. Subsequent autopsy done on postmortem tissue from PD 

patients revealed significant VEGF transcriptions and subsequent expression 

of VEGF mRNA and increase in nestin stain (a marker of immature 

endothelial cells) [9]. Interestingly, in rat models following chronic exposure 

with levodopa, VEGF expression, angiogenesis, and proliferating 

microvessels stained by nestin were more prominent in animals with 

dyskinesia [110]. This fact has been investigated indirectly by injecting 

VEGF signaling inhibitor in similar rat models. It has been noticed that the 

BBB permeability and microvessel proliferation were diminished after 

VEGF signaling inhibitor administration [9]. Moreover, VEGF inhibitors 

dramatically mask the expression of dyskinesia in LID animals [9]. 

At a therapeutic dose of levodopa, dopamine has a vasodilation effect and 

increases regional CBF, which facilitates the transport of the drug across the 

BBB [111]. The increased microvasculature may prime the regional 

neurovascular unit to have exaggerated response to levodopa-supplied 

dopamine transmission, which forms a vicious cycle to further increase 

dopamine transmission beyond the optimal level [9]. 
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3. Hypothesis: 

Recently, it has been observed that the neurovascular coupling hypothesis 

has been violated in PD patients under levodopa treatment [1], suggesting 

that chronic levodopa administration triggers angiogenesis and it might play 

a role in LID development [9]. In the current study, we investigated if anti-

parkinsonian medications also dissociate the CBF and glucose metabolic 

activity using pMRI and FDG-PET scans, respectively. We further proposed 

a novel and practical analytic method to quantify the degree of dissociation 

in the relevant regions which may have potential to be used as a biomarker 

for LID. 

 

4. Methods: 

4.1. Patients:  

Ten patients diagnosed clinically with idiopathic PD were recruited from a 

local movement disorder clinic in Winnipeg, Manitoba, Canada. Five 

patients had been diagnosed with LID and the five patients were diagnosed 

as being free of LID. All ten patients had been taking levodopa for the 

previous three months without any changes in their dosage. All patients 

underwent MRI and FDG-PET scans under OFF and ON conditions. The 

OFF condition is defined as overnight withdrawal of all anti-Parkinsonian 
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medications prior to the scan. For PET scans in the ON condition, patients 

took the regular morning dose of anti-parkinsonian medications, including 

levodopa before FDG injection which was followed by a PET scan 30-45 

minutes later. For the MRI scans, patients took their medications 30-45 

minutes before the scan. The OFF scans were performed at the same time of 

the day as ON scans. The severity of clinical symptoms was evaluated at the 

time of each FDG-PET scans according to the Movement Disorder Society - 

Unified Parkinson's Disease Rating Scale (MDS-UPDRS) [112]. The 

severity of LID was evaluated with the Abnormal Involuntary Movement 

Scale (AIMS) [113]. Since MRI and PET were performed separately, 

patients visited the research site four times on different days (OFF-PET, 

OFF-MRI, ON-PET, ON-MRI). Each visit was separated by one week to 

one month. The study was approved by the Biomedical Research Ethics 

Board at the University of Manitoba. Written informed consent was obtained 

from each subject. Summary of demographic information of the study group 

is presented in (Table 2). 

 

 



Patients 
group 

Patients 
ID 

Age of 
the 

patient 
(years) 

Gender 
of the 
patient 

PD 
duration 
(years) 

MoCA 
scores 

Dyskinesia 
duration 
(years) 

BDI 

MDS-
UPDRS-III 

AIMS 
scores 

(overall 
severity) 

Anti-PD 
medications. 

OFF ON 

LID 
Patients 

PD02 76 male 6 22 2.5 12 31 19 2 LD.  
Amantidine. 

PD03 66 male 11 23 1.25 6 20 10 1 LD. DA 

PD05 73 male 18 21 6 9 52 43 3 LD.  
Amantidine. 

PD09 55 male 5 24 1.5 6 37 30 2 LD. 

PD10 65 female 14 29 8 10 37 21 3 LD. 
Amantidine. 

Non 
LID 
patients 

PD01 55 male 5 30  0 19 9 0 LD.  
Amantidine. 

PD04 71 male 7 29  4 31 30 0 LD. DA. 
MOA-B. 

PD06 64 male 4 23  5 53 14 0 LD. 

PD07 68 male 8 27  8 22 16 0 LD. 

PD08 77 female 10 29  4 24 23 0 LD. 
MOA-B 

P-value  1.0  0.22 0.07  0.13 0.32 0.49 0.004  

Table 2: summary of PD patients’ demographic information in the current study. PD= Parkinson’s disease. 
MoCA= Montreal cognitive assessment test. MDS-UPDRS= movement disorder society-unified 
Parkinson’s disease rating scale. AIMS: Abnormal involuntary movement scale. LD: Levodopa. DA: 
dopamine agonist. MOA-B: Monoamine oxidase B inhibitors. 
 
 



 
4.2. Clinical Assessment: 

Each patient was examined by multiple clinical tests to assess the 

progression of PD, the cognitive function, and the complications of 

levodopa. These tests were done by a professional nurse that specialized in 

movement disorders.  

 

4.2.1. Unified Parkinson's Disease Rating Scale: 

The UPDRS is used by neurologists to monitor the course of PD, especially 

the motor symptoms of the disease. The UPDRS is also used in PD research, 

to evaluate the response to a therapeutic intervention [112].  

The UPDRS is made up of multiple steps: evaluation of mentation, behavior, 

and mood, self-evaluation of the activities of daily life including speech, 

swallowing, handwriting, dressing, hygiene, falling, salivating, turning in 

bed, walking, motor evaluation, complications of therapy, and staging the 

severity of PD [112]. Assessment according to the rating scale was 

conducted about 10-15 minutes after the FDG-PET scan. 

4.2.2. Abnormal Involuntary Movement Scale (AIMS): 

The Abnormal Involuntary Movement Scale (AIMS) is a rating scale that 

was designed to measure involuntary movements known as tardive 
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dyskinesia (TD) [113]. This rating scale is conducted over 10 minutes about 

20–25 minutes after the FDG-PET session. It has twelve components that 

assess abnormal involuntary movement of various parts of the body. 

Clinicians use this clinical utility to assess orofacial, extremity abnormal 

movements, and truncal dyskinesia. It is also used to estimate the overall 

severity of the symptoms [113].  

4.2.3. Montreal Cognitive Assessment (MoCA):  

The Montreal Cognitive Assessment (MoCA) is a screening exam to test 

cognitive functions [114]. It has multiple components including: attention, 

concentration, executive functions, memory, language, visuoconstructional 

skills, conceptual thinking, calculations, and orientation. It was done over 10 

minutes in the ON condition on a separate day.  

 

4.2.4.  Beck Depression Inventory (BDI): 

The Beck Depression Inventory (BDI) test is used to screen for depression 

and to assess depression severity in adults [115, 116]. In our study, each 

patient had the exam after the first FDG-PET scan. 

 

4.3.    Imaging Acquisitions:  

4.3.1. Magnetic Resonance Imaging (MRI): 
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Magnetic Resonance Imaging (MRI) is a radiological modality that utilizes a 

very strong magnet to manipulate Hydrogen protons [117, 118]. Once the 

patients get exposed to the magnetic field, Hydrogen protons align parallel 

to the magnetic field. Once scanning begins, radiofrequency pulses (RF) 

which are electromagnetic pulses sent by the transmitter coils, are released. 

This results in Hydrogen protons knocked 180-degree out of alignment with 

the magnetic field. Once the RF pulse is turned off, Hydrogen protons relax 

back to their previous alignment with the static magnetic field. MRI signals 

are detected by the receiver coils upon Hydrogen protons return to their 

original alignment [117, 118].  

All MRI scans in this study were acquired using a 3 Tesla, 18 channel 

Siemens/IMRIS MRI scanner located at the Kleysen Institute for Advanced 

Medicine at the Health Sciences Center, Winnipeg, Manitoba, Canada. The 

structural T1-weighted image utilized the MP-RAGE pulse sequence with an 

acquisition time of 8 minutes. The arterial spin labeling (ASL) acquisition 

utilized the pseudo-continuous arterial spin (pCASL) labeling pulse 

sequence with an acquisition time of 5 minutes. Acquisition parameters were 

TR=4.0 s, TE=12 ms, FOV= 240×240 mm2, matrix=64×64, number of 

slices=20, slice thickness=5 mm, inter-slice space=1 mm, labeling time=2 s, 

post label delay time=1.2 s, bandwidth=3 kHz/pixel, flip angle=90°. Forty-
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five label/control image pairs were acquired for each subject.  

ASL is a safe and non-invasive imaging technique. It has the ability to  

measure blood flow and perfusion of brain tissue without the need to inject a  

contrast agent. ASL works by magnetizing the blood and using it as a  

contrast to measure tissue perfusion. ASL usually involves the acquisition of 

a label image (with preparation of inflowing blood water spins) and a control 

image (without preparation), the difference between the two images is the  

perfusion weighted output image. In order to acquire these images, the blood 

is first tagged with magnet below the area of interest by applying a 180- 

degree RF inversion pulse. The image is taken and is called the label image. 

The scan is then repeated but without magnetically labeling the blood. 

Another image is taken and is called the control image. The difference  

between the label and the control images creates another image called the 

perfusion image (Figure 3). 
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4.3.2.  Positron Emission Tomography (PET): 

The PET imaging data for this project was acquired on a Siemens Biograph 

16-slice helical CT with a high resolution PET scanner (Siemens Medical 

Solutions) located at the John Buhler Research Center at the Health Sciences 

Center, Winnipeg, Manitoba, Canada. The PET scan has a detector ring, 

which is made of 144 block detectors, containing 169 single lutetium 

oxyorthosilicate crystal (4 × 4 × 20 mm3 each) arranged in a 13 × 13 array 

and coupled to 4 photomultiplier tubes. The axial field of view (FOV) of 

brain scans is 16.2 cm and the maximum trans-axial FOV is 58.5 cm. PET is 

a radiological technology that uses nuclear medicine to measure the 

Figure 3: ASL imaging acquisition. ASL usually involves the 
acquisition of a label image and a control image, the difference of 
which is the perfusion weighted output image. 
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physiological, molecular, and pathological changes in the body in response 

to disease or medication [119]. It has the ability to analyze and quantify the 

blood flow, the metabolic rate, and the chemical neurotransmitter production 

and clearance changes [119]. The acquired images are based on the detection 

of the radioactivity emitted from the radiotracer injected before the scan. In 

our study, the radiotracers used is FDG, which was produced within 12 

hours at the Winnipeg Cyclotron Facility at the Health Sciences Center. The 

total FDG injected in brain scans is 185 MBq. In our study, FDG 

radiotracers were injected 30-45 minutes before the scan in both conditions. 

Accumulation of FDG in brain tissue provides an estimate of glucose 

consumption rate at that site [119]. The brain images were acquired over ten 

minutes static scan. 

 

4.4.  Image Pre-processing: 

4.4.1.  MRI Pre-processing: 

The pCASL images were analyzed initially using the Arterial Spin Labeled 

Perfusion MRI data processing toolbox (ASLtbx), which is a MATLAB and 

SPM-based tool kit for processing ASL data [120]. The ASLtbx corrects 

motions, co-registers functional images to structural ones, applies spatial 

smoothing and calculates CBF images based on pCASL images [121]. The 
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CBF images are produced in the native space. ASLtbx analysis is followed 

by manual SPM preprocessing analysis of CBF images created by ASLtbx. 

The standard SPM preprocessing steps (co-registration, normalization, 

segmentation, and smoothing) were performed with all MRI images with 

their corresponding structural T1-MRI using SPM 12. These preprocessing 

steps are described below. 

Co-registration is used to match scans from different modalities. For 

instance, when T1 and ASL sequences need to be matched. It also involves 

translating and transforming images on different axes. The source image (the 

one that moves) is matched to the reference image (the stationary image). 

The normalization step aims to put the scans in one standardized space (MNI 

space). It applies transformation and translation to minimize the differences 

between two individual scans. 

The segmentation step refers to a process that segments T1 images into three 

different images: grey matter, white matter, and cerebral blood flow (CSF) 

images.    

Smoothing is the final step in pre-processing images and it applies a 

smoothing filter to blur images (kernel size: 8×8×8 mm3, which is more than 

three times of the MRI images voxel size). It aims to erase the remaining 

differences left after the previous steps are performed. Although, this step 
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lowers the resolution of the images, it minimizes the differences between 

subjects. Each voxel value in the CBF images was divided by the mean 

value of white matter to account for non-specific inter-individual differences 

[122, 123]. 

 

4.4.2. FDG-PET Pre-processing: 

The SPM preprocessing steps of co-registration, normalization, and 

smoothing were performed with all the FDG-PET images with their 

corresponding structural T1-MRI. The smoothing filter (kernel size: 8×8×8 

mm3) was used to minimize remaining differences after the previous steps 

are performed. Each voxel value was divided by the mean value of white 

matter to account for non-specific inter-individual differences [122, 123]. 

  

4.5.    Region of Interest analysis (ROI): 

Based on the previous study that demonstrated dissociation between CBF 

and CMR [1], multiple key subcortical brain regions were defined including: 

putamen, caudate, thalamus, and SNc using automated anatomical labeling 

(AAL) [124]. The pons was not included since it was out of the field of view 

(FOV) of pCASL. The mean CBF and FDG uptake values were extracted for 

each region under different conditions (ON and OFF scans).  
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4.6.    Putamen to Thalamus Hyperperfusion/ Hypometabolism Index (PHI): 

While the medication-induced flow-metabolism dissociation can be readily 

estimated by comparing the two conditions (ON vs. OFF), it may not be 

practically desirable method that can be easily implemented in clinics and 

research trials. Thus we developed a novel brain imaging-based method that 

quantifies the spatial extent of putamen hyperperfusion/hypometabolism 

(i.e., neurovascular dissociation) in which only the ON condition scans are 

used. The thalamus was selected as a reference region since the 

neurovascular coupling hypothesis is not violated in the thalamus. The D1 

receptor, i.e., the main pathway of levodopa-induced vasodilation, is 

reported to be the least available in the thalamus [125]. The thalamus is in a 

close proximity and has a similar size to the putamen, thus its spatial 

resolution in PET and overall image quality (e.g., effects of motion artefacts) 

is similar to the putamen.  AAL was used to delineate the ROI of the 

putamen and thalamus. In each ROI, the voxels in the thalamus were 

regressed between FDG-PET (x-axis) and pCASL-MRI (y-axis). The 

Putamen Hyperperfusion/Hypometabolism Index (PHI) was defined as the 

proportion of voxels in the putamen that lie above 95% CI of the regression 

line of thalamus. Therefore, the null hypothesis is that the relationship 



	 47	

between the perfusion and glucose metabolism is linear and it should be 

identical between the putamen and the thalamus under “normal” conditions. 

If the degree of relative hyperperfusion and hypometabolism in the putamen 

is beyond the 95% CI of the thalamus, it may be pathological. Thus the PHI 

score represents the spatial extent of abnormally hyperperfused and/or 

hypometabolic voxels in the putamen. The PHI analysis was performed 

using in-house MATLAB script. 

 

4.7.    Statistical Analysis: 

The two-tailed student t-test was used to investigate group differences in 

age, disease duration, PD motor symptoms severity, cognition impairment, 

and depression between LID vs. non-LID. 

The ROI analysis results were analyzed by the 2x2 repeated measures 

ANOVA test to investigate the main effect of imaging modality (FDG-PET 

vs. MRI) and medication (ON vs. OFF) and their interaction effects. Post-

hoc Bonferroni tests were then performed to correct for multiple 

comparisons. SPSS software was used for statistical analysis.  

The applicability of PHI (ON) score for differentiating LID vs. non-LID was 

examined by observing how many patients were above the “normal” level of 

PHI score determined in OFF state (mean + 2SD) in each group. 
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5. Results: 

5.1.    Clinical Effects of Anti-parkinsonian Treatment: 

There was no significant difference between the LID and non-LID groups in 

overall motor symptoms (MDS-UPDRS-III: (ON) t(8)= 0.755, p=0.492, 

(OFF) t(8)=1.116, p=0.327),  age (t(8)=0, p=1.0), cognitive symptom 

severity (MoCA: t(8)=2.031, p=0.077), depression level (BDI-II: t(8)=1.901, 

p=0.130) and disease duration since the first diagnosis (t(8) = 1.423, 

p=0.228). Using a 2×2 repeated measures ANOVA, it was detected that 

motor symptoms were ameliorated by anti-parkinsonian medications (Effect 

of medication: F(1,8)=9.334, p=0.016), but no significant group difference 

was noted in changes in MDS-UPDRS-III (Interaction effect of medication × 

group: F(1,8)=0.007, p=0.936). As expected, non-LID patients did not show 

any signs of dyskinesia when assessed by AIMs. In LID patients, the overall 

severity of dyskinesia varied between patients (AIMs range between 1 to 3).  

 

5.2.    Cerebral Blood Flow - FDG uptake Dissociation Response to Anti-     

          parkinsonian Treatment in Parkinson’s Patients:  

In the 2×2 repeated measures ANOVA, there were no significant main 

effects of different modalities (FDG-PET vs. pCASL-MRI: p> 0.075) or 
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anti-parkinsonian medication (OFF vs. ON: p> 0.099) in any regions 

investigated. A significant interaction effect (medication x modality) was 

found in the putamen (F (1,8) = 7.491, p = 0.023), but not in the thalamus 

(F(1,8)= 0.678, p=0.432) , caudate (F(1,8)= 0.033, p= 0.86), STN (F(1,8)= 

0.002, p= 0.962), nor M1 (F(1,8)= 0.618, p =0.452). In the putamen, the 

FDG uptake ratio was consistently decreased by anti-parkinsonian 

medication (p=0.001, post-hoc Bonferroni) while trending effects were 

observed in CBF changes (p=0.214, post-hoc Bonferroni). Interestingly, 

when different groups were analyzed separately, trend-level of interaction 

effects were observed in the LID group (medication × modality: 

F(1,4)=5.648, p=0.076) but not in the non-LID group (medication × 

modality: F(1,4)=2.334, p=0.201) (Figure 4). 
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Figure 4: Cerebral Blood Flow-Metabolism Dissociation in 
Different Brain Regions in All Patients. A. In line with previous 
studies [1, 2], a significant Cerebral Blood Flow-Metabolism 
dissociation in the putamen using FDG-PET and pCASL-MRI, 
(Interaction effects, F (1,8) = 7.491, p=0.023. In the putamen, the FDG 
uptake was consistently decreased by anti-parkinsonian medication 
(p=0.001, post-hoc Bonferroni) while trending effects were observed 
in CBF changes (p=0.214, post-hoc Bonferroni). Interestingly, when 
different groups are separately analyzed, trend-level of interaction 
effects were only observed in LID group (medication × modality: 
F(1,4)=5.648, p=0.076) but was not observed in the non-LID group 
(medication × modality: F(1,4)=2.334, p=0.201). However, no 
significant dissociation was observed in other regions including B. 
Thalamus, C. Primary motor area (M1), D. Caudate and E. 
Subthalamic Nucleus (STN). Standard error of the mean (SEM) is 
illustrated in the figure.  
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5.3. Putamen-to-Thalamus Hyperperfusion/hypometabolism Index (PHI): 

The PHI was used to estimate the spatial extent of relative hyperperfusion 

and hypometabolism of the putamen compared to a reference region, i.e., the 

thalamus, which has similar features (see Method, section 4). Anti-

parkinsonian treatment increased PHI above the mean+2SD (determined in 

OFF condition) in 4 of 5 LID patients and in 1 of 5 non-LID patients 

(Sensitivity = 0.8, Specificity = 0.8) (Figure 5-6). 
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Figure 5: A Novel Method for Quantifying Dissociation of 
Metabolic-Blood Flow with Only ON-scans. A representative 
subject’s A. FDG-PET, B. CBF-MRI and C. mask labeling are 
displayed. Both FDG-PET and CBF-MRI were co-registered to 
structural T1-MRI. The thalamus is painted in green, and the putamen 
is in red. The voxel values (both FDG and CBF) are normalized to the 
mean white matter value within each individual. D. Regression 
between FDG-PET and CBF-MRI was performed for the voxels in the 
thalamus (green dots). A voxel-to-voxel plot of FDG-PET (x-axis) and 
CBF-MRI (y-axis) and regression line (black solid line) and 95% 
confidence interval (CI: dotted line) for the thalamus are displayed for 
a sample patient without LID (left) and a patient with LID (right). The 
proportion of voxels in the putamen (red dots) falling above the 95% 
CI estimated from the thalamus was quantified and named the Putamen 
Hyperperfusion/hypometabolism Index (PHI). The PHI score 
represents the spatial extent of voxels that are hyperperfused compared 
to the thalamus.  
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Figure 6: PHI Comparison Between LID and non_LID. The 
“normal” level of PHI was determined based on the scores of all 
patients (n=10) estimated at the OFF condition assuming that no 
dissociation occurs in the OFF condition. Any PHI scores above 
mean + 2*SD (blue dashed lines) were considered “abnormal”. 
In the OFF condition, one non-LID patient’s PHI was above this 
normal level. No LID patients’ PHI was abnormal. In ON, 4 out 
of 5 LID patients’ PHI scores were abnormally high, while only 
1 out of 5 non-LID patients’ PHI score was higher than the 
normal range. Note that there are three non-LID patients and 
one LID patient in the bottom of graphs. 
	

_____	LID 
_____	Non-LID 
--------	Mean+2SD	
(OFF) 
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6. Discussion: 

As expected from prior studies, the putamen FDG uptake was reduced by 

clinically-determined anti-parkinsonian medication in all patients suggesting 

that the therapy normalized the pathologically hypermetabolic state of the 

putamen. However, its effect on CBF was not uniform resulting in 

significant dissociation between CBF and FDG uptake, thus violating the 

neurovascular coupling hypothesis. The separate group analysis suggests that 

a significant dissociation between CBF and FDG uptake originated from 

LID patients rather than non-LID patients. This is consistent with previous 

studies [1, 2]. 

Interestingly, the dissociation in other brain regions (i.e., thalamus, STN, 

caudate, and M1) was not replicated [1, 2]. This discrepancy may have 

originated because previous studies only investigated the effects of levodopa 

(intravenous levodopa infusion titrated to achieve maximal improvement in 

Parkinson’s motor symptoms), while additional anti-parkinsonian 

medications were used in our study. In addition, four patients were being 

treated with amantadine, which has anti-dyskinetic and vasoconstriction 

effects [126]. It should be noted that the dyskinesia in LID patients was not 

completely controlled by their current anti-parkinsonian treatment (including 

anti-dyskinetic treatment). The somatosensory feedback (due to dyskinesia) 
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may have increased FDG uptake, which may have abolished dissociation in 

the M1, thalamus and STN [127, 128]. This suggests the relevance of the 

putamen’s dissociation in LID over other brain regions that have been tested, 

as it was the most prominent among the regions that previously showed 

dissociation [2]. 

 

Different hypotheses lie behind the dissociation between CBF and FDG 

uptake. A disrupted BBB and localized endothelial proliferation with 

subsequent angiogenesis in the basal ganglia have been reported to play a 

role in the dissociation observed in animal models, living patients, and 

postmortem studies [1, 87]. This dissociation is specific to the regions of 

dopaminergic degeneration and was not reported in the contralateral intact 

hemisphere of the 6-OHDA lesioned PD animals [87]. The increased 

microvasculature may exacerbate the acute effects of levodopa. When 

administered in low concentration (such as a therapeutic dose), levodopa has 

a vasodilating effect in the putamen through activation of  D1 receptors 

[129]. Chronic repetitive vasodilation induces endothelial cell proliferation, 

BBB breach, and subsequent angiogenesis, forming a vicious cycle. 

It has been reported previously that D1 receptors densely populate the 

striatum, nucleus accumbens, entopeduncular nucleus, and the substantia 
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nigra pars reticulate. However, D1 receptors, the main pathway of levodopa-

induced vasodilation, are in low abundance in the thalamus [125]. This 

makes the thalamus the best reference region to estimate the CBF-FDG 

uptake dissociation. We found that 4 out of 5 LID patients, the PHI score in 

the ON condition was above the normal level (mean + 2SD of the OFF 

condition), suggesting that it may be potential biomarker for LID (80% 

sensitivity albeit the small sample size). PD10 was the only LID patient 

whose PHI was below the abnormality threshold. Interestingly, PD10 suffers 

from depression and is treated with an atypical antidepressant, Bupropion. 

Bupropion is a dopamine norepinephrine reuptake inhibitor which could 

interfere with neurotransmitter balance and inhibit regional CBF. 

Norepinephrine acts on alpha 1 and alpha 2 receptors in most systemic 

arteries and veins and induces vasoconstriction, which raises the vascular 

resistance and reduces blood flow [130-132].   

Interestingly, we found that 4 out of 5 non-LID patients PHI lie below the 

abnormality threshold (mean + 2SD). This means that the CBF is not 

dissociated compared to the metabolic demand of the region and this matches 

the level of the vasomotor and metabolic response in the thalamus. Among 

non-LID patients, only one patient (PD04) was above the abnormality 

threshold. Based on the neurovascular coupling hypothesis, CBF and FDG-
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uptake should be almost identical and coupled under a normal physiological 

condition [1].Therefore, we used the adjusted R2 of the thalamic linear 

regression model of FDG uptake ratio vs. CBF ratio as an indicator for non-

specific noise (e.g., motion artefacts and mis-registration). The adjusted R2 

was the lowest in the PD04 (Adj. R2=0.0062; other image pairs’ Adj. 

R2>0.14), suggesting the possibility of a false positive due to technical 

issues.  

 

7. Study Limitations:  

The power of statistical analysis is mainly defined by the sample size and 

noise level of the data. In this regard, the low sample size is the main 

limiting factor for this present study, which warrants a larger-scale 

longitudinal study to confirm the usability of the proposed method.  

Nevertheless, by utilizing the expected “normal” level of neurovascular 

coupling from the thalamus within each patient, the threshold for 

“abnormality” could be reliably estimated from the OFF condition, which 

reduced the nonspecific noise associated with the image quality. PD is a 

movement disorder that affects non-medicated patients with tremor and 

medicated ones with potential dyskinesia, therefore it is typically very 

troublesome to ensure high quality imaging studies. The thalamus is located 
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in a close proximity and has similar volume and image quality as the 

putamen. The thalamic confidence level of the PET-MRI correspondence 

serves as an optimal indicator for defining “abnormality” in the putamen in 

the given imaging quality, which enhanced the statistical power of the 

proposed method.  

The most interesting potential implication is whether the proposed PHI 

method can predict future emergence of LID from non-LID state, which can 

be only addressed in a longitudinal dataset. Our current study identified a 

non-LID patient (PD04) with a high PHI score, which warrants an on-going 

follow-up on dyskinesia state of this patient. Anecdotally, this patient has not 

developed LID in the one year since the PET+MRI scans. Moreover, we 

postulated that the high PHI score of this patient is likely due to a technical 

origin (Adj. R2<0.1), rather than a pathological origin. 

Moreover, as the average age of the participants in the study is 67-year-old, 

standard brain spatial normalization in elderly is a major challenge. 

Structural and atrophic changes associated with aging are not uniform and 

homogenous. Their affects are more significant in the hippocampus and 

neocortex which is associated with lateral ventricles enlargement [133]. 

These changes could overestimate or underestimate the extracted values 

from the reported regions.  
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8. Conclusions and Future Directions: 

The exact pathology of LID in PD is not known. Using the neurovascular de-

coupling phenomena that is specific to LID, we proposed a novel PET+MRI-

based biomarker for LID (i.e., PHI). Conditional on a larger-scale 

longitudinal study confirmation, the proposed method may be useful in 

identifying patients who are at-risk of developing LID and who will most 

likely benefit from anti-angiogenic treatment, and in determining the 

outcome responses of preventive medicine trial for LID.  

The incidence of LID increases as the disease progresses, which puts a 

tremendous burden on a PD patient’s quality of life and on the health care 

system itself. Recent functional brain imaging studies have revealed that a 

transient and rapid swing of striatal dopamine following levodopa intake is 

the cornerstone of LID [6]. This can cause the symptoms fluctuate 

unpredictably throughout the day. Therefore, objective and reliable methods 

are needed to investigate the pathophysiology behind LID, monitor a 

patient’s response to medication, and predict those patients that are at high 

risk to develop dyskinesia before its clinical emergence. 

 With the use of the novel brain imaging-based biomarker PHI, early 

screening and detection of susceptible individuals might change the 

therapeutic approach of neurologists at the time of diagnosis. More studies 
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are needed to investigate further the reliability and the validity of applying 

PHI as a screening tool in a clinical setting. 
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