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Abstract 

 

Background: Most people with Parkinson`s disease (PD), as well as post-stroke 

patients, have problems walking and showing an inefficient gait patterns. The current 

work is divided into two studies which focus on the following topics: (1) spinal 

mobilization treatment for people with PD, and (2) body weight supported treadmill 

training for post-stroke patients. Both studies analyzed the effect of the treatment/ 

training on gait recovery. 

Methods: In both studies, a three-dimensional, infrared motion capture system was 

used to capture kinematic data. In the first study, motion parameters of 17 

participants with PD before and after one session of a spinal mobilization therapy 

were compared to motion parameters of 13 age-matched healthy participants. In the 

second study, 10 post-stroke subjects were divided into two groups. One group 

received conventional over-ground gait training (CT) and the other group received 

body weight supported (BWS) treadmill gait training. After discharge from the hospital 

gait parameters were compared between both groups and a control group with 

participants without a stroke history. 

Results: In the first study, significantly improved motion parameters were found 

immediately after participants with PD received one spinal mobilization treatment. In 

the second study, most gait parameters showed superior values for the BWS group. 

However, clinical evaluation showed a higher improvement in walking for the CT 

group when compared to the BWS group. 

Conclusion: People with PD benefit from a spinal mobilization treatment in terms of 

an increased mobility and superior gait parameters. In the second study, it was not 

possible to make a clear conclusion regarding whether BWS training or CT has more 

advantages in regaining normal gait pattern in post-stroke patients due to the small 

number of participants. 
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Preface 

 

The primary aim of my research stay was to determine if body weight supported 

treadmill gait training is superior to conventional gait training in post-stroke patients 

as it relates to regaining normal gait pattern. Due to a lack of post-stroke subjects 

(only 5 participants in each group), my main duty, besides the stroke study, was to 

analyze if one spinal mobilization treatment increases mobility and improves gait 

mechanics in people with Parkinson`s disease. Both studies focused on gait 

biomechanics, which was the overall topic of the research assignment from the 

Marshall Plan Foundation. 

 

Some findings of my work were presented as two posters at the Biomedical 

Engineering Society Conference in Atlanta. Both posters are attached to the annex of 

the current work (Annex A and B). 

 

For the motion analyis it was necessary to create some virtual markers and several 

pipelines. Annex C to I show documents and pipelines which were created by me.  

 

This work aims to provide an overview of my duties at the Florida Gulf Coast 

University and also includes the theoretical background of the addressed topics. 

 

HK  
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1 Theoretical background 

1.1 Human movement 

 

Gait, as well as all other voluntary movements, results from a complicated process, 

which involves the brain, spinal cord, peripheral nerves, muscles, tendons, bones, 

and joints. The spinal cord, which is an extension of the brain, is a bundle of nerve 

fibers that is connected to the peripheral nerves. The axons of the peripheral 

nerves, in turn, stimulate muscle fibers resulting in a contraction of the related 

muscle. Tendons connect muscles and bones, whereby the contraction of a muscle 

leads to movement of the connected bone [1]. To understand the fundamentals of 

human movement it is necessary to have some knowledge about motor control and 

the underlying neural system, which are explained on the following pages. 

 

 

1.1.1 Motor control 

 

Motor control desribes the process by which the central nervous system (CNS) 

receives, integrates, and assimilates sensory information with past experiences for 

planning and executing appropriate motor response. All parameters of human 

movement and how the CNS controls them is not fully understood yet but scientists 

in this field developed several models (e.g. neurologic, biomechanical, and 

behavioral models) which assist to understand the fundamental concept of motor 

control. One of the major questions in motor control is: How does the brain control 

so many different joints and muscles with all these Ădegrees of freedomñ? It is 

assumed that the brain simplifies this task to function collectively (muscle synergies 

or coordinate structures). Motor programs that specify fixed relationships among 

muscles are stored in memory and can be recalled to guide an action. If a motor 

program is chosen the order of muscles contraction is fixed but the absolute level 

of force and the duration of the program can vary. The spring model from Fel´dman 

explains the control of the final position of a limb by a balanced agonist and 
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antagonist activity. An alternate explanation to the motor program theory is that the 

CNS creates solutions for actions whenever they are needed. A new approach to 

explain changes from one action pattern to another is based on principles of open 

systems. Synergies emerge and are constrained by the physical characteristics of 

the human body and the environmental contex in which actions are performed. If 

one element in a chain is activated, the others will be activated in a fixed order too. 

By constraining  the relationship between the elements a new property can emerge 

and create a new order. Under this assumption the change from walking to running 

can be explained by an increased velocity [2]. The central pattern generator 

consists of networks of neurons in various parts of the brain and spinal cord and 

produces pattern of nerve impulses which are sent to muscles. Animal studies 

showed that a rhythm generating system in the spinal cord exists, which is 

controlled by neuronal input from the brain and receives feedback from sensors in 

muscles, joints and skin [1], [3]. These theroies were just some approaches to 

explain motor control. For further information about motor control refer to 

Rosenbaum [4] or to Montgomery and Connolly [2]. 

Sensory receptors play a major role in regulating motor behavior at spinal and 

higher center levels. Mechanoreceptors, for example, serve to assess the internal 

and external environment. On the spinal level motor control occur through 

reflexsive activity, as well as through regulation of muscle length and force. The 

basal ganglia are involved in motor processing and motor learning. From the 

cerebral cortex a major circuit arises, projects to the basal ganglia, and returns to 

the cortex via the thalamus. The nuclei of the basal ganglia control specific 

parameters of movements including velocity, amplitude and direction of the action. 

The basal ganglia are involved in the initiation, executing and completing of 

movements. The cerebellum has several functions in motor control. It is involved in 

planning and executing movements, regulating postural adjustments and serving 

as comparator between the actual movement and feedback. The motor systems of 

the cerebral cortex function as modules. Development of a motor program is a 

shared role between the motor cortex, the premotor cortex, the supplementary 

motor area, the posterior parietal region, and various subcortical centers. 

Depending on the movement, a different module will serve as the predominant 

functional unit [2]. 
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1.1.2 Gait  

Neurophysiology of gait 

It is assumed that the basic motor pattern for stepping is generated in the spinal 

cord and that various brain regions, including motor cortex, cerebellum, and brain 

stem, are only involve in fine control of walking. The spinal cord has Central Pattern 

Generators (CPGs) which are networks of nerve cells producing specific, rhythmic 

movements such as walking, without conscious effort. CPGs are responsible for 

hard wired-synergy and produce and coordinate locomotion. The motor cortex 

modifies these synergies in complex demands of gait related activities. Each leg 

has its own autonomous pattern generating networks and can therefore operate 

independently. Figure 1 summarizes the role of the CNS in walking. 

 

 

Figure 1: Role of brain and spinal cord in walking ([5], p. 16). 
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Phases of gait 

The aim of walking is to move the body forward while maintaining stance stability. 

There are several ways to subdivide the gait but the most common way is the 

subdivison into following eight phases: initial contact, loading response, mid stance, 

terminal stance, pre swing, initial swing, mid swing and terminal swing [6]. 

Figure 2 shows the functional division of the gait cycle.  

 

Figure 2: Functional division of the gait cycle. A stride is the functional term for the gait 

cycle. The periods show the basic division of the gait cycle by foot contact. Each phase is 

determined by limb postures. The tasks show the grouping of the phases by the functions 

to which they contribute ([6],p.10). 
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Each phase has its own objectives and is characterized by a selective synergistic 

motion to achieve these goals. The main task of the first two phases (initial contact 

and loading response) is weight acceptance, which includes shock absorption, 

initial limb stability and the preservation of progression. The objectives of phase 

one (initial contact) are to start stance with a heel rocker and to decelerate the 

impact. This phase constitutes 0% to 2% of the gait cylce and is characterized by a 

flexed hip, an extended knee and a dorsiflexed to neutral ankle. The aim of the 

second phase (loading response) is the transfer of the body weight onto the 

forward limb. The heel thereby serves as a rocker and the knee is flexed for shock 

absorbtion. Loading response constitutes 2% to 12% of the gait cycle and ends at 

the time when the other limb is lifted for swing, which also indicates the end of the 

double stance period. The main task of the next two phases (mid stance and 

terminal stance) is the support of the single limb. The objectives of these two 

phases are limb and trunk stability and the progression of the body over the 

stationary foot (mid stance) and further beyond the supporting foot (terminal 

stance). Mid stance constitutes 12% to 31% of the gait cycle and ends when the 

body weight is aligned over the forefoot. Ankle dorsiflexion forces the limb to 

advance over the stationary foot while knee and hip extend. Terminal stance 

begins with heel rise and ends when the other foot strikes the ground. This phase 

constitutes 31% to 50% of the gait cycle. Heel rise and an increased hip extension 

serve for progression of the body. The task of the last four phases, which include 

pre-swing, initial swing, mid swing and terminal swing, is the advancement of the 

swing limb. Pre-swing constitutes 50% to 62% of the gait cycle and is the second 

(terminal) double stance interval in the gait cycle. This final phase of stance is 

characterized by an increased ankle plantarflexion, knee flexion and a reduction of 

hip extension. The forward ñpushò of the trailing extremity accelerates progression 

and prepares the limb for the demands of swing. Initial swing constitutes 62% to 

75% of the gait cycle and begins as the foot is lifted from the ground and ends 

when the swinging foot is opposite the stance foot. In this first phase of swing 

increased knee flexion lifts the foot for toe clearance and hip flexion advances the 

limb. Mid swing constitutes 75% to 87% of the gait cycle and ends when the swing 

limb is forward and the tibia is vertical. Further hip flexion induces to an 

advancement of the limb anterior to the body weight line. Terminal stance 
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constitues 87% to 100% of the gait cycle and ends when the foot strikes the floor. 

Limb advancement is completed by knee extension and the limb is prepared for 

stance. Ankle is in a dorsiflexed to neutral position [6]. Figure 3 illustrates all phases 

of the gait cycle. 

There are sex-related and age-related differences in the ñnormalò gait, whereby an 

appropriate ñnormalò standard needs to be choosen for every individual [1]. 

 

 

Figure 3: All eight phases of the gait cycle. Shading indicates the reference limb ([6],p.11-

16 modified). 
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1.2 Motion analysis 

 

Many different methods for motion analysis are available. Depending on the 

demands of the analyses either a simple, cheap device or a more complex and 

expensive system should be chosen. Videotape examination, analysis with 

electrogoniometers or force sensor systems, pedobarography, electromyography, 

energy consumption measurements, analysis with accelerometers or kinematic 

systems are just a few examples for the variety of methods which are available [1]. 

The aim of this chapter is not to explain all these different methods, but to provide a 

short overview of the kinematic system, which was used in the present work. 

 

 

1.2.1 Motion capture system  (Qualisys, Gothenburg, Sweden) 

 

An 8-camera OQUS 300 1.3MP infrared motion capture system (Qualisys, 

Gothenburg, Sweden) was used to capture kinematic data. For data collection, 

reflective markers were placed on bony landmarks of the feet, legs, pelvis, and 

shoulders of each subject. Following 44 markers (Figure 4) were placed on the 

subject`s skin to define the gait model of the present work: 

 

¶ RSHLD = Right schoulder, placed on the superior surface of the acromion. 

¶ LSHLD = Left shoulder, placed on the superior surface of the acromion. 

¶ RIC = Right iliac crest, placed on the superior iliac crest. 

¶ LIC = Left iliac crest, placed on the superior iliac crest. 

¶ RASIS = Right anterior superior iliac spine 

¶ LASIS = Left anterior superior iliac spine 

¶ RGT = Right greater trochanter of femur 
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¶ LGT = Left greater trochanter of femur 

¶ RTH1 ï RTH4 = Right thigh 1 ï 4, four markers in a cluster placed on the thigh. 

¶ LTH1 ï LTH4 = Left thigh 1 ï 4, four markers in a cluster placed on the thigh. 

¶ RLK = Right lateral knee, placed on the lateral epicondyle. 

¶ LLK = Left lateral knee, placed on the lateral epicondyle. 

¶ RMK = Right medial knee, placed on the medial epicondyle. 

¶ LMK = Left medial knee, placed on the medial epicondyle. 

¶ RSK1 ï RSK4 = Right shank 1 ï 4, four markers in a cluster placed on the 

shank. 

¶ LSK1 ï LSK4 = Left shank 1 ï 4, four markers in a cluster placed on the shank. 

¶ RLA = Right lateral ankle, placed on the lateral malleolus. 

¶ LLA = Left lateral ankle, placed on the lateral malleolus. 

¶ RMA = Right medial ankle, placed on the medial malleolus. 

¶ LMA = Left medial ankle, placed on the medial malleolus. 

¶ RFT1 = Right foot 1, placed on the medial aspect of the 1st metatarsal head. 

¶ LFT1 = Left foot 1, placed on the medial aspect of the 1st metatarsal head. 

¶ RFT2 = Right foot 2, placed on the lateral aspect of the 5st metatarsal head. 

¶ LFT2 = Left foot 2, placed on the lateral aspect of the 5st metatarsal head. 

¶ BK1 ï BK4 = Back 1 ï 4, four markers in a cluster placed on the lower back. 

¶ RPSIS = Right posterior superior iliac spine 

¶ LPSIS = Left posterior superior iliac spine 

¶ RHEEL = Right heel 

¶ LHEEL = Left heel  
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Figure 4: Marker setup. Blue markers were used for the segment definition. Green markers 

were only used for tracking. Red markers were used for both, the segment definition and 

for tracking ([7], modified). 

 

 

Before capturing of the desired motion, a static trial was capured of every subject. 

Subjects had to stand still with their arms stretched besides for approximately 3 

seconds. Afterwards, the medial knee markers and the medial ankle markers were 

removed and subjects were introduced to do the desired motion. The static trial 

was necessary for model development in Visual3D, which will be explained on the 

next pages. Upon data collection QTM software (Qualisys Track Manager, 

Qualisys, Gothenburg, Sweden) was used to evaluate if all markers were present. 

After all markers were labeled and gap-filled with the QTM software, data were 

exported as c3d files for processing in Visual3D. 
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1.2.2 Data analysis software (Visual3D, C-motion, Germantown, 

MD, USA) 

 

Data analysis was conducted with Visual3D software (C-motion, Germantown, MD, 

USA). Exported c3d files from QTM were imported into Visual3D. A Visual3D gait 

model with a torso, pelvis, left and right thigh, left and right shank, and left an right 

foot segment was applied to the static trial of each subject. The torso segment was 

defined by the shoulder markers (right and left) and the iliac crest markers (right 

and left). BK1 to BK4 markers served as tracking markers for the torso. The pelvis 

was defined by the iliac crest markers and the greater trochanter markers. Anterior 

and posterior superior iliac spine markers were used for tracking the pelvis 

segment. Thighs were defined by the greater trochanter markers and the medial 

and lateral knee markers. The four markers in a cluster on each thigh (LTH1-4 and 

RTH1-4) served as tracking markers for the thighs. Shanks were defined by the 

medial and lateral knee markers and the medial and lateral ankle makers. The four 

clustered markers on each shank were used for tracking the shank segments. Feet 

were defined by both ankle markers (medial and lateral) and foot markers 1 and 2 

(1st and 5th metatarsal head). The foot markers 1 and 2 together with the heel 

markers were also used for tracking the feet segments. Additional markers were 

placed on the right and left elbow and on the right and left hand. These additional 

marker were not considered in any analyses of the current work and therefore 

these markers are not mentioned in the text and not pictured in Figure 4. Figure 5 

shows a stroke patient with all markers on his body. After the gait model was 

applied to the static trial, dynamic trials were imported and the model was 

appended to the dynamic trials. In some subjects a marker in the static or dynamic 

trial was missing. In such a case it was not possible to apply the gait model in a 

proper way and it therefore was necessary to create a virtual marker. Appendix C 

and D include instructions how to create a virtual marker in a static and dynamic 

trial. Several pipelines (some of them can be found in appendix E to I) and reports 

were used to calculate joint range of motion values and spatiotemporal gait data.  
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Figure 5: Stroke patient with all markers on his body from the front (left picture) and from 

behind (right picture). The belt, which the physiotherapist is holding in the right picture was 

used for security reasons. In the case that the participant would stumble, the 

physiotherapist would be able to prevent the participant from falling. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

17 

1.3 Parkinson`s disease 

 

Parkinson`s disease (PD) is a neurological condition which afflicts more than half a 

million peple in the U.S. alone. James Parkinson first described this disease in 

1817 [8].  

Two major clinical subtypes of PD exist: A tremor-predominant form and a type 

known as ñpostural imbalance and gait disorderò (PIGD). The tremor-predominant 

type is often observed in younger people. The PIGD type is characterized by 

akinesia, rigidity, and gait and balance impairment. This type is observed in older 

people (70 years or above). In general, the first subtype leads to a slow decline of 

motor function, whereas the PIGD subtype worsens more rapidly [9]. 

 

 

1.3.1 Clinical characteristics of PD 

 

PD is characterised by following four main motor disorders: [10] 

¶ Paucity of movement 

¶ Rigidity 

¶ Tremor 

¶ Postural instability 

 

Paucity of movement is the most characteristic motor symptom of basal ganglia 

dysfunction in PD and consists of slowness of initiation of movement with 

progressive reduction in speed and amplitude of repeated movements. Paucity of 

movement therefore includes following three symptoms: bradykinesia (=slowness 

of movement), hypokinesia (reduced movement) and akinesia (inability to initiate 

movement). These terms are often used interchangeably. Bradykinesia is a major 

cause of disability in people with PD because it affects activities of daily living such 

as dressing, preparing meals, eating and bathing [10]. 

Rigidity describes the increased resistance to passive movements around a joint. It 

can affect any part of the body. The increase in muscle tone lead to joint 

movements that feel like the joint is moving through teeth of a cogwheel. Rigidity is 
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more evident in flexors than in extensors, which contributes to the classical flexed 

posture of PD patients [10]. 

The typical tremor in people with PD occurs at rest and disappears or decreases 

with action. It is fairly slow with a frequence of 4 to 6 Hz. The hands are the most 

prominent area of the tremor but it can also appear in the lower extremities and the 

chin/jaws [10]. 

Postural instability appears at an advanced stage of PD and signifies the transition 

from mild to moderate PD, as defined by the Hoehn and Yahr staging of the 

disease (see chapter 1.3.4). It may cause the patient to fall and therefore it is a 

very disabling symptom of PD. Postural instability together with disturbance of gait 

may be the result of non-dopaminergic degenerations [10]. 

Besides motor disorders, non-motor symptoms such as depression, 

neuropsychological dysfunctions, cognitive deficiencies with and without dementia, 

olfactory deficiency, sleep disturbance, fatigue, pain and other sensory 

phenomena, and various autonomic disturbances can occur as well [10]. 

The term ñparkinsonismò is used for symptoms that are common in PD plus signs 

and symptoms that are not characteristic of PD. Parkinsonism usually describes 

syndroms with known etiology, such as parkinsonism due to ischemic injuries or 

exposure to toxin [11]. 

 

 

1.3.2 Epidemiology 

 

PD is the second most common neurodegenerative disorder after Alzheimer`s 

disease. Overall incidence rates for PD range between 1.5 and 22 per 100,000 

person-years. In older people (above 55 or 65 years) incidence rates between 410 

and 529 per 100,000 person-years are reported. In the US alone, these numbers 

predict an approximately 59,000 new cases per year in individuals with an age of 

65 years or above. The incidence of PD seems to be higher in men than in women 

with a ratio between 1.46 and 1.49. Overall prevalence of PD range from 167 to 

5,703 per 100,000. A review estimated the PD prevalence among people 65 years 

or older at 950 per 100,000, which is equal to 349,000 affected individuals in the 

US alone. Worldwide the prevalence of PD in people above age 50 was estimated 
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between 4.1 and 4.6 million in 2005. By the year 2030 this number was projected to 

increase to a prevalence between 8.7 and 9.3 million. Patients with PD have an 

approximately two-fold increased mortality rate compared to the general 

population. [11] 

 

 

1.3.3 Diagnosis of PD 

 

PD is diagnosed entirely on clinical grounds. Various diagnostic criteria for PD are 

available but the United Kingdom Parkinsonôs Disease Society Brain Bank 

diagnostic criteria are generally accepted as best clinical practice. These diagnostic 

criteria include following three steps: [10] 

 

¶ Step 1: Diagnosis of parkinsonian syndrom 

Presence of bradykinesia and at least one of the following features: 

o Muscular rigidity 

o Rest tremor (4 to 6 Hz) 

o Postural instability which is not caused by primary visual, vestibular, 

cerebellar or proprioceptive dysfunction 

 

¶ Step 2: Exclusion criteria for PD 

History of repeated strokes, history of repeated head injury, history of 

definite encephalitis, strictly unilateral features after 3 years, more than one 

affected relative and cerebellar signs are just a few examples for exclusion 

criteria for PD. 

 

¶ Step 3: Supportive prospective positive criteria for PD 

Three or more of the following features are required for diagnosis of definite 

PD: 

o Unilateral onset 

o Rest tremor present 

o Progressive disorder 

o Persistent asymmetry affecting side of onset most 
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o Excellent response (70 to 100%) to levodopa (see chapter 1.3.6) 

o Severe levodopa-induced chorea 

o Levodopa response for 5 years or more 

o Clinical course of 10 years or more 

 

Although these criteria reduced misdiagnosis of PD substantially, it does not 

guarantee complete accuracy. Many core symptoms of PD also occur in other 

diseases whereby diagnosis of PD becomes very difficult [10]. 

 

 

1.3.4 PD evaluation scales 

 

A useful rating scale for PD has to meet following criteria: validity, reliability, and 

responsiveness. A wide variety of assessment tools for PD are available, which 

evaluate impairment, disability, or both. This work focus on the Hoehn and Yahr 

Staging Scale (HY scale) because it is a well recognized scale, and the Unified 

Parkinsonôs Disease Rating Scale (UPDRS) because it is more comprehensive 

than the Hoehn and Yahr Staging Scale [10], [12]. 

 

 

Hoehn and Yahr Staging Scale 

 

The HY scale is a widely used clinical rating scale for PD. The advantages of this 

scale are that it is simple and easy to apply. The HY scale is based on the two-fold 

concept that the severity of PD relates to bilateral motor involvement and 

compromised balance/gait. The original scale consists of five stages, whereby 

stage 1 describes patients with only unilateral involvement, stage 2 characterizes 

bilateral or midline involvement without impairement of balance, stage 3 includes 

postural instability, stage 4 further includes loss of physical independence, and 

stage 5 describes patients who are wheelchair- or bed-bounded. During the 1990`s 

0.5 increments were introduced to the original HY scale which lead to the 

development of the modified Hoehn and Yahr scale, a widely used rating scale for 

PD. Table 1 shows all stages of the modified HY scale. The primary index of 
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disease severity in the HY scale is postural instability and therefore it does not 

capture all impairments or disability from other motor features of PD. Further it 

does not give any information about nonmotor problems in PD. These are the main 

weaknesses of the HY scale [13]. 

 

Table 1: Modified Hoehn and Yahr Scale ([13] ,p.1021). 

Stage 
 

Characteristics 

   
1,0 

 
Unilateral involvement only 

   
1,5 

 
Unilateral and axial involvement 

   

2,0 
 

Bilateral involvement without impairment of balance 
   

2,5 
 

Mild bilateral disease with recovery on pull test 
   

3,0 
 

Mild to moderate bilateral disease; some postural instability;  

 
physically independent 

   
4,0 

 
Severe disability; still able to walk or stand unassisted 

   
5,0 

 
Wheelchair bound or bedridden unless aided 

 

 

Unified Parkinsonôs Disease Rating Scale (UPDRS)  

 

Prior to the development of the UPDRS many different rating scales for PD 

(Webster, Columbia, King`s College, New York University Parkinsonôs Disease 

Scale, etc.) were used, whereby it was very difficult to make comparative 

assessments. The UPDRS is the most widely used clinical rating scale for PD and 

clinimetric analyses provided its scientific and clinical credibility. The scale is 

divided into following four components: [14] 

¶ Part I:  Mentation, behavior and mood 

¶ Part II:  Activities of daily living 

¶ Part III:  Motor examination 

¶ Part IV:  Complications 

 

For detailed description of the UPDRS see appendix J. Although this scale is very 

comprehensive (it includes 42 questions), some screening questions on several 
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important non-motor aspects of PD are missing. This is the main weakness of the 

UPDRS [14]. 

 

 

1.3.5 Biochemical reason for PD 

 

PD is caused by a destruction of certain nerve cells that lie in the brains stemôs 

sustantia nigra (pars compacta). These neurons normally help to control motion by 

releasing the neurotransmitter dopamine into the striatum [10]. 

To understand the role of dopamine it is necessary to understand the structure and 

function of the basal ganglia. The basal ganglia is a collection of nuclear masses 

deep in the brain beneath the cerebral cortex surrounding the thalamus and 

hypothalamus. They are crucial for modulating and facilitating various motor and 

cognitive programs. Following structures of the basal ganglia are important in 

controlling movement: the striatum (which is divided into the caudate nucleus and 

the putamen), the globus pallidus, the subthalamic nucleus, and the substantia 

nigra (pars compacta and pars reticulata). Diseases of the basal ganglia lead to a 

vast number of movement abnormalities ranging from hypokinesia to hyperkinesia. 

Most afferents to the striatum come from the cerebral cortex. This corticostriatal 

pathway uses glutamic acid as its neurotransmitter. The most abundant typ of 

neuron in the caudate and putamen is the medium spiny neuron, which uses gï

aminobutyric acid (GABA). These neurons project to the major output regions of 

the basal ganglia. All regions of the striatum, which receive input from the cortex, 

send outputs to the lateral globus pallidus (LGP), the medial globus pallidus (MGP), 

and the substantia nigra pars reticulata (SNR). The LGP sends inhibitory 

projections to the MPG and the subthalamic nucleus (STN), which also receives a 

direct excitatory projection from the motor cortex. The STN, in turn, sends 

excitatory glutamatergic projection to the LGP and additional to the MPG and SNR. 

The MPG and SNR, which are the main output nuclei of the basal ganglia, send 

major inhibitory GABAergic projections to the ventral tier nuclei of the thalamus. 

The excitatory thalamocortical pathway uses glutamate as its neurotransmitter and 

function as feedback circle between the cortical regions and the related parts of the 
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basal ganglia [15]. Figure 6 illustrates the structure and function of the basal 

ganglia.  

 

 

Figure 6: Simplified diagram of the basal ganglia pathways involved in motor function. 

Large letters indicate the nuclei; small letters indicate the neurotransmitters and 

neuromodulators used by the pathways. Arrowheads indicate the direction of impulse flow. 

Plus and minus signs indicate the excitatory or inhibitory nature of the neurotransmitter of 

the pathway. The dopamine pathway from substantia nigra pars compacta to the striatum 

excites striatal substance P output cells and inhibits enkephalin output cells. 

ACh=acetylcholine; DA=dopamine; ENK=enkephalin; GABA=g-aminobutyric acid; 

GLU=glutamate; LGP= lateral globus pallidus; MGP=medial globus pallidus; SC=superior 

colliculus; SNC=substantia nigra pars compacta; SNR=substantia nigra pars reticulata; 

SP=substance P; SS=somatostatin; STN=subthalamic nucleus ([15], p. 2). 

 

Cortical inputs excite two separate but parallel striatal output pathways: [15] 

 

¶ In the first pathway, which is called the direct motor pathway, cortical inputs 

excite striatal GABAergic neurons. These neurons in turn project to and inhibit 

the MGP and SNR, which project to the thalamus. When a certain motor 

program is selected, the appropriate thalamic neurons are disinhibited, 

whereby the motor program can be facilitated. The striatal neurons subserving 

this pathway bear dopamine D1 receptors on their surfaces. These neurons 

therefore are excited by dopaminergic input from the substantia nigra pars 

compacta (SNC). Figure 7 shows the direct motor pathway. Difficulties in 

facilating and/or maintaining motor programs in PD patients are caused by a 
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loss of dopaminergic input to this pathway. This fact lead to bradykinesia, one 

of the main clinical motor disorders in PD [15].  

 

 

Figure 7: The direct motor circuit through the basal ganglia. Activated pathways are shown 

large; inhibited pathways are shown smaller. Plus and minus signs indicate the excitatory 

or inhibitory nature of the neurotransmitter of the pathway. In this pathway excitatory 

cortical output stimulates the striatal GABA/SP neurons that project to SNR and MPG. The 

SNR and MPG are inhibited, and the ventrolateral thalamus is released (disinhibited) from 

the tonic inhibition it received from SNR and MPG. The thalamus is therefore free to 

provide excitatory feedback to the cortex. This pathway is used to sustain an ongoing 

pattern of motor behavior. It becomes dysfunctional in PD, causing slowness of movement 

and inability to sustain an effort. DA=dopamine; GABA=g-aminobutyric acid; 

GLU=glutamate; MGP=medial globus pallidus; SC=superior colliculus; SNC=substantia 

nigra pars compacta; SNR=substantia nigra pars reticulata; SP=substance P ([15], p. 7). 

 

¶ In the second pathway (Figure 8), which is called the indirect pathway 

excitatory cortical output stimulates GABAergic inhibitory outputs to the LGP, 

which in turn inhibit the STN, MGP, and SNR. STN are excitatory and project 

to MGP and SNR, whereby the activity of certain MGP and SNR neurons are 

increased. These neurons inhibit the thalamic neurons that would otherwise 

facilitate unwanted motor programs. The striatal neurons subserving this 

pathway bear dopamine D2 receptors. These neurons therefore are inhibited 

by dopaminergic input from the SNC. In people with PD decreased inhibitation 

of the indirect pathway causes excessive subthalamic activity that results in 

excessive suppression of unwanted movements [15].  
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Figure 8: The indirect motor circuit through the basal ganglia. In this pathway excitatory 

cortical output stimulates striatal ENK and GABA neurons that project to LPG. The LPG is 

inhibited, so the STN is disinhibited. The excitatory STN drives the SNR and MPG to inhibit 

the thalamus. The STN can also be activated directly by the cortex. Plus and minus signs 

indicate the excitatory or inhibitory nature of the neurotransmitter of the pathway. This 

pathway is used to suppress inappropriate motor behaviors. It becomes hyperactive in PD, 

leading to inability to switch to new motor behaviors (akinesia). DA=dopamine; 

ENK=enkephalin; GABA=g-aminobutyric acid; GLU=glutamate; LGP=lateral globus 

pallidus; MGP=medial globus pallidus; SC=superior colliculus; SNC=substantia nigra pars 

compacta; SNR=substantia nigra pars reticulata; STN=subthalamic nucleus ([15], p. 7). 

 

The way how striatal activity is transmitted to the MGP and SNR is slightly different 

in both pathways. The direct pathway produces inhibition of a relatively small 

region of MPG. The indirect pathway causes a wider area of excitation of MPG. In 

the thalamus these two activities lead to a disinhibited center that facilitates desired 

activity with a surrounding periphery where undesired activites are suppressed. [15] 

The dopamine pathway from the substantia nigra pars compacta to the striatum 

modulates basal ganglia function by controlling the response of caudate and 

putamen neurons to cortical inputs [15]. Figure 9 shows the basal ganglia-

thalamocortical circuitry for healthy people and people with PD (without functioning 

of the dopamine pathway). 

Besides the pathological hallmark of a dopaminergic neuronal loss within the 

substantia nigra pars compacta, the presence of Lewy bodies is a second hallmark 

of PD. Lewy bodies are neuronal inclusions which appear in the area of neuronal 

degeneration [10]. 
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Figure 9: Simplified schematic diagram of the basal ganglia-thalamocortical circuitry under 

normal and parkinsonian conditions. Inhibitory connections (solid arrows) and excitatory 

connections (open arrows) are shown. The principal input nuclei of the basal ganglia, the 

striatum, and the subthalamic nucleus (STN) are connected to the output nuclei, the 

internal segment of the globus pallidus (GPi, also known as medial globus pallidus) and the 

substantia nigra pars reticulata (SNr). Basal ganglia output is directed at several thalamic 

nuclei (the ventroanterior (VA)/ventrolateral (VL) nucleus and the centromedian (CM)) and 

at brainstem nuclei (the pedunculopontine nucleus (PPN) and others). In addition to the 

changes in the rate of neuronal discharge (shown here as changes in the width of the 

connection arrows), there are prominent alterations in discharge patterns. GPe=external 

segment of the globus pallidus (also known as lateral globus pallidus); SNc=substantia 

nigra pars compacta ([16], p.10). 

 

 

It is still unkown how the various neurons of the substantia nigra pars compacta 

become injured. As a part of normal aging about four percent of our original 

complement of dopamine-producing neurons disappears during each decade of 

adulthood. Symptoms of PD occur after approximately 70 percent of the neurons 

have been destroyed [8]. 

Although the etiology of PD is not well understood, it is likely to involve both genetic 

and environmental factors. Eleven genes and an additional three genetic loci have 

already been associated with PD. Smoking, coffee and uric acid seems to be 

associated with lower PD risk. Some pesticides may increase the risk for PD but 

further research in this area is needed to identify specific compounds that may play 

a causal role [11]. 
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1.3.6 Treatment of PD 

 

Over the last decades tremendous progress has been made in the development of 

treatments for PD. In general, therapies for PD can be divided into drug treatments 

and surgery treatments [10], [17]. 

 

 

Drug treatment of PD 

 

Drugs for PD can be categorized into following subgroups: [17] 

¶ Drugs that replace dopamine (Levodopa therapy) 

¶ Dopamine agonists 

¶ Drugs that prevent the breakdown of dopamine/ levodopa (COMT inhibitors) 

¶ Other antiparkinsonian medication including anticholinergics and 

amantadine 

 

The discovery of levodopa-replacement therapy was one of the most important 

events in the history of therapy for PD. It is extremly useful in treating the major 

motor symptoms of PD. Dopamine itself is not orally active, is rapidly broken down 

and is unable to cross the blood-brain barrier. However, levodopa is an amino acid, 

which is orally active and able to cross the blood-brain barrier. In the brain 

levodopa is converted to dopamine by the enzyme dopa-decarboxylase. Levodopa 

therapy is the most effective treatment for PD since more than 30 years. It has 

increased the quality of life of virtually all PD patients. The main disadvantage of 

levodopa is that it does not stop the neurodegenerative process. Nonmotor 

symptoms such as dementia or psychiatric disturbances and motor complications 

such as dyskinesia and motor fluctuations often appear over time which are further 

disadvantages of the levodopa therapy [10], [17]. 

The occurrence of complications after chronic levodopa therapy led to the 

investigation of new therapeutic strategies for the treatment of PD. One of these 

strategies is the use of dopamine agonists as an adjunct to levodopa. Due to 

dopamine agonists it is possible to reduce levodopa-induced motor complications 

by lowering the dose of levodopa. Dopamine agonists act directly on pre- and 
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postsynaptic dopamine receptors and a conversion to dopamine is therefore not 

necessary. Dopamine agonists have a longer half-life than levodopa which results 

in a more continuous dopamine receptor stimulation. Further advantages of 

dopamine agonists are that they are independent of the degenerating neurons and 

that no free radicals or induction of oxidative stress are generated. 

Neuropsychiatric complications, sleep disturbance and postural hypotension are 

the main side effects wich can occur due to the use of dopamine agonists. 

Bromocriptine, pergolide, pramixpexole, ropinirole and cabergoline are some of the 

common oral used dopamine agonists. Apomorphine is an additional dopamine 

agonist but it can only be administered by subcutaneous injection [10], [17]. 

Catechol-O-methyltransferase (COMT) is an enzyme that is responsible for the 

central and peripheral metabolism of levodopa. Normally it converts much of the 

ingested levodopa dose to 3-O-methyldopa, which is a non-toxic metabolite. By 

inhibiting COMT, an increased amount of levodopa can enter the brain and  a lower 

doses of levodopa can therefore be used without any loss of treatment benefits. 

Tolacapone and entacapone are the most common COMT inhibitors, whereby 

tolacapone has been suspended in Canada and the European Union because of 

reports of hepatic failure [10], [17]. 

There are some more antiparkinsonian medications available. Anticholinergics and 

amantadine are two of them. Anticholinergics block interstriatal cholinergic 

transmission which helps to restore the balance between the cholinergic and 

dopaminergic systems. Anticholinergic drugs are more effective at treating tremor 

than treating rigidity or akinesia. Neuropsychiatric side effects and 

parasympathomimetic side effects are the main disadvantages of anticholinergics. 

Amantadine is a noncompetitive antagonist of the N-Methyl-D-aspartate receptor 

and it can increase dopamine release and inhibit dopamine uptake. It improves all 

cardinal symptoms of PD, especially dyskinesias. The incidence of significant side 

effects is low if amantadine is administered in a low dosis (200 to 300 mg/d) [10], 

[17]. 
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Surgical treatment of PD 

 

Ablative surgery or the implantation of a deep brain simulation (DBS) electrode are 

the two main options for surgerical treatments of PD. The target sites for surgical 

treatments of PD are the thalamus, globus pallidus internal segment (GPi) and 

subthalamic nucleus. Each site may be destroyed (thalamotomy, pallidotomy and 

subthalamotomy) or stimulated (thalamic DBS, globus pallidal DBS and 

subthalamic nucleus DBS). Each surgery can be performed unilaterally or 

bilaterally. Thalamotomy is an effective treatment for tremor-predominant PD. 

However, most physicians prefer GPi and STN as targets for the treatment of PD 

whereby thalamotomy has become increasingly rare. Pallidotomy is a safe and 

effective procedure for the amelioration of medication-related dyskinesia, as well as 

rigidity, bradykinesia, and tremor. In bilateral pallidotomy an increased incidence of 

speech, swollowing, and behavioral disturbance have been reported, whereby this 

procedure cannot be recommended. Subthalamotomy leads to an inprovement of 

all cardinal signs of PD on the side contralateral to the surgery. Bilateral 

subthalamotomy improves axial motor features and reduces daily levodopa doses, 

and dyskinesia. Hemichorea/ballism is the most serious complication which can 

occur due to subthalamic lesioning. Thalamic DBS is for patients with disabling 

tremor-dominant PD with stable or very slow progressive akinesia. It is an effective 

and safe treament for tremor in PD but in patients with more progressive PD, either 

globus pallidal DBS or subthalamic nucleus DBS may be more appropriate. Globus 

pallidal DBS is an effective treatment for PD, although the ideal target remains 

uncertain. Subthalamic nucleus DBS is used in patients with moderate to advanced 

PD and its benefits last for several years. The advantages of DBS are that bilateral 

surgeries are possible without increased risk of complications and that the 

procedure is reversible because no permanent lesion is created. The 

disadvantages are that DBS are very expensive compared to ablative surgeries, 

batteries have to be replaced after three to seven years, and a regular follow-up 

and reprogramming is necessary [10], [17]. 
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1.4 Stroke 

 

The word óstrokeô was originally short for óstroke of apoplexyô and óapoplexyô is 

derived from the Greek word óapoplexiaô, which means a sudden loss of feeling and 

motion, as if struck by a thunderbolt. A stroke is characterised by an acute loss of 

focal brain function lasting more than 24 hours or leading to death. There are two 

main syndromes, which lead to a stroke: either hemorrhage into or over the brain 

substance (=hemorrhagic stroke) or inadequate blood supply to a part of the brain 

(=ischemic stroke) can cause a stroke. Approximately 80% of all strokes are 

ischemic strokes. Hemorrhagic strokes account for the remaining 20%. After 

coronary heart disease and cancer, stroke is the third leading cause of mortality in 

the United States. The incidence rate of first-ever stroke in the Caucasian 

populations is approximately 200 per 100,000 per year. Stroke incidence rate 

increases with age. Figure 10 shows the context between stroke incidence rate and 

age among 10 different communities. The prevalence of stroke is about 1% of the 

population but depends on the age and gender structure of the population. In 

women and men with an age between 65 and 74 years, the prevalence of a stroke 

is 25 and 50 per 1,000 respectively [18], [19]. 

 

 

Figure 10: Incidence of stroke (ischemic and hemorrhagic combined) among 10 different 

communities in age groups 45 years and older ([18], p.9).  
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There are several known risk factors, which increase the likelyhood of a stroke. 

Hypertension, cardiac disease, atrial fibrillation, diabetes mellitus, cigarette 

smoking, alcohol abuse and hyperlipidemia are modifiable risk factors. 

Nonmodifiable risk factors include age, gender, race and heredity. The likelyhood 

to suffer a stroke is higher in elderely people, men and black persons compared to 

young generations, women and white persons [19].   

 

 

1.4.1 Pathogenesis and pathology of stroke 

 

The two internal carotid and two vertebral arteries serve to supply the brain with 

blood. These arteries anastomose at the base of the brain and form the circle of 

Willis, which is shown in Figure 11. The vertebrobasilar arterial system supplies the 

posterior third of the brain and the carotid artery system supplies the anterior two-

thirds of the brain [19]. 

 

 

Figure 11: Circle of Willis and cerebral circulation ([19], p. 7). 


