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Abstract  

In the first section, clinical and neuropathological studies were conducted to 

evaluate the underlying pathophysiological mechanisms of non-motor features 

in Parkinson’s disease (PD) including hypothalamic dysfunction, circadian 

abnormalities and constipation.  

A clinico-pathological study showed an early and progressive involvement by 

Lewy pathology of the paraventricular, infundibular and supraoptic nuclei of the 

hypothalamus. Neuropathological involvement spared dopaminergic structures 

and did not correlate with non-motor clinical features potentially associated to 

hypothalamic dysfunction.     

A neuropathological study of the circadian system demonstrated direct 

histological involvement of the suprachiasmatic nucleus of the hypothalamus 

likely responsible for circadian dysfunction in PD. Similar neuropathological 

involvement was seen in progressive supranuclear palsy whilst no 

neuropathological abnormalities were found in the suprachiasmatic nucleus 

and pineal gland in multiple system atrophy.   

A comprehensive assessment of constipation in PD using clinical, radiological 

and electrophysiological techniques revealed heterogeneous multiple 

overlapping pathophysiological abnormalities involving slow colonic motility 

and anorectal dysfunction (rectal hyposensitivity and defecatory dyssynergia) 

with important clinical implications. 

The second part of the thesis evaluated the influence of non-motor features on 

the pathogenic process and disease progression in PD through epidemiological 

and clinico-pathological studies.  

A large retrospective record-linkage cohort study showed an increased risk of 

subsequent PD in individuals with type 2 diabetes, greater in younger 

participants or those with diabetic complications. 
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Autonomic dysfunction was independently associated with faster disease 

progression and reduced survival in a retrospective large cohort of autopsy-

confirmed PD patients although these findings were not associated with more 

diffuse or severe neuropathology at post-mortem. 

Finally, PD subtyping based on a combination of motor and non-motor features 

at diagnosis predicted disease progression and survival in a large cohort of 

pathology-proven patients with PD. Lewy pathology and Alzheimer’s 

neuropathological changes showed different rates of progression among 

subtypes and, in addition to age, they constitute important determinants of 

clinical heterogeneity.   
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Impact statement  

Despite the importance of non-motor features of PD as significant contributors 

to the clinical burden, little is known about their pathophysiology and only 

limited symptomatic therapies are available. This thesis provides a better 

understanding of the neuroanatomical structures and pathophysiology of the 

non-motor features in PD that will help advance the understanding of their 

underlying mechanisms and will ultimately provide the basis for new 

therapeutic targets. 

A detailed clinico-pathological assessment showed an early and systematic 

involvement of the paraventricular, supraoptic, infundibular and 

suprachiasmatic hypothalamic nuclei in patients with PD that is likely to 

contribute to the non-motor symptomatology. In this regard, the 

suprachiasmatic nucleus was identified as the key neuroanatomical structure 

responsible for circadian dysfunction and contributor to the symptom 

fluctuations experienced by PD patients. As a consequence, the suprachiasmatic 

nucleus should be the therapeutic target of any future therapies aimed at the 

resynchronisation of the circadian function in PD. 

A clinical, radiological and electrophysiological assessment of constipation 

showed that both slow transit and anorectal dysfunction contribute to this 

symptomatology in PD. These findings will increase awareness among clinicians 

of the need of a systematic assessment to elucidate pathophysiological 

mechanisms of refractory constipation as slow transit and anorectal dysfunction 

are treated differently. Improvement in the recognition and assessment will 

lead to a better symptomatic management of constipation in PD in clinical 

practice.              

Non-motor features are important key determinants on PD clinical 

heterogeneity and this thesis provides further evidence of the influence that 

some non-motor features can exert on the pathogenesis and disease course.  
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In the largest cohort study to date, using a record-linkage of hospital 

admissions, type 2 diabetes was associated with an increased risk of 

subsequent PD suggesting a pathophysiological link between both conditions. 

Moreover, development of autonomic dysfunction was associated with worse 

disease progression and reduced survival in a group of patients with pathology-

confirmed PD. These findings have important research and clinical implications 

and should stimulate further research into the pathogenic mechanisms linking 

these features. They also open up new therapeutic avenues as control of 

glucose metabolism with repurposing of diabetic drugs or a strict control of 

autonomic symptoms with already available treatments could potentially 

modify the disease course.  

Finally, this thesis provides for the first time long-term clinical and 

neuropathological data on clinical PD subtypes incorporating non-motor 

features. PD subtyping using a combination of motor and non-motor features 

reliably estimated the disease progression and survival which is of fundamental 

value when discussing individual prognosis in clinical practice. The study also 

provided a better understanding on the contribution of different 

neuropathologies to the clinical heterogeneity supporting the idea that 

different pathophysiological mechanisms underlie heterogeneity among PD 

subgroups. Any therapeutic clinical trial should take these differences into 

consideration and a better understanding of these pathophysiological 

differences may lead eventually to more individualised treatments based on the 

underlying pathophysiological implications.   

These findings have not only been disseminated in medical conferences and 

published in high impact neurology journals, but also have attracted the 

attention of general media given their important implications. 
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Chapter 1. Non-motor features in Parkinson’s disease. 

Parkinson’s disease (PD) is a common and complex neurodegenerative disorder 

with an exponentially increasing burden.(1) The first detailed description of the 

disease was provided by James Parkinson in his famous monograph An essay on 

the shaking palsy in 1817, which was further elaborated and refined by Jean-

Martin Charcot who proposed the name of Parkinson’s to this disease. PD is the 

most common neurodegenerative condition after Alzheimer’s disease and, 

given its strong association with age, PD prevalence is rapidly increasing in the 

world’s aging population. Epidemiological studies revealed a global prevalence 

of more than 6.1 million worldwide in 2016, comprising about 1% in population 

over 60 years of age in industrialised countries with a slight male 

predominance.(2)  

PD is still defined clinically by the classical parkinsonian motor features with the 

combination of bradykinesia alongside either resting tremor or muscular 

rigidity, whilst postural instability tends to be a later feature. The diagnosis of 

the disease is clinical and the United Kingdom Parkinson’s Disease Society Brain 

Bank criteria are the most widely accepted, requiring the presence of 

parkinsonian motor features with additional supportive findings in the absence 

of alternative causes of parkinsonism.(3) Despite significant efforts on the 

search of specific biomarkers for PD, no test allows confirmation of the 

diagnosis during life and post-mortem neuropathological examination remains 

the gold standard.  

The essential neuropathological hallmark of PD is the combination of moderate 

to severe cell loss in the ventrolateral tier of the substantia nigra pars compacta 

(SNpc) associated with Lewy pathology in brainstem structures, although no 

consensus standardised neuropathological recommendations are available.(4) 

Both neuropathological abnormalities are consistently found in patients with 

idiopathic PD but they are not specific in isolation and can be found in a wide 

range of disorders. Gliosis and cell loss in the SNpc is present in other 
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degenerative parkinsonian disorders associated with abnormal protein 

deposition (including multiple system atrophy - MSA, progressive supranuclear 

palsy - PSP, corticobasal degeneration - CBD and some forms of frontotemporal 

lobe degeneration) but can also be found without other distinctive histological 

key features in some monogenic forms of PD, such as those associated with 

parkin or LRRK2 mutations.(5) Lewy pathology refers to the constellation of 

neuronal aggregates including Lewy bodies (round eosinophilic inclusions with a 

halo found in the neuronal perikarya) and other inclusions in neuronal 

processes such as Lewy neurites. The main component of Lewy pathology is 

misfolded α-synuclein (6), and therefore immunostaining with antibodies 

against this protein has become the standard and most sensitive 

immunohistochemical technique for diagnostic purposes. Lewy pathology is 

commonly found in other brainstem structures outside SNpc such as the locus 

coeruleus, the dorsal motor nucleus of the vagus or nucleus basalis of Meynert, 

but also in many selectively vulnerable neuronal populations throughout the 

central nervous system. Staging systems have been proposed for the 

assessment of the distribution of Lewy pathology. As it has been hypothesised 

that Lewy pathology spreads in a stereotyped pattern among different 

susceptible anatomical regions, Braak and colleagues proposed a system with 

six different stages based on the caudo-rostral progression.(7) This staging 

system has gained attention as it may explain, at least in a great proportion of 

patients, the clinical progression of the disease, with α-synuclein deposition 

starting in structures of the enteric nervous system and the olfactory bulb 

responsible for the prodromal symptoms, progressing eventually to the motor 

impairment once the pathology spreads to the SNpc. Although the Braak 

staging system has become popular, its acceptance and general applicability is 

still a matter of significant debate.(8-10) The Dementia with Lewy Bodies 

Consortium recommended a system based not only on the distribution but also 

on the severity of Lewy pathology in multiple representative central nervous 

system areas using a semiquantitative scoring system differentiating three 

stages (brainstem, limbic and neocortical)(11) which is widely accepted in the 

neuropathological evaluation of Lewy body disorders.             
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From a pathophysiological perspective, involvement of the SNpc by the 

neuropathological process is the key element in the development of the 

classical motor symptoms of PD. Dopaminergic neurons of the SNpc project 

their terminals to the striatum in a somatotopic pattern and there is a well-

established pathophysiological correlation between the SNpc neuronal loss and 

the classic motor features of the disease. Classically, PD has been viewed as a 

neurodegenerative disease with prominent involvement of the dopaminergic 

neurons in the SNpc resulting in a dopamine deficiency in the basal ganglia 

leading to the cardinal motor symptoms. It has been estimated that a loss of 

30% of total SNpc dopaminergic neurons and about 50-60% of their terminals 

(with a much more profound reduction of putaminal dopamine) is required for 

the onset of motor symptoms.(12, 13)    
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1.1 The clinical relevance. 

Although motor symptoms and signs continue to be the defining features of PD, 

it is now well recognised that a constellation of non-motor features are also an 

integral part of the disease. Some non-motor features were reported in James 

Parkinson’s initial description of the condition but it is only in recent years that 

they have attracted the attention of clinicians and researchers. These include 

autonomic dysfunction (AutD), sleep disturbances, sensory symptoms and 

neuropsychiatric complications (Table 1.1).  
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Non-motor features Anatomical correlation 

Autonomic dysfunction Hypothalamus, insula, sympathetic 
ganglia/parasympathetic nuclei, dorsal motor 

nucleus of the vagus 

Orthostatic hypotension Cardiac sympathetic nerves, adrenal gland 

Urogenital dysfunction Pelvic plexus 
Constipation Enteric nervous system 

Neuropsychiatric  
Dementia Neocortex, limbic system, nucleus basalis of 

Meynert, locus coeruleus, 
Mood disorders Locus coeruleus, raphe nuclei, limbic system, 

temporal cortex 
Psychosis Limbic system, visual cortex 
Impulse control disorders Basal forebrain (amygdala, accumbens) 

Sensory  
Anosmia Olfactory bulb, amygdala, perirhinal cortex 
Pain Thalamus, locus coeruleus, raphe nuclei, epidermal 

nerves 

Sleep  
Insomnia and sleep fragmentation  Lateral hypothalamic area, laterodorsal pontine 

tegmentun nuclei, reticular formation 
REM sleep behaviour disorder Laterodorsal pontine tegmentun nuclei 
Restless legs syndrome Cingulate, striatonigral system, thalamus 

Table 1.1. Non-motor symptoms and anatomical correlation. 
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In their various combinations, they may eventually dominate the clinical picture 

and present a therapeutic challenge for clinicians, particularly in advanced 

stages of the disease. Non-motor symptoms (NMS) have been long neglected in 

clinical practice and significant progress has been made to improve their 

recognition and quantification with the development of specific diagnostic tools 

and severity scales.(14) They are an integral feature of PD and not secondary to 

disruption of other physiological processes or side effects from medication, are 

frequent at any stage of the disease and contribute significantly to the quality 

of life, disability and morbidity burden.(15)  This burden is aggravated by the 

poor response of non-motor features to dopaminergic replacement therapies 

commonly used in PD, suggesting that other neurotransmitters may be involved 

in the pathophysiology of these symptoms. Moreover, evidence from 

histological studies has shown that Lewy pathology is never restricted to the 

nigrostriatal system and α-synuclein is distributed in multiple neuroanatomical 

sites.(16) Although an exact clinico-pathological correlation is still to be 

established, it is well accepted that non-motor manifestations of PD are likely to 

arise from the additional involvement of other non-dopaminergic 

neurotransmitters in multiple structures of the central, peripheral and 

autonomic nervous system (Table 1.1). Therefore, their management should 

include therapeutic interventions and drugs targeting other areas apart from 

the dopaminergic nigrostriatal system, although the evidence to support their 

recommendation is weak in most cases (17) and further research is needed in 

this area to provide more effective treatments. 
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1.2 Pathophysiological implications of non-motor features.  

Some of the NMS in PD such as constipation, rapid eye movement behaviour 

disorder (RBD), dysautonomia, anosmia or neuropsychiatric disturbances 

frequently precede the onset of the classical motor symptoms, sometimes by 

decades.(18) This prodromal phase of the disease, in which non-motor features 

and other early signs of neurodegeneration occur before full parkinsonism 

develops, has important pathophysiological implications. Several studies have 

demonstrated that α-synuclein deposition occurs early in the disease even at 

prodromal stages in other anatomical structures outside the SNpc such as the 

medulla oblongata, olfactory bulb, enteric and autonomic nervous system.(19) 

It is accepted that symptoms during the prodromal phase are due to the 

pathogenic process and neurodegeneration, and α-synuclein deposition in 

peripheral and central structures outside the SNpc is well underway before a 

clinical diagnosis can be reliably made. Diagnosis of prodromal PD would 

therefore be essential to provide a window of opportunity for future disease-

modifying drugs and several non-motor features have been suggested as 

biomarkers for early diagnosis of the disease and identification of at risk 

populations.(20)  

The staging system proposed by Braak fits with this idea that α-synuclein 

deposition starts in the peripheral nervous system, olfactory bulb and medulla 

during the prodromal phase before spreading to more rostral structures, 

reaching the SNpc when classical motor symptoms develop.(7) This staging 

system has gained acceptance, although whether this scheme is valid for every 

PD patient, and whether the pathological progression correlates with the timing 

of non-motor features in PD is still a matter of controversy.(8-10) The early 

development of anosmia and constipation associated with neuropathological 

changes in the olfactory bulb and enteric nervous system also led to the 

hypothesis that these structures could be the starting or triggering 

neuroanatomical site of the PD pathogenesis.(21) Although this hypothesis is 

speculative and under debate, it has attracted significant attention from 
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researchers on the early pathophysiology of PD and the spread of 

neuropathological changes and clinical correlations during the disease course.  

The pathophysiology of the non-motor features in PD is complex and poorly 

understood but it seems likely that most of these symptoms are multifactorial 

with other external elements (including dopaminergic medication) contributing 

to their pathophysiology. Clinico-pathological correlations between non-motor 

symptoms and Lewy pathology affecting multiple neuroanatomical structures 

have been attempted in order to provide a better understanding of the 

underlying pathogenic abnormalities (Table 1.1). However, this association may 

not be as straightforward as with the classical motor features and further 

research is warranted.(16, 22)  

PD is markedly heterogeneous with respect to the presence and severity of 

symptoms, disease course and response to treatments, and the wide range of 

non-motor features plays a significant role in this clinical variability.(23) In order 

to estimate prognosis and to provide a better understanding of disease 

progression, significant efforts have been made to identify disease features 

with prognostic value, and definition of PD subtypes with similar disease 

characteristics and course has become a research priority. Traditionally PD 

subtypes have been defined by motor features and other general demographics 

such as age at onset. However, growing evidence suggests that some non-

motor features such as orthostatic hypotension, RBD or cognitive impairment 

might be potential key determinants in PD progression and prognosis, and new 

PD subtypes incorporating these symptoms have been recently proposed. (24-

26) The mechanisms by which some NMS can modify the course of the disease 

are poorly understood, and whether they can influence the degenerative 

process of Lewy pathology or their effect is a consequence of increased 

morbidity remains to be elucidated.  

Finally, as key symptomatic features specific to PD, it seems reasonable that 

non-motor symptoms should be considered in the clinical diagnosis of PD and 
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new criteria incorporating non-motor features have been recently 

proposed.(27) The utility of these diagnostic criteria has been recently validated 

in a large cohort of prospective patients in the United Kingdom with good 

results.(28)   

 

  



PhD - 2019 - De Pablo Fernández 

38 

 

1.3 The evolving concept of Parkinson’s disease and other 

unanswered questions. 

Advances over the last two decades in the understanding of the underlying 

pathophysiological mechanisms, the anatomical areas involved and the clinical 

heterogeneity of the disease regarding NMS have provided valuable insights on 

clinical progression and disease pathogenesis. These advances have challenged 

the traditional concept of PD as a predominantly motor disorder due to 

dopaminergic deficits in the nigrostriatal system. This concept has been 

gradually replaced by a more complex model encompassing a slowly 

neurodegenerative disorder that starts many years before the clinical diagnosis, 

involving multiple neuroanatomical areas of the central and peripheral nervous 

system, affecting dopaminergic and non-dopaminergic pathways, and that 

manifests with a wide range of motor and non-motor symptoms. Research on 

non-motor aspects has therefore led to significant advances in the 

understanding of PD pathogenesis and progression although important 

questions remain unanswered. These include better clinico-anatomical 

correlations and understanding of the mechanisms and neurotransmitters 

involved in the underlying pathogenesis, the potential influence that some non-

motor features may have in the progression of PD or its associated 

neurodegenerative process and how this can be applied for prognostic 

estimations, PD subtyping and, eventually, individualised symptomatic and 

disease modifying treatments.  

Through different projects using clinical, epidemiological, imaging, 

electrophysiological and neuropathological methods, this thesis aims to provide 

further evidence that improves the understanding of the bidirectional influence 

between some of the non-motor features and the pathogenic mechanisms of 

PD. The first part explores the underlying pathophysiological mechanisms and 

neuroanatomical correlations of some of the non-motor features associated 

with PD including hypothalamic dysfunction, circadian abnormalities and 

gastrointestinal dysfunction. As previously discussed, evidence suggests that 
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some non-motor features are not just clinical manifestations of the underlying 

neurodegeneration in PD, but can also influence the pathogenic process as 

predisposing factors, modifying the clinical phenotype or affecting the clinical 

course and prognosis. In this regard, the second part of the thesis investigates 

how abnormalities of glucose metabolism and autonomic dysfunction affect the 

pathophysiology of PD, and how relevant non-motor features can be used to 

determine clinical PD subtypes.  
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Section I: Pathophysiological mechanisms of non-motor features in 

Parkinson’s disease 
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Chapter 2. Hypothalamic dysfunction in Parkinson’s 

disease: a clinicopathological study of the hypothalamus. 

2.1 Introduction 

2.1.1 The human hypothalamus 

The hypothalamus is a small but complex structure situated in the ventral part 

of the diencephalon and laterally to the walls of the third ventricle. The 

functional neuroanatomical organisation of the hypothalamus is very complex 

and its neurons and networks are involved in the integration and regulation of 

several important body functions.  

The hypothalamus consists of several interconnected nuclei that are 

cytologically and neurochemically well characterised. From a physiological 

perspective, hypothalamic function can be divided into neuroendocrine 

regulation through the release of neurohormones and maintaining of body 

homeostasis using several neurotransmitters and neuromodulators. Some of 

the hypothalamic nuclei are critically involved in the regulation of the main 

neurendocrine axes including the hypothalamic-pituitary-adrenal, 

hypothalamic-pituitary-gonadal and hypothalamic-pituitary-thyroid. These 

neuroendocrine cells project to the neurohypophysis or pituitary gland where 

the released factors act as neurohormones. The hypothalamus receives the 

negative feedback from the circulating hormones which in turn modulate the 

neuroendocrine hypothalamic output signals.  

Over the last few decades, the additional role of the hypothalamus in the 

regulation of additional body functions and body homeostasis has been better 

understood. A large number of neurochemically diverse neurons in the 

hypothalamus create a complex network within and outside the hypothalamus 

where their released factors function as neurotransmitters or neuromodulators. 
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These hypothalamic networks act as integrators and regulators of multiple body 

functions such as sleep, energy metabolism, fluid regulation or autonomic 

responses. It is also well accepted that some of these neurons possess complex 

bidirectional connections with the limbic system and other cortical areas, and 

the hypothalamus can influence higher functions such as memory, emotions, 

behaviour or mood.   

 

2.1.2 The paraventricular, supraoptic and infundibular nuclei of the 

hypothalamus 

The hypothalamus is formed by multiple cytologically and neurochemically 

diverse nuclei with a complex functional neuroanatomical organization. An 

overview of the main hypothalamic nuclei with their neuropeptides and 

functions are shown in Table 2.1.  
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Nuclei Hypothalamic 
anatomical area 

Neuropeptides Functions 

Lateral 
hypothalamus 

Lateral Orexin (hypocretin), CART, 
MCH 

Sleep-wake, energy 
metabolism, emotion 

Paraventricular Periventricular Vasopressin, oxytocin, 
CRH, TRH 

Autonomic function, 
pituitary control (HPA, HPT 
axes), body fluid and blood 

pressure 

Infundibular Periventricular CART, MSH, AgRP, NPY, 
GHRH 

Energy metabolism, feeding 
and growth 

Supraoptic Lateral Vasopressin, oxytocin Body fluid and blood 
pressure, labour and 

lactation 

Tuberomammillary Mammillary Histamine Arousal, sleep-wake, 
thermoregulation 

Suprachiasmatic Anterior VIP, vasopressin Sleep-wake and circadian 
regulation 

Table 2.1. Main hypothalamic nuclei with their major neuropeptides and 
functions. 

CRH, corticotropin-releasing hormone; GHRH, growth hormone releasing hormone; 
HPA, hypothalamic-pituitary-adrenal axis; HPT, hypothalamic-pituitary-thyroid axis; 
MCH, melanin-concentrating hormone; TRH, thyrotropin-releasing hormone; VIP, 
vasointestinal peptide. 
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The paraventricular nucleus of the hypothalamus (PVN) plays a pivotal role in 

the integration of adaptive autonomic responses necessary for body 

homeostasis. (29) It contains parvocellular neurons projecting to the autonomic 

control centres in the lower brainstem nuclei and the neurohypophysis which 

regulates stress responses of the hypothalamic-pituitary-adrenocortical 

axis.(30) The projections of the magnocellular neurons of the PVN are joined by 

similar neurons in the supraoptic nucleus (SON) to the posterior pituitary gland 

releasing vasopressin and oxytocin to the bloodstream regulating a complex 

neuroendocrine pathway involved in body fluid homeostasis, plasma volume 

expansion and blood pressure regulation.(31) The infundibular nucleus (INF) 

acts as the central regulator of homeostatic feeding behaviour and energy 

metabolism receiving input from peripheral humoral signals and central 

hedonic information.(32) The INF integrates this information and its activity has 

two opposite functions: anorexigenic cells produce cocaine- and amphetamine-

regulated transcript (CART) and melanocyte-stimulating hormone (MSH), while 

orexigenic activity is controlled by the secretion of agouti-related peptide 

(AgRP) and neuropeptide Y (NPY).(33) 
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2.1.3 Hypothalamic dysfunction in Parkinson’s disease 

The wide range of non-motor features in PD includes the disruption of several 

neuroendocrine functions in which the hypothalamus has a significant 

regulatory role. Autonomic function, body weight and blood pressure are all 

regulated, at least to a certain degree, by hypothalamic structures and they can 

all be disrupted in PD.(15) These findings suggest that hypothalamic dysfunction 

caused by the neurodegenerative process may be responsible for some of these 

NMS in PD.  

AutD is common in patients with PD and includes cardiovascular (orthostatic 

hypotension, supine hypertension), gastrointestinal (gastroparesis, 

constipation) urogenital (overactive bladder, urinary retention, erectile 

dysfunction) and thermoregulatory symptoms.(34) AutD in patients with PD has 

been traditionally associated with involvement of peripheral autonomic 

structures by Lewy pathology (as opposed to MSA where there is predominant 

involvement of the central nervous system) although neuropathological 

abnormalities in central autonomic centres are commonly found in post-

mortem studies.(35) Orthostatic hypotension, defined as a sustained fall of > 20 

mmHg systolic or > 10 mmHg diastolic within 3 minutes of standing, is arguably 

one of the most disabling signs of AutD and has been associated with risk of 

falls, cognitive impairment and reduced survival.(36, 37) It has an estimated 

prevalence of 30% in patients with PD although only a third of them develop 

symptoms such as syncope, blurred vision or coat hanger pain.(38) 

Abnormalities of body weight are well recognised and an unintentional 

progressive loss in body weight has been consistently reported affecting 50% of 

PD patients with an overall reduction of 1.73kg/m2. (39-41) Weight loss in PD 

has important clinical implications as it is shown to be associated with disease 

severity and to a more rapid disease progression.(42) The mechanisms 

underlying the body weight abnormalities in PD are likely to be multifactorial 

and not just secondary to an energy expenditure/intake imbalance.(43) 

Dysregulation of central mechanisms of feeding behaviour and body 
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metabolism have been suggested as patients undergoing deep brain stimulation 

of the subthalamic nucleus experience a rapid weight gain greatly exceeding the 

weight loss see in medically treated patients.(44)          

Evidence from different areas of research supports the involvement of the 

hypothalamus in PD. Magnetic resonance imaging (MRI) studies have shown a 

reduction of hypothalamic grey matter volume.(45) Abnormalities involving 

both dopaminergic (46) and non-dopaminergic transmission (47) using positron 

tomography emission have also been reported. The presence of pathological 

changes in the hypothalamus of PD patients has been known since the initial 

anatomical studies in the late 1970s. Lewy bodies have been demonstrated in 

most of the hypothalamic nuclei including the SON and INF although the PVN 

could not be consistently identified with historical routine staining 

techniques.(48) Subsequent studies investigated specific hypothalamic 

neuronal populations in these nuclei in patients with PD describing cell loss and 

plasticity changes involving the magnocellular neurons of the SON (49) and 

oxytocin neurons of the PVN (50) but Lewy bodies were rarely present in the 

SON and could not be identified in the PVN. Given the crucial role of dopamine 

in PD, another study assessed neuropathological changes in the hypothalamic 

dopaminergic neurons of the PVN and INF nuclei but no cell loss was found (50, 

51) despite evidence of dopaminergic dysfunction on a previous positron 

tomography emission study.(46) Although taken together these results from 

previous imaging and pathological studies showed evidence of hypothalamic 

involvement in PD, results are difficult to interpret, limited by the use of old 

immunohistochemical techniques and a correlation of histological 

abnormalities with disease progression and non-motor features has never been 

performed. As hypothalamic nuclei are neurochemicaly well defined, and some 

of them are involved in releasing hormones easily measurable in blood and 

plasma, a better understanding of the hypothalamic involvement in PD and its 

correlation with the presence of non-motor features could potentially help in 

the development of biomarkers and symptomatic treatments in the future. 
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In this study, we studied the presence of α-synuclein pathology and tyrosine 

hydroxylase (TH) immunoreactivity, as a dopaminergic marker, in three 

hypothalamic nuclei with potential clinical implications in PD symptomatology 

(PVN, INF and SON) at different stages of the disease and correlated the 

histological findings with the clinical severity of non-motor features.  
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2.2 Methods. 

2.2.1 Study design and settings  

This is a case-control clinicopathological study of participants selected from the 

archives of the Queen Square Brain Bank for neurological disorders (QSBB). 

General information on the QSBB donation program can be found in Appendix 

1. Patients with neuropathological confirmation of the diagnosis of PD were 

matched with subjects with incidental Lewy body disease (people without 

evidence of neurological symptoms in life but presence of Lewy pathology on 

post-mortem examination) and healthy controls without clinical or 

neuropathological evidence of a neurological disease. The donation programme 

is approved by a London Multi-Centre Research Ethics Committee and the 

tissue is stored under a license from the Human Tissue Authority. Written 

consent was obtained from all participants for the use of clinical information 

and brain tissue for research purposes.  

Statistical significance was set at p<0.05 and results were not adjusted for 

multiple comparisons given the exploratory character of the study. Kruskal-

Wallis test was used for global comparisons and Mann-Whitney U test for 

pairwise comparisons between groups. Stata 12 (StataCorp, TX) software 

package was used for statistical analysis. 

 

2.2.2 Clinical assessment 

Clinical records including primary care medical notes and the correspondence 

between medical specialists and general practitioners were systematically 

reviewed. All PD patients were regularly reviewed by hospital specialists 

(neurologists or geriatricians) throughout the course of their illness. All other 

participants were registered with general practitioners in the United Kingdom. 
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Additionally, prospective brain donors were required to fill in QSBB registration 

and annual assessment forms containing relevant information about their 

medical condition.  

Information on weight changes, AutD and orthostatic hypotension was 

documented and the severity of the symptoms was graded using a 

semiquantitative score and classified as absent, mild, moderate or severe based 

on the clinical impression of the treating physician. These symptoms were 

clinically defined for this research study as follows. Weight loss was defined as 

an unexplained sustained (> 2 years) average reduction in body weight at any 

time during the disease course greater than 1.5 kg/year based on longitudinal 

studies reporting an average weight loss of about 0.45 kg/year in PD 

patients,(40, 52):  the amount of weight loss was subsequently graded as mild 

(>1.5-2 kg/year), moderate (>2-2.5 kg/year) or severe (>2.5 kg/year). 

Symptomatic orthostatic hypotension was defined as >20mm systolic or >10mm 

diastolic blood pressure drop upon standing associated with postural 

symptoms. AutD was defined by either abnormal cardiovascular autonomic 

function testing or documentation of any two of the following symptoms 

persistent for longer than 6 months and not attributable to a non-neurological 

cause:(53) (i) urinary urgency, increased daytime frequency and nocturia 

without hesitancy as defined by the International Continence Society,(54) (ii) 

constipation (< 3 defecations per week), having to strain to pass stools or 

regular use of laxatives, (iii) symptoms of upper gastrointestinal dysfunction 

including nausea, bloating and early satiety, (iv) symptomatic or documented 

orthostatic hypotension, (v) sweating abnormalities or (vi) erectile dysfunction 

in males.  

PD patients were subdivided in two groups based on the presence and severity 

of non-motor features: those with moderate-severe weight loss, autonomic 

failure and symptomatic orthostatic hypotension (PD+NMS group) were 

matched by age and disease duration with patients with a pathological 

diagnosis of PD and absent or mild weight loss, autonomic failure or 
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symptomatic orthostatic hypotension (PD-NMS group). Groups were compared 

to age-matched asymptomatic subjects with incidental Lewy body disease 

(incidental group) and healthy control individuals (control group)(Table 2.2).  
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Case number Weight loss 
 

Autonomic dysfunction Orthostatic 
hypotension 

PD+NMS    

1 Moderate Urinary symptoms-severe 
Constipation-severe 

Upper GI symptoms-severe 
Erectile dysfunction 

Severe 

2 Moderate Urinary symptoms-severe 
Constipation-severe 

Severe 

3 Severe Urinary symptoms-severe 
Constipation-severe 

Severe 

4 Severe Constipation-severe 
Upper GI symptoms-severe 

Erectile dysfunction 
Abnormal AFT 

Severe 

5 Severe Urinary symptoms-severe 
Constipation-severe 

Severe 

6 Severe Urinary symptoms-severe 
Upper GI symptoms-severe 

Erectile dysfunction 
Excessive sweating 

Abnormal AFT 

Severe 

7 Moderate Urinary symptoms-severe 
Constipation-moderate 

Erectile dysfunction 

Moderate 

8 Moderate Urinary symptoms-severe 
Constipation-severe 

Moderate 

PD-NMS    

9 Absent Constipation-mild 
Urinary symptoms-mild 

Absent 

10 Absent Absent Absent 
11 Absent Constipation-mild 

Urinary symptoms-mild 
Mild 

12 Absent Absent Absent 
13 Absent Absent Absent 
14 Absent Constipation-mild 

Urinary symptoms-mild 
Absent 

15 Absent Constipation-mild 
Urinary symptoms-mild 

Absent 

Incidental Lewy body disease   

16 - 22 Absent Absent Absent 

Healthy controls   

23 - 29 Absent Absent Absent 

Table 2.2. Clinical characteristics of study participants. 

*AFT, autonomic function test; GI, gastrointestinal.  
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2.2.3 Neuropathological assessment 

Formalin-fixed brain tissue blocks were sampled from representative areas of 

the central nervous system following standard QSBB protocols. The 

neuropathological diagnosis of PD was defined as the presence of moderate to 

severe cell loss in the ventrolateral tier of the SNpc associated with Lewy 

pathology in key vulnerable neuronal populations of the brainstem.(3, 55) 

Formalin-fixed tissue blocks including the hypothalamus were sampled and 

8μm thick sections were stained with haematoxylin and eosin (H&E) 

complemented with appropriate immunohistochemistry (Figure 2.1). TH 

catalyses the conversion of tyrosine to levodopa and it is the rate limiting 

enzyme in the cathecholamine synthesis pathway. TH expression is a well-

recognised marker of dopaminergic neurons and immunohistochemistry to this 

enzyme (1:5000, T2928, Sigma-Aldrich, St Louis, MO, USA) was used as a 

dopaminergic marker. TH immunoreactivity was graded in the three 

hypothalamic nuclei and also in the putamen and caudate nuclei using a 

semiquantitative scoring (intense, moderate, mild, absent). Additional 

immunohistochemistry against specific hypothalamic cell populations was used 

to help in the identification of hypothalamic nuclei, including oxytocin (1:2000, 

ab2078, abcam, Cambridge, MA, USA) for PVN and SON, CART (1:200, sc-

366086, Santa Cruz, CA, USA) for PVN and INF and AgRP (1:1000, Phoenix 

Pharmaceuticals H-003-53, Belmont, CA, USA) for INF (Figure 2.2).  

Lewy pathology was assessed for each case in each of the hypothalamic nuclei 

using a semiquantitative grading system (absent, mild, moderate, severe, very 

severe) identical to the consensus on synuclein pathology staging system.(11) 

For each case, distribution of α-synuclein pathology was also evaluated 

according to the staging system proposed by Braak (stage 0-6).(7) Assessment 

of the severity of histological changes was performed blinded to the 

symptomatology and clinical diagnoses.    
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Figure 2.1. Neuroanatomy of PVN, SON and INF hypothalamic nuclei. 

Representative coronal section of the brain (left) and hypothalamus (right) showing the 
neuroanatomy of the paraventricular (yellow rectangle), supraoptic (green circle) and 
infundibular (red triangle) hypothalamic nuclei. Photomicrographs are stained with 
Nissl cresyl violet method (original images obtained with permission from the Michigan 
State University Brain Biodiversity Bank).    

3V, third ventricle; OT, optic tract.  
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Figure 2.2. Representative sections of INF, PVN and SON hypothalamic nuclei. 

Images of H&E staining (A-C) complemented with immunohistochemistry for specific 
hypothalamic cell populations: AgRP (D), CART (E) and oxytocin (F). TH 
immunoreactivity was used as dopaminergic marker (G-I) and α-synuclein 
immunoreactivity (J-L) for assessment of Lewy pathology. Bar in a represents 260μm in 
A-C, 50μm in D-I and 25μm in J-L. 
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2.3 Results  

Cases were retrospectively selected and due to limited hypothalamic tissue 

availability a total of eight PVN, five INF and five SON nuclei were examined in 

the PD+NMS group; seven PVN, seven INF and seven SON in the PD-NMS group; 

seven PVN, five INF and six SON in the incidental group; six PVN, five INF and 

five SON in the healthy controls.  Comparisons of the main demographics and 

histological analysis are presented in Table 2.3.  
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 Controls Incidental PD-NMS PD+NMS 

Female:male 5:2 2:5 1:6 0:8 
Age in years 
(mean ± SD) 

81.51 ± 8.27 
(P=0.82) 

84.59 ± 4.89 
(P=0.16) 

77.49 ± 3.40 
(P=0.25) 

80.55 ± 4.29 

Braak stage (n)   P=0.005 P=0.56  
  Stage 2  1 0 0 
  Stage 3  2 0 0 
  Stage 4  3 0 1 
  Stage 5  0 1 1 
  Stage 6  1 6 6 
Disease 
duration in 
years 
(mean ± SD) 

NA NA 9.99 ± 5.26 
(P=0.49) 

11.67 ± 4.44 

PVN  α-
synuclein   

P<0.001 P=<0.001 P=0.20  

  Absent 6 6 0 0 
  Mild 0 1 4 7 
  Moderate 0 0 3 1 
PVN TH P=0.94 P=0.63 P=0.33  
  Mild 0 0 1 1 
  Moderate 5 4 6 5 
  Intense 1 3 0 2 
INF α-synuclein P<0.001 P=0.02 P=0.92  
  Absent 5 3 0 0 
  Mild 0 2 3 2 
  Moderate 0 0 4 3 
INF TH P=0.13 P=0.51 P=0.58  
  Absent 0 3 0 0 
  Mild 0 2 3 2 
  Moderate 5 0 4 3 
SON α-synuclein P=0.003 P=0.008 P=1  
  Absent 5 5 0 0 
  Mild 0 1 7 5 
SON TH P=0.51 P=0.83 P=0.33  
  Moderate 4 4 6 3 
  Intense 1 2 1 2 

Table 2.3. Demographic and histological data. 

P values of Mann-Whitney test using PD+NMS group as a reference. 
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No α-synuclein immunoreactivity was found in the group of healthy individuals. 

Lewy pathology was present in the three hypothalamic nuclei examined in all 

PD cases, with Braak stages 4-6, and also in 14.3% of PVN, 40% of INF and 

16.7% of SON in the incidental group with Braak stages ranging 2-6 (Table 2.3). 

In all three hypothalamic nuclei Lewy pathology was more severe in the 

PD+NMS group in comparison to incidental Lewy body disease (PVN: P = 0.001, 

INF: P = 0.02, SON: P = 0.008) but there was no difference between PD+NMS 

and PD-NMS groups (PVN: P = 0.20, INF: P = 0.92, SON: P = 1) (Figure 2.3). 

As expected, TH immunoreactivity in the striatum was significantly reduced in 

the PD+NMS group in comparison with healthy controls and the incidental 

group, although there were no differences in the TH staining between PD+NMS 

and PD-NMS groups (Figure 2.4). TH immunoreactivity in the assessed 

hypothalamic nuclei did not show any difference between the PD+NMS and the 

PD-NMS, incidental group and healthy controls.  
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Figure 2.3. Diagram representing Lewy pathology in PVN, INF and SON. 

Comparisons between each group and PD+NMS group as reference (P values of Mann-
Whitney test applied).  

 

 

Figure 2.4. Diagram representing TH immunoreactivity in PVN, INF and SON. 
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2.4 Discussion  

Our study demonstrated Lewy pathology in the PVN, INF and SON of the 

hypothalamus in all of the PD patients which included cases ranging from Braak 

stage 4-6. Importantly, we also demonstrated that Lewy pathology in these 

nuclei may precede motor symptoms as, in the incidental group, Lewy 

pathology was observed as early as Braak stage 2. The significance of incidental 

Lewy body disease is still under debate but evidence from histological studies 

suggests that it is a pathologic condition representing preclinical PD rather than 

age-related α-synuclein pathology.(56-58) Therefore our study also showed that 

the severity of α-synuclein deposition increased with disease progression, as 

pathological changes were more severe in patients with advanced PD (PD+NMS 

and PD-NMS) in comparison to subjects with incidental Lewy body disease. 

The presence of Lewy bodies in the hypothalamic nuclei has been previously 

investigated with conflicting results which might be explained by the 

heterogeneity in the histological methods used for assessment.(48-50) The 

more frequent hypothalamic involvement by PD pathology in our cases cannot 

be explained by a selection bias towards more severe individuals as Lewy 

pathology could be found in early preclinical stages. Previous studies might 

have underestimated the true amount of hypothalamic pathology and the use 

in our study of more sensitive anti-α-synuclein immunohistochemistry, as 

opposed to anti-ubiquitin, might have increased the detection of Lewy 

pathology. Although our results contrast with those of the Braak staging system 

which describes involvement of the tuberomamillary and ventromedial nuclei in 

stages ≥ 4 (7), it should be noted that Lewy pathology was never greater than 

moderate in the SON, PVN and INF in our case series.  We hypothesize that the 

involvement of these hypothalamic nuclei at an early stage (Braak stage 2) 

might be explained by the extensive hypothalamic connections with the lower 

brainstem. (29, 33) This early hypothalamic involvement may also have clinical 

implications as hypothalamic dysfunction could contribute to some of the NMS 

in pre-motor stages of the disease.  
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Our study is the first to provide a clinical correlation of the histological changes 

with the severity of NMS. The PVN, INF and SON were assessed in this study 

because of their physiological role and potential clinical implications in AutD, 

weight loss and blood pressure dysregulation respectively, which are well 

known symptoms of PD.(15)  However, our study did not show any differences 

in severity of α-synuclein deposition in any of the hypothalamic nuclei assessed 

between patients with and without severe NMS. Previous studies failed to show 

a correlation between the presence of Lewy bodies and neuronal loss 

questioning the pathophysiological significance of Lewy body pathology in 

hypothalamic dysfunction. (49, 50, 59) In addition to neuropathological studies, 

the presence of hypothalamic dysfunction in PD is also supported by in vivo 

studies with functional imaging describing involvement of dopamine and other 

monaminergic systems.(46, 47) Recent MRI studies using various sequences 

have tried to correlate hypothalamic involvement with some of the non-motor 

features in PD although this technique is not able yet to analyse specific 

hypothalamic nuclei. Volumetric MRI has demonstrated a reduction of 

hypothalamic grey matter correlating with disease severity and melatonin 

levels, (45) while resting-state functional MRI has shown a reduction in 

hypothalamic-thalamic-striatal functional connectivity in patients with severe 

autonomic symptoms.(60) It is likely that the non-motor features evaluated in 

this study have a multifactorial origin and their severity is likely to be a 

combination of dysfunction of regulatory mechanisms with anatomical 

involvement in multiple areas of the central and peripheral nervous system. 

Because of this multifactorial origin making any firm conclusions regarding the 

clinical correlation of the histological changes of the hypothalamus in patients 

with PD may be challenging. The assessment of the hypothalamic dopaminergic 

systems using TH immunoreactivity in our patients did not show any differences 

between the groups, in agreement with previous pathological studies using TH-

(50) and melanin-immunohistochemistry.(51) Therefore, taken together these 

findings suggest that it is likely that functional deficits involving non-

dopaminergic systems rather than Lewy pathology may be responsible for 
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hypothalamic dysfunction which may contribute to some of the non-motor 

features in PD.(61)   

Potential limitations of this study include the relatively small number of 

subjects and lack of quantitative assessment of specific hypothalamic neuronal 

populations which was not possible due to the retrospective nature of the 

study. 

In conclusion we showed that Lewy pathology occurs at early stages (even pre-

clinical phase) and progressively affects the PVN, INF and SON in PD. Lewy 

pathology in these hypothalamic nuclei does not correlate with the severity of 

certain NMS in our patients and the dopaminergic hypothalamic system was 

not impaired. Further functional studies assessing specific neurotransmitter 

levels and prospective histological studies to assess specific neuronal 

populations together with clinical correlations are warranted to further 

elucidate the role of hypothalamic dysfunction and its influence on NMS in PD.     
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Chapter 3. Circadian system in Parkinson’s disease: A 

histological analysis of the suprachiasmatic nucleus and 

pineal gland. 

3.1 Introduction 

3.1.1 Circadian system in humans 

Circadian rhythms are the biological cycles affecting physiological function and 

behaviour. In humans, circadian rhythms are generated with a periodicity of 

(nearly) 24 hours and they influence all body functions, the sleep-wake cycle 

being the most apparent. The suprachiasmatic nucleus (SCN) is a paired small 

structure in the anterior hypothalamus that acts as a central biological 

clock.(62) The SCN comprises a core region of vasointestinal polypeptide (VIP) 

synthesizing neurons that play a critical role in circadian regulation, and a shell 

region of vasopressin neurons which have complementary functions.(63) The 

SCN dictates a strong circadian output while remains sensitive to any changes in 

exogenous factors (seasonal changes, shift work, time-zone travel) or 

misalignments between endogenous and exogenous circadian rhythms. The 

circadian activity of the SCN is the result of the rhythmic pattern of expression 

of a group of core genes known collectively as clock genes (PER, CLOCK, BMAL1, 

CRY) at a molecular level. Their expression is regulated by a complex set of 

interlocking feedback loops at transcription, translation and post-translation 

level and their pattern of expression has been proposed as a peripheral 

biomarker of circadian activity.(64) The SCN synchronizes all body functions in 

central and peripheral structures using neural and humoral signals. (62) 

Melatonin is the main humoral circadian efferent of the SCN and it is also the 

most important endogenous entraining agent for the SCN. Melatonin is 

synthesized by the pinealocytes of the pineal gland during darkness and this is 

regulated by the SCN activity through a multisynaptic pathway via the superior 

cervical ganglion (Figure 3.1).(65)  
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Figure 3.1. The circadian system. 

PVN, paraventricular nucleus; RHT, retino-hypothalamic tract; SCG, superior cervical 
ganglion; SCN, suprachiasmatic nucleus. 
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There is no pineal storage of melatonin and circulating concentrations show a 

strong circadian pattern which is considered a good biological marker of 

circadian activity.(66) The SCN receives information from exogenous and 

endogenous sources in order to maintain the entrainment of circadian activity 

with environmental rhythms. The main external information comes from the 

light through the retino-hypothalamic tract to the phase sensitive VIP neurons 

of the SCN. The SCN also receives endogenous input from multiple peripheral 

oscillators throughout the body and feedback from circulating melatonin.      

Good synchronisation of circadian rhythms is essential for optimal physical and 

mental health and symptoms of acute circadian misalignment can be 

experienced after shift work or time-zone air flights.(67, 68) Chronic circadian 

dysfunction can cause more deleterious effects on human health and increasing 

evidence is an association of their disruption with metabolic disturbances,(69) 

increased cancer risk,(70) immune disorders,(71) renal dysfunction,(72) 

cardiovascular disease,(73) impaired cognition (74) and mental health 

disorders.(75) Not surprisingly, circadian dysfunction has also been reported in 

neurodegenerative disorders such as Alzheimer’s disease, Huntington’s and PD 

contributing to their varied symptomatology. Moreover, recent evidence 

suggests that circadian dysfunction could also act as a causative or contributing 

factor to the neurodegenerative process in these disorders.(76) 

 

3.1.2 The circadian system in degenerative parkinsonian disorders  

Circadian function in PD has attracted research interest in the last several years 

and growing evidence from clinical studies demonstrated the potential 

contribution of circadian dysfunction to PD symptomatology. Disruption of the 

sleep-wake cycle is the most obvious symptom and recent studies with careful 

design and strict protocols to control exogenous factors have shown disruption 

of sleep architecture and excessive daytime sleepiness associated with reduced 
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circulating melatonin. (77, 78) In addition, actigraphic studies have 

demonstrated disruption of the physiological motor pattern, with PD patients 

displaying increased activity at bedtime and reduced activity levels during the 

day which correlates with disease stage.(79, 80) PD patients exhibit worsening 

of their motor symptoms with diminished motor response to levodopa therapy 

in the evening unexplained by pharmacokinetic factors (81, 82) which may 

reflect underlying circadian dysregulation of the dopaminergic systems.(83) 

Fluctuation in retinal dopamine levels has been proposed as responsible for the 

diurnal variation in visual contrast sensitivity seen in patients with PD.(84) 

Circadian dysfunction has been implicated in variations of autonomic 

physiological functions including heart rate,(79, 85) blood pressure profile(86, 

87) and body temperature regulation.(88)    

Although evidence is more limited in other neurodegenerative parkinsonian 

disorders, observational studies have evaluated the possibility of circadian 

dysfunction contributing to abnormal fluctuations of body functions in patients 

with MSA and PSP. AutD including blood pressure dysregulation is a well-known 

symptom in MSA and loss of vasopressin neurons in the SCN (89) and 

abnormalities of cortisol and vasopressin secretion (90, 91) have both been 

implicated as potential indicators of underlying circadian dysfunction 

contributing to symptom fluctuation. Moreover, abnormalities of body 

thermoregulation have been described in MSA and PSP patients (92, 93) and 

disruption of the pattern of rest-activity (94) and blood pressure profile (95) 

have been shown in PSP.  

It is worth noting that disruption of physiological rhythms in neurodegenerative 

parkinsonian disorders cannot always or exclusively be attributed to circadian 

dysfunction and a primary involvement of those physiological functions in 

association with other multiple factors may contribute to the symptomatology. 

As an example, primary disruption of sleep architecture, nocturia, nocturnal 

motor symptoms and dopaminergic medications, in addition to circadian 

dysfunction, are well recognised factors contributing to sleep-wake cycle 
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abnormalities in PD.(96) The evidence supporting circadian dysfunction in PD is 

more robust and several studies have additionally demonstrated abnormalities 

in multiple biological markers of circadian activity including expression of clock 

genes (77, 97-99) and secretion of melatonin (77, 78, 100) and cortisol. (77, 

101, 102) However, the extent of these circadian abnormalities and their clinical 

relevance remain uncertain. Although collectively these results indicate a direct 

involvement of the circadian system in PD, the neuroanatomical site of 

disruption of circadian abnormalities remains unknown and the underlying 

pathophysiological mechanisms are still not fully understood. Studies on 

markers of circadian activity in other parkinsonian conditions have never been 

performed and it is unclear whether circadian dysfunction is an intrinsic 

element of the neurodegenerative process in these disorders or an indirect 

consequence of dysfunction of other physiological networks (e.g. autonomic 

nervous system).  

The aim of this study is to provide a detailed histopathological analysis of the 

key structures of the circadian system including the SCN of the hypothalamus 

and the pineal gland in patients with PD in order to provide a better 

understanding of the underlying pathophysiology of circadian dysfunction. 

Results in PD patients will be compared with a group of MSA and PSP patients 

to elucidate whether a direct neuropathological involvement of the circadian 

system is shared among these neurodegenerative disorders (as opposed to 

disruption of biological rhythms as a consequence of dysfunction of other 

physiological systems) or circadian involvement is a specific feature of PD (and 

some of the other parkinsonian conditions). Additionally, the detailed 

neuropathological evaluation will provide information on what specific 

anatomical structures within the circadian system are affected by the 

neurodegenerative process and are likely to be the dysfunctional target of 

future research.  
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3.2 Methods 

3.2.1 Study design and participants 

This is a retrospective neuropathological case-control study. Cases with a 

diagnosis of PD confirmed at autopsy were selected from the archives of the 

QSBB and the Parkinson’s UK Brain Bank, both in London. A group of patients 

with pathologically confirmed diagnosis of PSP and MSA, and healthy 

individuals without clinical or pathological evidence of a neurological condition 

were selected from the QSBB and included as a disease / healthy control group. 

The donation programmes of both brain tissue resources have Research Ethics 

Committee approval and written consent was obtained for all donations. 

General information on the QSBB donation program can be found in Appendix 

1. 

Kruskal-Wallis test was used for global comparisons and Mann-Whitney test for 

pairwise comparisons between groups. Statistical significance was set at p<0.05 

and results were not adjusted for multiple comparisons given the exploratory 

character of the study. Stata 12 (StataCorp, TX) software package was used for 

statistical analysis. 

 

3.2.2 Neuropathological assessment 

Post-mortem formalin-fixed hypothalamic and pineal tissue was sampled and 

8μm thick sections were stained using QSBB standard protocols. As the SCN 

cannot be confidently identified with routine staining, VIP 

immunohistochemistry (1:80, ab8556, abcam, Cambridge, MA, USA) was used 

to identify specific VIP-expressing neurons which form the core region of the 

SCN and have a major role in circadian regulation.(103) Due to limited tissue 

availability a total of 13 SCNs and 17 pineal glands in the PD group, 5 SCNs and 
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19 pineal glands from PSP cases, 5 SCNs and 6 pineal samples from MSA 

patients, and 5 SCNs and 7 pineal glands from controls were examined. 

Immunohistochemistry for α-synuclein (1:50, Vector, Burlingame, CA, USA) and 

phosphorylated tau (AT8; 1:600, Bioscience life sciences, Nottingham, UK) was 

performed. Lewy pathology was assessed using a semi-quantitative grading 

system identical to the consensus on assessment of Lewy body disorders 

(11)(absent, mild, moderate, severe, very severe) in the SCN and pineal gland of 

PD cases (Figure 3.2). Based on the severity and distribution of Lewy pathology 

a Braak stage (0-6)(7) and a Lewy pathology subtype (brainstem, limbic, 

neocortical) was assigned for each PD case.(104) Neuropathological diagnosis of 

MSA was made according to relevant diagnostic criteria (105) and glial 

cytoplasmic inclusions (the pathological hallmark of this condition) were graded 

using a similar semiquantitative scale in SCN and pineal tissue of MSA cases. 

The diagnosis of PSP was established based on the accumulation of tau-

immunoreactive inclusions (including neurofibrillary tangles, neuropil threads, 

tufted astrocytes and coiled bodies) and neuronal loss in typical distribution 

(106) and severity of histological findings were graded using a semiquantitative 

approach.  
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Figure 3.2. Representative sections of the SCN and pineal gland. 

Immunohistochemistry for VIP was used for identification of the SCN (A; arrow); inset 
shows expression in neuronal cell bodies and processes. Immunohistochemical staining 
of the SCN for α-synuclein (B) showing Lewy pathology in a patient with PD, and for 
phosphorylated tau (C) showing PSP-tau related pathology in a patient with PSP. 
Immunohistochemical staining of pineal tissue for α-synuclein (D) showing Lewy 
pathology in a PD patient. Scale bar in D represents 520 μm in A, and 25 μm in inset of 
A, B-D.   

3V, third ventricle; PVN, paraventricular nucleus; SCN, suprachiasmatic nucleus; SON, 
supraoptic nucleus. 
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3.3 Results 

A total of 28 PD, 21 PSP and 11 MSA patients were included, in addition to 12 

healthy controls. Demographics and clinical characteristics are shown in Table 

3.1. Groups did not differ by gender (P = 0.321). MSA (P < 0.001) and PSP 

patients (P < 0.001) were younger than controls but the latter did not differ by 

age from patients with PD (P = 0.098). As expected, disease duration was 

shorter in MSA (P < 0.001) and PSP cases (P < 0.001) in comparison to PD 

patients.   

In PD cases, Lewy pathology was demonstrated in 9 cases (69.2%) in the SCN 

with mild or moderate severity but in none of the controls (P = 0.014). By 

contrast, mild α-synuclein deposition was only found in 2 pineal glands in PD 

cases (11.8%). These findings did not reach statistical significance when 

compared to healthy controls (P = 0.354) (Table 3.1 and Figure 3.3). To assess 

whether SCN α-synuclein deposition was associated with the extent and 

severity of Lewy pathology in the central nervous system, an analysis by Braak 

stage (Braak stage 5 vs Braak stage 6; P = 0.245) and Lewy pathology type 

(Limbic vs neocortical; P = 0.536) was performed without any differences being 

identified between groups. 

In PSP cases the SCN showed PSP-tau pathology of mild or moderate severity in 

all cases (P = 0.005 compared to controls) but no tau pathology was found in 

pineal tissue (Figure 3.2).  By contrast MSA cases did not show any α-synuclein 

deposition in either the SCN or the pineal gland (Table 3.1 and Figure 3.3).     
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 Control  
(n = 12) 

PD  
(n = 28) 

MSA  
(n = 11) 

PSP  
(n = 21) 

Sex (male:female) 
P value  

6:6 
 

22:6 
0.074 

7:4 
0.519 

13:8 
0.512 

Age diagnosis (y) NA 64.6 ± 12.6 63.3 ± 6.4 66.9 ± 6.8 
Age death (y) 
P value 

82.7 ± 
5.4 

79.4 ± 6.4 
P = 0.098 

70.0 ± 7.1 
P < 0.001 

74.4 ± 6.9 
P < 0.001 

Disease duration (y) 
P value (PD as reference) 

NA 14.7 ± 8.7 6.8 ± 3.4 
P < 0.001 

7.5 ± 3.2 
P = 0.002 

SCN (n) 5 13 5 5 
SCN pathology; n (%) 
P value 

Absent 5 
(100%) 

Absent 4 (30.8%) 
Mild 7 (53.8%) 

Moderate 2 (15.4%) 
P = 0.014 

Absent 5 
(100%) 
P = 1 

Mild 2 (40%) 
Moderate 3 (60%) 

P = 0.005 

Pineal (n) 7 17 6 19 
Pineal pathology; n (%) 
P value 

Absent 7 
(100%) 

Absent 15 (88.2%) 
Mild 2 (11.8) 

P = 0.354 

Absent 6 
(100%) 
P = 1 

Absent 19 (100%) 
P = 1 

Braak stage; n (%) 
P value  
(Braak 5 vs Braak 6) 

NA Braak 5: 3 (12%) 
Braak 6: 22 (88%) 

P = 0.245 

NA NA 

Lewy body subtype 
P value  
(limbic vs neocortical) 

NA Limbic: 5 (21.7%) 
Neocortical: 18 

(78.3%) 
P = 0.536 

NA NA 

Table 3.1. Demographics and histological findings. 

P values of Mann-Whitney test applied for comparisons with control group as 
reference unless stated otherwise.  
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Figure 3.3. Bar graph representing neuropathological findings in SCN and pineal 
by disease. 
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3.4 Discussion 

This is the first study to provide a histological analysis of the key regulatory 

structures of the circadian system in PD and other parkinsonian disorders and 

has demonstrated a different pattern of involvement in PD, PSP and MSA with 

important clinical and pathophysiological implications.  

First, our findings showed that neuropathological involvement of the circadian 

system is not common to all neurodegenerative diseases, as there was no 

evidence of abnormal α-synuclein deposition in patients with MSA. Therefore, 

our results suggest that specific neuronal populations of the circadian 

structures (core VIP-expressing neurons of the SNC) exhibit certain vulnerability 

to specific neurodegenerative diseases (Alzheimer’s and Huntington’s 

disease,(76, 107) in addition to PD and PSP) rather than the circadian system 

being just a fragile network susceptible to any neurodegenerative process. 

Further research is needed to elucidate the shared molecular mechanisms by 

which these neurodegenerative diseases cause circadian degeneration although 

mechanisms such as oxidative stress, abnormalities of autophagy and 

disruption of metabolic pathways have been proposed.(107)  

Second, our histological analysis identified a clear distinct pattern of 

neuropathological involvement of the circadian system in PD and also PSP, 

suggesting that the neuroanatomical site of circadian disruption is located in 

the SCN (rather than the pineal gland). Circadian dysfunction in PD and PSP is 

likely to be caused by direct neuropathological involvement of the central 

circadian pacemaker (SCN) as it was found to be exclusively affected in PSP and 

more consistently involved in PD. Studies on melatonin secretion in PD support 

this pattern of involvement as, when interpreted together, in addition to 

reduced circulating melatonin, there is also abnormalities in the circadian 

rhythmicity of melatonin secretion.(77, 78, 100, 108, 109) We explored any 

potential relationship between SCN α-synuclein deposition and the 

neurodegenerative process in PD but we did not find any association with 
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histological progression in the central nervous system (measured by 2 different 

accepted staging systems). Although as expected in a brain bank series our 

study only included PD cases in advanced stages of the disease, this suggests 

that histological involvement of the SCN is independent of the stereotyped 

progression of the Lewy pathology which is consistent with previous clinical 

studies showing that circadian dysfunction can be seen even in newly diagnosed 

PD patients.(77) We could only find α-synuclein deposition in pineal tissue in 2 

PD patients (11.8%), although this was of mild severity, showing Lewy neurites 

but without Lewy bodies, and these findings did not reach statistical 

significance when compared to controls. The pineal gland was unaffected by 

tau pathology in all PSP cases.  

To our knowledge, this is the first systematic neuropathological assessment of 

the circadian system in PD and other neurodegenerative parkinsonian disorders 

which has identified the VIP-neurons of the SCN as the key neuroanatomical 

structure likely to be dysfunctional in PD and PSP. The SCN has never been 

previously assessed in PD or PSP, and pineal gland tissue had only been 

analysed before in 3 patients with PD,(110) with no Lewy bodies found 

although, the  Lewy pathology may have been underestimated as sensitive α-

synuclein immunohistochemistry was not available at that time. The potential 

role of the SCN in circadian dysfunction in PD was suggested by a previous study 

showing reduced hypothalamic grey matter on MRI which correlated with 

reduced melatonin output,(45) although dedicated imaging of the SCN or pineal 

gland were not technically possible.    

Clinical studies have shown disruption of some of the biological functions in 

patients with PSP including rest-activity cycle, blood pressure pattern and body 

temperature regulation.(93-95) However, our study provides for the first time 

direct evidence of a primary involvement of the circadian system in PSP, as no 

studies had included biological markers of circadian activity. In contrast with 

PSP, the SCN and pineal gland seem to be spared from α-synuclein deposition in 

MSA. Previous clinical studies have shown evidence for fluctuations of 
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symptoms and body functions suggestive of circadian rhythm disruption in 

patients with MSA (89, 90, 92) but there are no studies directly assessing 

markers of circadian activity. Our results do not support the primary 

involvement of the circadian system by glial or neuronal α-synuclein containing 

inclusions in MSA and it seems plausible that disruption of biological function 

rhythms in these patients may be secondary to degeneration of other systems 

such as autonomic and neuroendocrine networks. Previous pathological studies 

have shown loss of vasopressin neurons in the SCN of patients with MSA (89) 

although vasopressin neurons may be more involved in autonomic function 

control while circadian rhythm regulation is exerted by VIP-expressing 

neurons.(63, 103)  

Whether an intrinsic part of the neurodegenerative process or a secondary 

consequence of dysfunction of other systems, circadian disruption has been 

linked to regulation of oxidative stress, protein degradation, autophagy, 

mitochondrial dysfunction, DNA repair and brain metabolism.(107, 111) These 

mechanisms are impaired in neurodegeneration and, therefore, it has been 

proposed that circadian disruption does not only contribute to some of the 

non-motor symptoms associated with these diseases but also could influence 

the pathological process in neurodegenerative conditions.(76, 107, 111) This is 

important, as restoring normal circadian activity by therapeutic interventions 

could potentially represent a novel target for symptomatic and disease-

modifying interventions.(112) In this regard, a few studies have explored the 

potential symptomatic effect of restoring circadian rhythmicity by 

administration of melatonin or exposure to bright light therapy in patients with 

PD. Data on the use of melatonin for the treatment of sleep abnormalities in PD 

have been inconclusive(17, 113) based on two randomised studies which 

reported minimal benefits of uncertain clinical significance and subjective 

improvement of quality of sleep at different doses.(114, 115) Promising results 

have been reported regarding the use of bright light therapy in sleep, motor 

function and mood in PD (116) although it has only been assessed in two 

randomised placebo-controlled trials with different light therapy regimes and 
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assessment protocols, making it difficult to draw firm conclusions. The most 

recent one showed significant improvement of excessive daytime sleepiness, 

several measures of sleep quality and architecture, rest-activity cycles on 

actimetry among PD patients in the treatment group, and interestingly, an 

improvement of PD severity in parts I, II and III of the Unified Parkinson’s 

Disease Rating Scale (UPDRS) in patients in both groups (placebo group received 

dim-red light therapy).(117) A previous randomised trial had shown also 

benefits in mood disturbances, parts I, II and IV of the UPDRS in comparison to 

the placebo group, but failed to improve motor UPDRS or sleep.(118)  

Our study had few limitations. Assessment of circadian rhythms requires a strict 

control of external modifying factors and no accurate clinical information on 

circadian activity was available in our patients preventing any clinical 

correlation of our histological findings. Because of limited tissue availability we 

were unable to perform quantitative assessment of specific neuronal 

populations, particularly of the VIP neurons of the core of the SCN, in order to 

evaluate neuronal loss.  

In conclusion, we have shown a direct neuropathological involvement of the 

circadian system in patients with PD and PSP, while no histological involvement 

was found in MSA patients. The pattern of neuropathological involvement was 

similar in PD and PSP, suggesting that circadian dysfunction is likely to be 

secondary to the involvement of the VIP neurons of the SCN. In contrast, 

abnormalities of biological rhythms in MSA are unlikely to be related to a 

primary involvement of the circadian system, and may be secondary to 

degeneration of other functional networks. 
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Chapter 4. Constipation in Parkinson’s disease: a clinical, 

colonic transit, high-resolution manometry and MRI 

defecography study.  

4.1 Introduction 

The gastrointestinal (GI) system in PD has attracted much attention in the last 

few decades in PD research. A much more precise and detailed account of the 

extent of GI dysfunction and the associated clinical implications in PD have now 

emerged although the importance of the GI is not only restricted to the clinical 

aspects. Accumulating evidence has emerged from many different studies and 

areas of research implicating the early changes in the function of the GI system 

in the pathogenesis of PD and it has been suggested that the enteric nervous 

system might be a crucial neuroanatomical structure in the spreading of α -

synuclein deposition and the neurodegenerative process of the disease.(21)  

 

4.1.1 Role of the GI system in Parkinson’s disease pathogenesis   

GI symptoms can manifest during the prodromal phase and several studies 

have shown that constipation is associated with an increased risk of 

development of PD even in those with duration of symptoms for more than 10 

years.(18, 119, 120) This early clinical involvement is also supported by the 

presence of early pathological changes in peripheral anatomical structures of 

the enteric nervous system, namely the mucosal nerve fibres and the 

submucosal and myenteric plexuses. α-Synuclein accumulation has been 

demonstrated at virtually all the levels throughout the GI system including 

submandibular gland, oesophagus, stomach, appendix and colon, showing a 

rostro-caudal gradient with greatest involvement in the submandibular gland 

and lower oesophagus.(121-123) These early promising results led to further 
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studies investigating immunohistochemical detection of α-synuclein as a 

potential biomarker. However, heterogeneity of the results and the inability of 

the current techniques to distinguish between physiological and pathological 

synuclein are currently unable to provide enough specificity as a diagnostic 

biomarker, although further research is ongoing to overcome these 

challenges.(124) 

The early clinical and pathological involvement of the enteric nervous system in 

PD supports the crucial role of the GI system in the pathogenesis of PD and the 

hypothesis that PD may start in the gut has attracted much research attention 

in recent years. In this gut-brain hypothesis, two different anatomical 

structures, the epithelial intestinal mucosa and the vagus nerve, are 

fundamental in the process of allowing a potential external pathogen to spread 

the neurodegenerative process from the enteric nervous system to the brain. 

The enteric nervous system innervation is supplied by the vagal nerve and the 

projecting neurons in the dorsal motor nucleus of the vagus are among the first 

central structures to show pathological involvement in PD.(7) Pathological 

changes in PD are considered to progress among vulnerable anatomically 

connected structures rostrally from the nuclei in the lower brainstem to cortical 

areas in a predictable manner. The pathological stages of the disease proposed 

by Braak are based on this stereotyped progression after a comprehensive 

neuropathological assessment of Lewy pathology of a large group of PD 

patients at different stages of the disease.(7) Based on the early involvement of 

the enteric nervous system and the caudo-rostral progression of 

histopathological changes, it has been proposed that the GI system could be the 

site of onset of the pathogenesis of PD which subsequently would spread 

through vagal connections to the brainstem and other central structures.(125) 

Recent studies have shown that people with complete truncal vagotomy had a 

reduced risk of subsequent PD supporting the idea of the vagus nerve as 

potential route for α-synuclein spreading.(126) The GI mucosa provides the 

greatest surface in the human body for interaction with exogenous substances 

and, in this scenario, it would also provide the gateway where a potential 
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neurotropic pathogen could induce α-synuclein aggregation. Dysfunction of the 

epithelial barrier with increased permeability, changes in the composition of 

the microbiota and increased levels of inflammation in the gut lumen have all 

been demonstrated in patients with PD and considered to contribute to the 

initiation of the PD pathogenic cascade.(127, 128) Although an appealing 

hypothesis that is tentatively supported by preclinical data, this theory is not 

widely accepted, there is a whole body of evidence against and it is the matter 

of an intense debate in the research community.(129, 130)      

    

4.1.2 Constipation in Parkinson’s disease 

In addition to the potential role in PD pathogenesis, GI dysfunction is associated 

with a wide range of symptoms including sialorrhoea, dysphagia, impairment of 

gastric motility and constipation, that contribute significantly to the clinical 

burden of non-motor features associated with PD. They are also likely to play 

part in the pathophysiological changes that underlie the development of motor 

fluctuations, as impairment of gastric motility and its consequences (small 

intestinal bacterial overgrowth, Helicobacter pylori infection) can interfere with 

levodopa absorption.(131) 

Constipation is one of the most common symptoms in PD with an estimated 

prevalence of approximately 50%, although results vary widely among studies 

due to application of different criteria for definition.(132) Because of the 

variability in patient symptomatology and multiple definitions used, the widely 

accepted ROME III criteria for functional constipation were developed by 

gastroenterologists in order to standardise diagnosis.(133) To date, these 

criteria have not been validated in PD research and they have not been widely 

used to evaluate constipation in patients with PD. Prevalence of constipation 

seems to increase with disease progression and severity of the disease 

although, as discussed earlier, constipation might be one of the earliest 
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prodromal manifestations of PD presenting many years before the onset of 

motor symptoms.(131)  

 

4.1.3 Evaluation of constipation 

From a pathophysiological perspective, constipation can be divided in slow 

transit constipation and defecatory (anorectal) dysfunction. Each of them is 

associated with different symptoms and underlying mechanisms requiring 

specific investigations and management. Slow transit constipation is the most 

widely recognised feature leading to a reduction in bowel movements and it is 

presumably due to the impaired colonic motility secondary to the pathological 

involvement of the enteric nervous system.(131, 134) Defecatory dysfunction 

(also known as outlet obstruction constipation) resulting in incomplete 

evacuation, pain and excessive straining, is a consequence of the impairment of 

the multiple complex coordinated mechanisms involved in defecation.(135)    

The first step in the assessment of constipation should be a systematic 

evaluation of the symptoms and their severity. Generic questionnaires to assess 

NMS in PD do not evaluate constipation in detail (14) and, until a specific 

questionnaire for constipation in PD is designed, it seems reasonable that 

whatever assessment tool is used it should evaluate both slow transit and 

defecatory type of symptoms.(133) When patients do not respond to stool 

regulation, additional investigations are useful in the evaluation of the 

mechanisms underlying the symptoms of constipation and response to 

treatment.  

Colonic transit time can be easily estimated measuring the movements of 

radiopaque markers through the gut. Although different protocols are available, 

markers are ingested, subsequently identified on an abdominal X-ray and the 
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transit time is estimated based on the numbers of remaining markers in three 

colonic regions, namely right, left and rectosigmoid colon.(136)  

Normal defecation involves coordinated complex reflex and voluntary functions 

which are triggered by the distension of the rectal wall. If socially appropriate, 

the voluntary contraction of the abdominal wall muscles increases colonic 

pressure, the relaxation of the puborectalis muscle widens the anorectal angle 

and the relaxation of anal sphincter allows the evacuation of the faeces. 

Assessment of defecatory function is crucial for understanding the mechanistic 

pathophysiology in order to provide effective symptomatic management of 

constipation and it is generally agreed that no single test can provide a full 

assessment of anorectal function. A comprehensive battery of tests measuring 

anorectal sensorimotor function, evacuation and structure should be included 

and results should be interpreted in conjunction given the common 

multifactorial origin of constipation and the overlap between pathological and 

physiological parameters.(137, 138)   

Anorectal manometry (ARM) is the best established test for the assessment of 

defecatory function in clinical settings and provides a comprehensive evaluation 

of anorectal sensorimotor function comprising a battery of tests at rest and 

during defecatory manoeuvres which include anal sphincter function, rectal 

sensation, rectoanal reflex activity and pressure measurements during 

attempted defecation.(139) With recent technical advances, high-resolution 

ARM is increasingly replacing conventional ARM as it provides a more accurate 

assessment, allows integrated measurement of pressures and performance of 

balloon expulsion test.  

Defecography is a simple test involving the insertion of a stool substitute into 

the rectum followed by imaging at rest and during rectal evacuation that, in 

addition to an assessment of pelvic floor structure, allows evaluation of real-

time dynamic defecatory function (pelvic floor descent, puborectalis relaxation 

and measurement of anorectal angle) and evacuation of faeces. MRI is 
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superseding traditional videofluoroscopic techniques as it avoids ionising 

radiation and allows excellent soft tissue differentiation. 

The assessment of constipation in patients with PD has previously been 

evaluated in several studies and both, slow transit and anorectal dysfunction 

have been reported.(132, 135) However, its pathophysiology remains poorly 

understood and this carries important clinical implications as symptomatic 

management of slow transit and defecatory dysfunction differ significantly. 

Although previous studies provided significant advances in the characterization 

of constipation in PD, several limitations regarding the design of the studies and 

heterogeneity in the results prevent any firm conclusions. Firstly, most of the 

previous studies report results of investigations for the assessment of 

constipation in isolation, without other additional complementary tests to allow 

a systematic evaluation of the symptoms.(140-143) It is well accepted that 

these investigations are of little clinical utility when individually performed 

because of the difficulties of interpreting the results given the overlap between 

health and disease, and the lack of correlation between a single physiological 

abnormality and symptoms.(137-139, 144) Isolated tests of defecatory function 

can also erroneously attribute the origin of the symptoms to a single 

pathophysiological abnormality, failing to diagnose and address the commonly 

multifactorial cause of the problem. Secondly, most of the studies assessing 

constipation in PD were performed a few decades ago with conventional 

historical diagnostic techniques, and, with a few exceptions reporting results 

using high resolution ARM,(142, 145) more recent studies have not 

incorporated technological advances in the evaluation of the symptoms such as 

MRI defecography. 

In this study, we report the results of a systematic assessment of patients with 

PD and subjective constipation including validated clinical questionnaires, 

colonic transit, high-resolution ARM and MRI defecography in order to provide 

a correlation of the results with the severity and extent of the symptoms, and 
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understand the pathophysiological mechanisms driving constipation in patients 

with PD. 
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4.2 Methods    

4.2.1 Subjects and study design 

Participants with a diagnosis of PD based on the United Kingdom Parkinson’s 

Disease Society Brain Bank diagnostic criteria (3) and subjective complaints of 

constipation were prospectively recruited from the Movement Disorders clinic 

at the National Hospital for Neurology and Neurosurgery, Queen Square 

between June 2016 and February 2018. Patients with the following features 

were excluded from the study: signs or symptoms consistent with secondary or 

atypical parkinsonian disorders, pregnancy, major colonic or pelvic floor 

surgery, significant organic colonic disease (inflammatory bowel disease, severe 

diverticulosis, etc.), significant systemic connective tissue disorders 

(scleroderma), significant active psychiatric disorder or chronic regular opioid 

use (> 1 take per day). All patients provided informed written consent and the 

study was approved by the assigned Research Ethics Committee.  

Patients were assessed while on their regular medications including treatment 

with anticholinergics and laxatives. Clinical and demographic data were 

recorded. Severity of PD related symptoms was assessed using the Hoehn and 

Yahr scale (HY) for disease stage, the part III of the Movement Disorders Society 

Unified Parkinson’s Disease Rating Scale (MDS-UPDRS) for motor symptoms and 

the non-motor symptom questionnaire (NMSQ). 

 

4.2.2 Clinical assessment of constipation  

No specific questionnaire has been validated to specifically assess constipation 

in patients with PD, although the score for questions related to these symptoms 

from the NMSQ (questions 5-7) were recorded separately. To specifically 

evaluate the extent and severity of the symptoms of constipation in detail 
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including slow transit and defecatory dysfunction symptoms, patients were 

asked to complete self-administered questionnaires namely the Patient 

Assessment of Constipation Symptoms questionnaire (PACSYM) and the 

Neurogenic Bowel Dysfunction score (NBD). PACSYM evaluates in detail 

symptoms of constipation comprising 12 questions divided into three domains 

(abdominal, rectal and stools) using a five-point scale from absent to very 

severe with a total score of 60 points and is validated and widely used in 

patients with chronic idiopathic constipation.(133, 146) (Error! Reference 

source not found.) NBD score is a symptom-based questionnaire comprising a 

total of 10 items with an overall score ranging from 0-47 points (higher scores 

indicating more severe symptoms) developed and validated to assess colorectal 

dysfunction in patients with spinal cord injury and a modified version has been 

previously used in PD patients.(147, 148) (Error! Reference source not found.) 

 

4.2.3 Colonic transit, high resolution anorectal manometry and MRI 

defecography 

A subgroup of patients (15 out of 42) underwent additional investigations to 

evaluate colorectal function including colonic transit time, high-resolution ARM 

and MRI defecography. Results of the investigations were interpreted blinded 

to the severity of constipation.   

Colonic transit was evaluated using radiopaque markers according to the 

standard technique which has been previously described.(149) In brief, three 

sets of radiologically distinct markers were taken at 24 hour intervals and an 

abdominal X-ray taken 120 hours after ingestion of the first set. Retention of 

more than the normal range (< 3 markers of day 1, < 5 of day 2 and < 11 of day 

3) for any one of the three sets of markers was regarded as reflecting slow 

whole gut transit. 
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ARM was undertaken using a custom 16 channel 4.4mm diameter water 

perfused high resolution manometry catheter. The intra-anal array consisted of 

13 of the 16 channels, starting at 5mm from the anal verge and at 5mm 

intervals extending to 6.5cm from the anal verge. The proximal channels were 

positioned posteriorly to optimally measure the action of puborectalis muscle. 

There were two further rectal channels either side of the balloon, with the final 

channel 15cm distal to the anal verge measuring atmospheric pressure. Once 

the catheter was correctly positioned it was secured in place using a clamp. 

Normal values for resting and incremental squeeze pressures were based on 

previously published data.(150) Evacuatory measurements were made during 

attempted balloon expulsion with the catheter clamped in situ. 

MRI defecography was performed using closed 1.5 Tesla magnet with the 

patient supine.(151) Patients are given a glycerine suppository 30 minutes prior 

to the procedure to empty the rectum of faecal content. Patients then lay on 

the MRI table in the left lateral position and 120ml of standard ultrasound gel 

was introduced into the rectum via bladder syringe. After a planning sequence, 

sagittal, axial and coronal T2 weighted images are performed through the pelvis 

during maximum strain and maximum contraction. The mid sagittal plane 

through the rectum was selected and a video recording was taken through this 

plane during evacuation of the rectal jelly. MRI evidence of failure of relaxation 

or descent of puborectalis during attempted evacuation on at least two 

attempts was defined as “MRI dyssynergia”; evidence of inability to void the 

contrast gel was defined as “MRI evacuation failure”. 

 

4.2.4 Statistical analysis 

Demographic and clinical features are reported as number (percentage) for 

categorical variables and median ± standard deviation (SD) for continuous 

variables. Comparisons between groups were performed using chi square test 
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for categorical variables, and t test for continuous variables as appropriate. 

Association between variables was evaluated using Pearson correlation 

coefficient when appropriate. Statistical significance was set at p<0.05 and 

Stata 12 (StataCorp, TX) software package was used for statistical analysis. 
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4.3 Results 

A total of 42 patients with PD (69.1% male; age 67.7 ± 7.9 years; disease 

duration 10.5 ± 6.1 years) and subjective complaints of constipation were 

included in the study. Main demographic and clinical features are shown in 

Table 4.1.  
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 Total 
n = 42 

CTr 
n = 15 

ARM 
n = 20 

MRI 
defecography 

n = 9 

Age  67.7 ± 7.9 66.8 ± 6.6 66.8 ±  7.9 68.8 ± 7.0 
Gender (male) 29 (69.1) 12 (80.0) 16 (80.0) 7 (77.8) 
Disease    duration (y) 10.5 ± 6.1 8.9 ± 5.3 9.3 ± 5.6 7.9 ± 4.0 
Ldopa response     
  Mild 1 (2.4) 1 (6.7) 1 (5.0) 1 (11.1) 
  Moderate 4 (9.5) 1 (6.7) 1 (5.0) 1 (11.1) 
  Good 37 (88.1) 13 (86.7) 18 (90.0) 8 (77.8) 
Ldopa equivalent  
dose (mg) 

770.38 ± 
429.88 

629.13 ± 388.01 633.85 ± 378.39 619.8 ±  290.5 

MDS-UPDRS III 26.8 ± 18.2 21.27 ± 14.22 24.8 ± 15.97 24.2 ± 16.6 
HY stage     
  1 4 (9.5) 2 (13.3) 3 (15.0) 1 (11.1) 
  2 29 (69.1) 11 (73.3) 13 (65.0) 6 (66.7) 
  3 5 (11.9) 1 (6.7) 2 (10.0) 1 (11.1) 
  4 2 (4.8) 0 (0.0) 1 (5.0) 0 (0.0) 
  5 2 (4.8) 1 (6.7) 1 (5.0) 1 (11.1) 
NMSQ 12.74 ± 5.00 12 ± 4.77 11.80 ± 4.34 13.2 ±  5.5 
Constipation 
definition  

33 (78.6) 
 

12 (80.0) 16 (80.0) 7 (77.8) 

PACSYM score 12.2 ± 8.0 14.1 ± 9.1 14.8 ± 9.7 17.1 ±  9.9 
NBD score 6.6 ± 4.8 5.8 ± 4.6 6.7 ± 5.1 7.7 ±  5.0 
Laxatives 20 (47.6) 8 (53.3) 12 (60.0) 6 (66.7) 
Levodopa 38 (90.5) 13 (6.7) 17 (85.0) 9 (100.0) 
Dopamine agonists 17 (40.5) 7 (46.7) 7 (35.0) 2 (22.2) 
COMT 16 (38.1) 4 (26.7) 6 (30.0) 2 (22.2) 
MAO-B inhibitors 19 (45.2) 6 (40.0) 8 (40.0) 3 (33.3) 
Anticholinergics 9 (21.4) 2 (13.33) 9 (45.0) 2 (22.2) 
Amantadine 18 (42.9) 7 (46.7) 5 (25.0) 5 (55.6) 
Abnormal CTr   10 (66.7)   
  ROM distribution  Right 2 (14.3) 

Left 7 (50.0) 
SR 5 (35.7) 

 
 

 

Abnormal MRI    6 (66.7) 
  MRI evacuation    6 (66.7) 
  MRI dyssynergia    5 (55.6) 
ARM    14 (70.0)  
  Sensation   13 (65.0)  
  Expulsion   1 (5.0)  
  ARM sphincter   6 (30.0)  
  RAI reflex   1 (5.0)  

Table 4.1. Demographics, clinical data and GI investigations. 

Data shown in number (%) or mean ± SD.  
CTr colonic transit; RAI, rectoanal inhibitory; ROM, radiopaque marker; SR, sigmoid-
rectum. 
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4.3.1 Clinical assessment of constipation  

Despite subjective complaints of constipation, only 33 (78.6%) reported a 

frequency of < 3 bowel movements per week or straining, which is one of the 

most commonly used definitions of constipation used in patients with PD, (132) 

and only 20 (47.6%) were on regular treatment with laxatives.  

The strongest correlation of severity of constipation measured by PACSYM and 

NBD questionnaires was found with severity of non-motor symptoms (Pearson 

correlation; r = 0.506; P < 0.001 and r = 0.387; P = 0.011 respectively) but scores 

were also correlated with motor impairment measured by MDS-UPDRS part III, 

HY stage of the disease only for NBD score, and treatment with laxatives (all P 

values < 0.05; see Table 4.2 and Figure 4.1). No correlation was found between 

constipation severity and disease duration, treatment with anticholinergics or 

other medications used for the symptomatic treatment of PD (all P > 0.05; see 

Table 4.2).  
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 PACSYM score NBD score NMSQ constipation 

Age*  -0.176; 0.266 0.107; 0.500 -0.181; 0.252 

Gender** 0.149 0.040 0.627 

Disease duration* 0.203; 0.198 0.190; 0.229 0.120; 0.450 

HY stage*** 0.272; 0.081 0.367; 0.017 0.030; 0.850 

MDS-UPDRS III* 0.317; 0.041 0.393; 0.010 0.061; 0.700 

NMSQ* 0.506; 0.001 0.387; 0.011 0.366; 0.017 

Laxatives** 0.003 0.002 0.857 

Anticholinergics** 0.094 0.082 0.743 

Colonic transit** 0.211 0.248 0.836 

ARM** 0.981 0.941 0.865 

MRI defecography** 0.016 0.010 0.105 

Table 4.2. Correlation of constipation severity. 

*r Pearson correlation coefficient; P value 
** t test P value 
*** Spearman rank correlation coefficient; P value 
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Figure 4.1. Scatter showing correlation of constipation severity. 

Constipation severity (NBD score in blue; PACSYM score in red) correlation with age 
(A), disease duration (B), MDS-UPDRS part III score (C) and NMSQ score (D). See Table 
4.2 for r correlation coefficient and P values. 
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4.3.2 Colonic transit, high resolution anorectal manometry and MRI 

defecography 

A subgroup of patients underwent further investigations including colonic 

transit (n = 15), high-resolution ARM and balloon expulsion test (n = 20), and 

MRI defecography (n = 9). These selected patients did not differ significantly 

regarding age, gender, disease duration, severity of motor and non-motor 

symptoms (all P values > 0.05) although constipation severity measured by 

PACSYM (but not by NBD) was slightly higher on those patients having ARM and 

MRI defecography.  

Table 4.1 shows a summary of the results of the GI investigations. ARM was 

abnormal in 17 (70.0%) patients, with reduced rectal sensation (65.0%) and 

attenuated external anal sphincter function (30.0%) as the abnormal 

parameters most commonly reported, while balloon expulsion test and 

rectoanal reflex activity was normal in almost all patients. These abnormalities 

on high-resolution ARM did not correlate with more severe constipation on self-

administered questionnaires. Colonic transit was delayed in 10 (66.7%) patients 

and the distribution of the radiopaque markers predominated in the left 

hemicolon followed by sigmoid-rectum. Functional disorders on MRI 

defecography were identified in two thirds of patients, particularly defecatory 

dyssynergia (lack of relaxation and failure of descent of puborectalis muscle). 

Abnormalities on MRI defecography was the only investigation correlated with 

severity of constipation measured by PACSYM (t test; P = 0.016) and NBD 

questionnaires (t test; P =0.010) (Table 4.2). 

 

4.3.3 Slow transit and anorectal dysfunction 

A total of 15 patients underwent assessment of both colonic transit and 

anorectal function (high resolution ARM and/or MRI defecography) with a 
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subgroup of 9 patients having all three investigations. The pathophysiological 

interpretation of the results of these investigations is shown in Figure 4.2. 

Based on these findings, a mixed pattern involving slow transit and anorectal 

dysfunction is the most common underlying pathophysiology of constipation in 

our patients (60.0%) and overall, anorectal dysfunction is more prevalent than 

slow transit in PD. The analysis of the subgroup with all three investigations 

showed similar results.  
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Figure 4.2. Pathophysiological interpretation of GI investigations. 
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4.4 Discussion 

In this prospective study we performed a systematic assessment of constipation 

(including evaluation of slow transit and defecatory dysfunction), combining 

colonic transit and high-resolution manometric studies, and reporting for the 

first time results of MRI defecography in a group of PD patients. Our findings 

demonstrate the pathophysiological and clinical heterogeneity of this symptom 

in PD, showing that multiple complex overlapping mechanisms are involved 

with poor correlation between subjective symptoms, current definitions used in 

clinical practice and objective measurements of different physiological tests.     

 

4.4.1 Clinical assessment 

Definition of subjective symptoms of constipation is challenging and currently 

there are no accepted criteria to define these symptoms or validated 

questionnaires to evaluate their severity specifically in patients with PD. In this 

study only patients with subjective complaints of constipation were included 

but solely 78.6% of them fulfil the criteria of < 3 bowel movements per week or 

the need to strain to pass a stool, a definition commonly used in PD 

studies.(132) Similar figures are also present when these subjective symptoms 

are compared with the results of physiological tests, with only about two thirds 

of patients showing abnormal findings. Severity of constipation showed again 

poor correlation with a comprehensive range of investigations for the 

evaluation of this disorder. These discrepancies reflect the lack of well-accepted 

and accurate clinical tools to make the diagnosis, assess the severity and the 

impact of constipation specifically in patients with PD. Other studies have 

shown similar conflicting results between subjective complaints and objective 

abnormalities although the latter were more commonly present than subjective 

symptoms.(141, 152) However differences in methodologies and the lack of a 

comprehensive battery of investigations make any comparisons between 
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studies challenging. Development of specific assessment scales for constipation 

in PD should consider its symptom-based character, incorporating the patient’s 

perception, and should also include questions to address slow transit and 

defecatory dysfunction.   

Severity of constipation in our study varied widely among individuals although 

PACSYM scores in PD patients were lower compared to pooled results from a 

meta-analysis of patients with functional constipation.(153) Severity of 

constipation correlated with severity of the disease including motor and non-

motor symptoms, in agreement with previous studies,(148, 154, 155) although 

there was no correlation with disease duration indicating that constipation is an 

early symptom that can predate the diagnosis of PD for many years. Supporting 

this idea, constipation and manometric abnormalities have been reported in 

early drug-naïve patients (141, 156) without significant differences when 

compared to advanced stages of the disease.(142, 143) No correlations were 

found between severity of constipation and any of the medications used for the 

symptomatic treatment of PD, including treatment with anticholinergic drugs. 

 

4.4.2 Colonic transit, high resolution anorectal manometry and MRI 

defecography 

Our study included a comprehensive battery of assessments incorporating 

recent developments in diagnostic techniques such as high-resolution ARM and 

MRI defecography. Our findings did not show a good correlation among 

different investigations reflecting the multifactorial complex origin of 

constipation in PD and the need of a comprehensive assessment to elucidate 

the overlapping contributing factors. Both slow transit and defecatory 

dysfunction contributed to constipation and overlapped in the majority of our 

PD patients. When analysed together, defecatory dysfunction (high-resolution 

ARM and MRI defecography abnormalities) seem more prevalent than isolated 
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slow transit constipation. Only a very few studies have evaluated colonic transit 

and anorectal dysfunction simultaneously and agree with a predominant role 

for anorectal dysfunction although either manometric parameters without 

additional defecography were used (145, 157) or studies were conducted 

decades ago using historical diagnostic techniques.(158) The understanding of 

pathophysiological mechanisms of constipation has important implications in 

clinical practice as, whilst slow transit is managed with diet modifications and 

laxatives, defecatory dysfunction is likely to be underdiagnosed and 

biofeedback therapy seems to be an effective therapy (137) with some patients 

responding to apomorphine (159, 160) and botulinum toxin injections.(161)  

Delayed colonic transit was found in 66% of our patients and has been 

previously reported in multiple studies in approximately 80% of patients with 

PD when compared to controls. (152, 157, 162, 163) Although methodological 

differences make comparisons between studies difficult, the average transit 

time is estimated to be twice as long in PD patients,(134, 158) but not as high as 

in patients with idiopathic functional constipation (153). Similar to our results, 

in general there is poor clinical correlation of these abnormalities with 

constipation symptoms. (132) It has been speculated that the 

pathophysiological mechanisms behind delayed colonic transit is impaired 

colonic motility secondary to α-synuclein deposition in the enteric nervous 

system, although the clinical significance of these depositions has not been well 

established and distinction between physiological and pathological α-synuclein 

deposits is still an intense matter of research.(124, 164)  

High-resolution ARM was pathological in 70% of our patients with abnormalities 

in tests of rectal sensation more commonly reported although abnormal 

sphincter function, rectal reflex activity and balloon expulsion were also found 

in some patients. Rectal hyposensitivity is a common finding in patients with 

chronic constipation and it is likely secondary to impaired rectal afferent input. 

Reduced rectal sensation causes diminished perception of rectal wall distension 

leading to loss or attenuation of the desire to defecate leading to faecal 
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impaction.(165, 166) Previous manometric assessment in patients with PD have 

shown abnormalities with anorectal dysfunction in a great proportion of 

patients even at early stages of the disease, although the pattern of dysfunction 

is very heterogeneous including rectal hyposensitivity and several motor 

abnormalities of sphincter pressure or contractility (dyssynergia)(140, 141, 143, 

157, 158, 161, 167) although only two of them incorporated high-resolution 

manometry.(142, 145) Taken together, in addition to methodological 

differences and incorporation of more sensitive high-resolution equipment that 

may contribute to variability of results, these findings indicate that 

pathophysiology of defecatory dysfunction in PD is complex with multiple 

heterogeneous overlapping mechanisms. Nevertheless, these results should be 

interpreted carefully taking into context the clinical picture and other results 

from additional tests of defecatory function (defecography, sphincter 

electromyography) as no single test is able to provide a full assessment of 

anorectal function.(137, 138, 144)  

We also reported, for the first time in PD patients, findings on the assessment 

of defecography using MRI as an additional test evaluating anorectal function. 

The prevalence of abnormal findings on MRI defecography was similar to 

colonic transit and high-resolution ARM with two thirds of patients showing 

evidence of anorectal dysfunction. All patients with abnormal results showed 

incomplete/delayed evacuation and findings consistent with anorectal 

dyssynergia (lack of relaxation of puborectalis muscle and pelvic floor descent) 

were found in 55%. Although no previous studies have been performed in PD 

patients, our results seem to be consistent with previous studies on patients 

with functional constipation showing that MRI defecography is able to detect 

evacuation difficulties not only due to dyssynergic defecation, and therefore a 

useful investigation in the assessment of constipation in PD.(168) Despite 

similar rates of abnormal results, correlation between high-resolution ARM and 

MRI defecography was very poor in our study. While manometric findings 

reported a predominant pattern of rectal hyposensitivity, the main 

abnormalities on defecography were related to poor coordination and 
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relaxation of motor anorectal function (dyssynergia) which was not detected by 

the manometry or balloon expulsion test. Although our results need to be 

replicated in other groups with greater number of patients, they suggest that 

MRI defecography is a sensitive technique to detect defecatory dysfunction and 

a useful complementary diagnostic test to ARM in the assessment of 

constipation.  

The main strengths of our study are the presence of detailed clinical 

information on PD and constipation, the comprehensive range of investigations 

included to assess the multiple pathophysiological aspects of constipation in a 

systematic and structured manner and the inclusion of modern techniques such 

as high-resolution ARM or the report for the first time of MRI defecography 

findings in patients with PD. Our study also had some limitations. Although 

normal reference values and findings on patients with functional chronic 

constipation are available in the literature for some of these investigations, 

including colonic transit time (136, 153, 169) and high-resolution ARM, (150) we 

did not include a control group to compare our results. Findings on MRI 

defecography should be interpreted with caution given the relatively small 

sample size and the lack of previous studies using this technique on PD patients. 

Finally we did not discontinue any of the regular medications of the participants 

in order to evaluate the symptoms in real-life clinical settings, including 

dopaminergic medication and anticholinergics which may potentially have 

effects on colonic motility, although our analysis did not reveal any correlations 

between any PD medications and severity of the symptoms.   

 

4.4.3 Conclusions 

In summary, our study provided a comprehensive assessment with a battery of 

investigations that allowed a detailed pathophysiological evaluation of 

constipation in patients with PD. Results showed a discrepancy between patient 
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perception of the symptoms and the definitions and severity questionnaires 

commonly used in clinical practice which reflects the lack of specific diagnostic 

tools for the assessment of this symptom in PD. Development of specific clinical 

assessments should take into account the patient subjective perception of the 

symptoms and evaluate slow transit and defecatory symptoms. Our results 

showed a heterogeneous pattern of pathophysiological abnormalities 

suggesting multiple overlapping mechanisms contributing to the 

symptomatology involving both slow colonic motility and abnormalities of 

anorectal function including rectal hyposensitivity and defecatory dyssynergia. 

Given the multifactorial aetiology of the symptoms, the poor correlation 

between different investigations, the overlap between healthy and pathological 

parameters and the inability of any single test to provide a full assessment of 

constipation, a battery of tests including at least one investigation assessing 

colonic transit and two evaluating anorectal function should be included for a 

comprehensive pathophysiological evaluation in those with refractory 

constipation. Results of this systematic assessment should guide the 

multidisciplinary management of the symptoms with dietary modifications, 

laxatives and biofeedback therapy according to the underlying 

pathophysiological abnormalities.  
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Section II: The role of non-motor features on the 

pathogenic process of Parkinson’s disease 
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Chapter 5. Association between diabetes and subsequent 

Parkinson’s disease: a record-linkage cohort study 

5.1 Introduction 

Although historically insulin was regarded as a peripheral hormone regulating 

glucose metabolism, the role of this hormone in the central nervous system has 

started to be elucidated in the last few decades. It is now evident that insulin 

signalling in the brain, locally synthesized by neurons and the majority 

peripherally produced by pancreatic cells, has a neuromodulatory role 

promoting neuronal homeostasis and survival. This is in addition to regulation 

of other body functions such as weight, reproduction and cognition.(170) 

Growing evidence shows that disruption of the insulin signalling and its 

downstream pathways through the insulin receptors are down regulated in 

normal aging, and pathologically reduced in neurodegenerative 

conditions.(171) Evidence suggests that diabetes and some neurodegenerative 

disorders are synergistic conditions linked by dysregulated pathophysiological 

pathways, rather than parallel coincidental aging processes. Reduction of 

insulin receptors in the SNpc, neuroprotective effects of insulin on 

dopaminergic neurons and regulation of dopaminergic function by insulin 

signalling have been demonstrated in PD. (172) The relationship between 

diabetes and PD is complex and it is still a matter of debate whether insulin 

resistance in the brain is a cause or consequence of neurodegeneration or, 

more likely, there is a bidirectional interaction between the two. The underlying 

mechanisms of this complex interaction are likely to share disrupted pathways 

and abnormalities of brain insulin signalling interfere with apoptosis, 

neuroinflammation, mitochondrial dysfunction, autophagy, protein synthesis 

and synaptic plasticity, which are known to contribute to PD pathogenesis. 

These similarities have led some authors to propose that both type 2 diabetes 

(T2DM) and PD are chronic diseases of impaired glucose metabolism and insulin 

resistance sharing common molecular pathogenic pathways. (173-175)         
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Abnormalities of insulin signalling in PD patients would theoretically put them 

at risk of insulin resistance and deficient glucose metabolism. Several studies 

have reported a higher prevalence of impaired glucose tolerance test, with 

historical figures as high as 50-80%,(176) although more recent data provide a 

prevalence of impaired glucose metabolism around 20% in PD patients.(177) 

Observational clinical studies have also provided evidence suggesting that 

concomitant T2DM may modify the PD phenotype and disease progression. In a 

case-control study, patients with PD and preceding T2DM had more severe 

disease, higher scores on the UPDRS scale for severity of motor symptoms, 

required higher doses of levodopa for symptomatic control.(178) The presence 

of T2DM has been associated with a faster progression of the disease(179) 

including earlier motor complications, (180) cognitive impairment,(179, 181-

183) postural instability and gait difficulties.(184, 185) 

Finally, several epidemiological studies have explored an association between 

diabetes mellitus and future risk of PD, which is of crucial importance given the 

high prevalence of T2DM in the general population in Western countries. 

Despite the converging biological and clinical data, evidence from 

epidemiological studies remains equivocal (186, 187) although meta-analyses of 

cohort studies have reported an increased pooled relative risk of developing PD 

after diabetes mellitus.(188, 189) The aim of this study is to provide further 

evidence using national record-linkage to evaluate whether pre-existent type 2 

diabetes mellitus (T2DM) was associated with subsequent PD in a large 

nationwide hospital cohort. 
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5.2 Methods 

5.2.1 Study design, population and data 

A retrospective cohort study was conducted analysing in conjunction data from 

English national Hospital Episode Statistics (HES) and mortality data. HES 

records incorporate every episode of day-case (admission without overnight 

stay) or inpatient care (at least 1 overnight stay) in all National Health Service 

hospitals in England from January 1999 to December 2011. HES data were 

obtained from National Health System Digital (formerly the Health and Social 

Care Information Centre). Mortality data were obtained from the Office for 

National Statistics. The linked dataset with time-sequenced record of hospital 

admissions and death for each individual used in this study derived from HES 

and mortality data was constructed by the Oxford Record Linkage Group. The 

construction, maintenance and analysis of the dataset for research was 

approved by the Central and South Bristol Research Ethics Committee 

(04/Q2006/176).  

A cohort of individuals with T2DM (exposed cohort) was constructed by 

identifying for each individual, the earliest known episode of day-case or 

inpatient admission in which T2DM was coded using the International 

Classification of Diseases Revision 10 (ICD-10) code E11, whether the main 

reason for admission or in any diagnostic position, within the study period. A 

reference cohort was comprised of all individuals without a coded diagnosis of 

T2DM admitted for a range of minor medical conditions and surgical 

procedures including any of the following: otitis, varicose veins, haemorrhoids, 

upper respiratory tract infections, nasal polyps, tonsillectomy, teeth disorders, 

inguinal hernia, nail diseases, sebaceous cyst, internal derangement of knee, 

bunions, contraceptive management, dislocations/sprains/strains, bruising, gall 

bladder disease, appendectomy, hip replacement, knee replacement. 

Individuals were excluded if they had record of PD (ICD-10 code G20) dated 

either before or at the same time as the earliest known T2DM record or, in the 
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unexposed cohort, their admission for their reference condition. Exposed and 

reference cohorts were then searched for any subsequent hospital admission 

with a coded diagnosis of PD (ICD-10 code G20). 

Individuals with a code for ischaemic cerebral infarction (ICD-10 code I63), 

vascular parkinsonism (ICD-10 code G21.4), drug-induced secondary 

parkinsonism (ICD-10 code G21.1) or normal pressure hydrocephalus (ICD-10 

code G91.2) recorded at any time were excluded from both cohorts.  

 

5.2.2 Statistical analysis 

Date of entry was the date of the first recorded episode of day-case or inpatient 

hospital admission coded for T2DM (exposed cohort) or any reference 

condition. Date of first hospital admission coded for PD in any diagnostic 

position, or death, or date of end of data collection (whichever occurred first) 

constituted the date of exit of the cohort.  

Multivariable Cox proportional hazard regression models were used to estimate 

the risk of a subsequent diagnosis of PD. Hazard ratios (HRs) and 95% 

confidence intervals (CIs) were calculated and adjusted for age, sex, calendar 

year of cohort entry, region of residence and patients’ quintile of Index of 

Multiple Deprivation score (a measure of area-level deprivation).  

Subgroup analyses were subsequently conducted to assess whether the HRs 

differed by age group, by length of follow-up, or by the presence of T2DM-

related complications. Complicated T2DM was defined by the presence of a 

hospital episode coded for diabetic neuropathy (ICD-10 code G63.2), diabetic 

nephropathy (N08.3) or diabetic retinopathy (H36.0)    

The following sensitivity analyses were performed: i) to assess the potential 

possibility of surveillance bias and reverse causality, those with an interval 
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between the earliest record of T2DM and PD <1 year were excluded, ii) to 

evaluate potential outcome misclassification patients with a diagnosis of 

schizophrenia or other psychotic disorders (ICD 10 code F20-29), other forms of 

secondary parkinsonism (ICD-10 codes G21 and G22), degenerative diseases of 

the basal ganglia (ICD-10 code G23), essential tremor (ICD-10 code G25.0), 

drug-induced and other forms of tremor (ICD-10 codes G25.1 and G25.2) were 

excluded, iii) to mitigate surveillance bias results were also controlled by total 

number of admissions per individual.  
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5.3 Results 

A total of 2,017,115 individuals entered the T2DM cohort and 6,173,208 people 

entered the reference cohort. Results showed an overall higher rate of 

subsequent PD in the T2DM cohort with an adjusted HR of 1.32 (95% CI 1.29-

1.35). Subgroup analysis revealed a substantially higher relative rate in younger 

individuals and those with complicated T2DM (Table 5.1). All sensitivity 

analyses as described earlier did not materially affect the point estimate and a 

significant association between T2DM and subsequent PD remained.  
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 PD observed HR 95% CI P value 

T2DM cohort  
(N = 2,017,115) 

14,252 1.32 1.29-1.35 <0.001 

Age group 

25-44 y (n = 130,728) 58 3.81 2.84-5.11 <0.001 
45-64 y (n = 650,387) 1,711 1.71 1.61-1.81 <0.001 
65-74 y (n = 571,291) 5,112 1.40 1.35-1.45 <0.001 
>75 y (n = 664,709) 7,371 1.18 1.14-1.21 <0.001 

Sex 

Men (n = 1,068,269) 8,713 1.27 1.23-1.30 <0.001 
Women (n = 948,846) 5,539 1.42 1.37-1.47 <0.001 

T2DM-PD coded admission time interval (y) 

< 1  3,030 1.44 1.37-1.52 <0.001 
> 1  11,222 1.29 1.26-1.33 <0.001 
1-4  6,958 1.30 1.26-1.34 <0.001 
5-9  3,737 1.28 1.23-1.33 <0.001 
>10  527 1.32 1.19-1.46 <0.001 

T2DM related complications** 

Complicated T2DM  
(n = 180,593) 1,824 

 
1.49 

 
1.42-1.56 <0.001 

Uncomplicated T2DM 
(n = 1,836,522) 12,428 

 
1.30 

 
1.27-1.33 <0.001 

Controlling by total number of admissions per individual 

  1.31 1.28-1.34 <0.001 

Table 5.1. Hazard ratios and 95% confidence intervals in the exposed T2DM 
cohort (compared with reference cohort). 
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5.4 Discussion 

Our results support an increased risk of PD in patients with previous T2DM. The 

magnitude of association was higher in individuals with T2DM who were 

younger or had T2DM related complications. The main strengths of this study 

are the large size of HES database with stratification of relative risks by age 

group, sex and T2DM complications, the cohort design, the ability to exclude 

patients with cerebrovascular disease, drug-induced and vascular parkinsonian 

disorders, adjustment for multiple potential confounding factors and sensitivity 

analyses. HES dataset includes all National Health Service hospitals in England 

and as health care is free to access in this country, it is considered to be 

representative of the entire population and results are likely generalizable. 

 

5.4.1 Epidemiological evidence 

Epidemiological evidence about the risk of subsequent PD in patients with 

T2DM is equivocal, with conflicting results among cohort and case-control 

studies.(186-189) Previous cohort studies have shown a positive (190, 191) or 

no association (192) between pre-existing T2DM and PD.  The magnitude of 

association in our study is similar to the pooled estimate from recent meta-

analyses: Cereda and colleagues included five studies with a total population of 

681,000 (HR 1.26; 95% CI 1.03-1.55), (188) and a recent revision included seven 

population-based cohort studies with a total population of 1,761,632 (RR 1.38; 

95 CI 1.18-1.62).(189) However, the population size of our study is far greater 

than the accumulated population included in both meta-analyses, with tight 

confidence intervals around the point estimate. There was significant 

heterogeneity in the studies included in the previous meta-analyses (I2 = 60.2% 

and I2 = 71.2% respectively) which would have affected precision and they are 

likely to be due to differences  in study design (hospital-based as in our study, 

health/professional registries,(190) or population-based(191, 192)), study 
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population (results differ between Europe(191) and mainland USA(192)), 

ascertainment of PD and T2DM (self-reported, drug/medical registries or 

physician-confirmed diagnosis) and adjustment for confounding factors.  

The magnitude of risk in our study was greater in younger individuals where 

genetic factors may relatively exert more of an effect and more than 400 genes, 

previously identified through genome-wide association studies, have been 

closely linked to both conditions using integrative network analysis.(193) On the 

other hand, the association in elderly patients may be the consequence of 

disrupted insulin signalling secondary to additional lifestyle and environmental 

factors causing cumulative pathogenic brain changes. This is supported by the 

higher risk among those with complicated T2DM in our cohort, and those with 

long disease duration T2DM (>10 years) reported in previous studies.(190, 194)  

 

5.4.2 Pathogenic mechanisms 

As discussed earlier, whether due to genetic predisposition, environmental 

factors or both, disrupted brain insulin signalling could lead to shared 

dysregulated cellular pathways including neuroinflammation (microglia 

activation, production of pro-inflammatory cytokines), mitochondrial 

dysfunction and increased oxidative stress. Little is known on how the effects of 

these dysregulated pathways ultimately promote neurodegeneration and 

contribute to the development and/or progression of PD. A few studies have 

attempted to elucidate these mechanisms using various methodologies 

although conflicting results prevent any conclusions. Despite preclinical 

evidence suggesting a reciprocal role between insulin and striatal dopaminergic 

degeneration in animal models of PD,(171) clinical studies using dopaminergic 

functional imaging have shown conflicting results with reduced (179, 183) but 

also similar (184) deficits in the striatum among PD patients with and without 

T2DM. Some of these dysregulated pathways are shared with other 
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neurodegenerative diseases and growing evidence from different areas of 

research shows an association between T2DM and Alzheimer’s disease.(195) 

Study of cerebrospinal fluid biomarkers in PD patients showed greater total tau 

levels in those with T2DM, (179) with similar increased values in patients with 

Alzheimer’s disease,(196) suggesting the possibility that tau pathology may 

contribute to the cognitive phenotype in patients with PD and concomitant 

T2DM. Further evidence of the impact of concomitant T2DM on PD comes from 

neuroimaging studies which have consistently reported brain atrophy and 

cortical volume loss affecting several areas including total grey matter,(197, 

198) frontal (197) and temporal lobe,(183, 198) although again, these results 

were not replicated in other study.(179)    

 

5.4.3 Clinical and potential therapeutic implications 

Given the common molecular pathways shared between T2DM and PD and 

based on promising preclinical results on animal models, it has been proposed 

that restoration of brain insulin signalling could have neuroprotective effects 

and anti-diabetic drugs are currently being repurposed as potential PD 

treatments.(171) One of the therapeutic targets that has brought more 

attention is the peroxisome proliferator-activated receptor γ (PPAR-γ) given its 

pivotal role in mitochondrial function and gluconeogenesis. This hypothesis is 

further supported by observational epidemiological studies showing that 

treatment with thiazolidinediones (a class of PPAR-γ agonists) showed a 

reduction in the risk of PD in several cohort studies in the United Kingdom, 

Norway and Taiwan.(199-201) These promising results prompted a large, 

multicentre, double-blind, placebo-controlled trial including 210 patients 

randomly assigned to 45 mg/day pioglitazone, 15 mg/day pioglitazone or 

placebo to evaluate potential neuroprotective effects on PD patients. Results 

failed to show a significant benefit on symptoms (measured using total UPDRS) 

and the authors concluded that pioglitazone was unlikely to modify clinical 
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progression in PD at the doses studied.(202) More promising are the 

preliminary clinical results for exenatide, a glucagon-like peptide 1 (GLP1) 

receptor agonist licensed for the treatment of diabetes that is being evaluated 

for neuroprotective effects on PD.(203) A recent double-blind trial involving 62 

patients with PD randomly assigned to placebo or exenatide 2 mg weekly 

injections showed positive and persistent effects on motor symptoms measured 

by the section 3 of the MDS-UPDRS.(204) Whether effect is secondary to long-

lasting symptomatic benefit or neuroprotection remains unclear although a 

larger trial is being organised to further explore this potential therapeutic 

avenue. 

 

5.4.4 Limitations and conclusions 

Limitations of the study include the lack of clinical information for PD 

ascertainment beyond routinely collected data. However, in England, PD 

diagnosis is based upon recommendations by national clinical guidelines and it 

is common clinical practice for patients with suspected diagnosis to be referred 

untreated to a movement disorder specialist for diagnosis confirmation.(205) In 

addition, individuals with cerebrovascular disease, secondary parkinsonian 

disorders and other movement disorders that could potentially be 

misdiagnosed as PD were excluded to reduce potential diagnostic 

misclassification. However extensive strict sensitivity analyses were applied 

with no qualitative modification of the results of the association between T2DM 

and PD. The study used routinely collected data and we were unable to adjust 

for other potential confounders such as anti-diabetic medication or smoking. As 

this is a hospital-based study, potential selection bias cannot be ruled out 

(although this is mitigated by using a hospital-based reference cohort), and 

individuals included in the T2DM cohort may represent the more severe 

spectrum of disease. Moreover, the study uses prevalent T2DM cases based on 

first recorded hospital diagnosis and is not a follow-up from first point of onset.    
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This national record-linkage cohort study shows an increased risk of PD in 

patients with T2DM, particularly in those with complicated diabetes and 

younger patients. Our results support the link between these two conditions 

which may be the result of genetic predisposition and / or disrupted shared 

pathogenic pathways with potential clinical and therapeutic implications.   



PhD - 2019 - De Pablo Fernández 

121 

 

Chapter 6. Autonomic dysfunction in Parkinson’s disease – 

impact on disease progression and survival. 

6.1 Introduction 

6.1.1 The autonomic nervous system 

The autonomic nervous system innervates all the tissues and organs of the body 

and maintains, in close collaboration with the endocrine system, body 

homeostasis and the appropriate balance of autonomic body functions. In the 

central nervous system, it comprises a network of interconnected areas at 

different levels including the autonomic spinal neurons, brainstem nuclei 

(nucleus of the solitary tract, ventrolateral medulla, parabrachial nucleus and 

periaqueductal grey matter) and basal forebrain (hypothalamus and limbic 

system). The central autonomic nervous system integrates visceral and 

somatosensory information and generates the appropriate autonomic, 

endocrine and motor responses mediated by preganglionic neurons.(30) 

Autonomic output is organised in a two-neuron efferent pathway including a 

preganglionic and postganglionic neuron with the former acting as the link 

between the central and peripheral autonomic nervous system (Table 6.1). 

From a physiological perspective the peripheral autonomic nervous system is 

divided into the sympathetic, parasympathetic and enteric nervous systems. 

The preganglionic sympathetic neurons are located in the intermediolateral cell 

column at the T1-L2 levels of the spinal cord and activate the neurons in the 

paravertebral and prevertebral sympathetic ganglia. The parasympathetic 

preganglionic neurons lie in the brainstem nuclei or the sacral segments (S2-S4) 

of the spinal cord and their output is mediated by the vagal and pelvic nerves to 

the postganglionic parasympathetic neurons located just outside or inside the 

target organs. All the preganglionic neurons use acetylcholine to activate the 

nicotinic receptors of the ganglion cells while several neurotransmitters are 

involved in postganglionic activation depending on the division of the 
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autonomic nervous system and the target organs. The parasympathetic 

ganglionic neurons use acetylcholine as the main neurotransmitter stimulating 

muscarinic receptors mediating local reflexes such as pupillary reactions, 

gastrointestinal motility and secretion (in conjunction with the enteric nervous 

system), micturition and defecation, lacrimal and salivary secretion and beat-to-

beat control of the heart rate. Acetylcholine is also the main ganglionic 

neurotransmitter for sympathetic neurons innervating the sweating glands. 

Most sympathetic ganglion neurons use norepinephrine as the main 

neurotransmitter to innervate blood vessels and visceral organs which are 

involved in blood pressure and flood regulation, body temperature and 

responses to stress and external stimuli. The enteric nervous system consists of 

two ganglionated plexuses located in the submucosa (submucosal or Meissner’s 

plexus) and the muscle layer (myenteric or Auerbach’s plexus) of the gut. The 

enteric nervous system controls gastrointestinal motility and secretion and, 

although their activity is largely independent, they also receive modulatory 

input from the sympathetic system via the celiac and mesenteric ganglia, and 

parasympathetic signals from the dorsal motor nucleus of the vagus.  

 

      

  



PhD - 2019 - De Pablo Fernández 

123 

 

 Preganglionic 
(Ach nicotinic) 

Postganglionic Function 

 
 
 
 
 
 
 
 
Sympathetic 

 
T1/T3 

 
Superior cervical 

Pupillary dilatation (NE) 
Vasoconstriction (NE) 
Facial sweating (Ach)* 

Melatonin secretion (NE) 
 
 

T1/T8 

 
 

Stellate and upper 
thoracic 

Bronchodilatation (NE) 
Cardiac stimulation (NE) 

Vasoconstriction and 
piloerection (NE) 
Sweating (Ach)* 

 
T5/T12 

 
Celiac, mesenteric, 

adrenal medulla 

Vasoconstriction (NE) 
Reduction of GI motility 

(NE) 
Epinephrine, glucagon and 

renin secretion  
 

T10/L2 
Lumbar 

paravertebral 
Vasoconstriction and 

piloerection (NE) 
Sweating (Ach)* 

 
T2/L2 

Inferior mesenteric 
and hypogastric 

Urine storage 
Ejaculation 

Rectal control 

 
 
 
 
 
 
Parasympathetic 

Edinger-Westphal Ciliary Pupillary contraction and 
accommodation (Ach)* 

 
Superior salivatory 

Pterygopalatine and 
submaxillary 

Lacrimation, mucosal 
secretion and salivary 

secretion (Ach)* 
Inferior salivatory Otic Salivatory secretion (Ach)* 

Vasodilatation (Ach)* 
Dorsal motor 
nucleus vagus 

Pulmonary, 
myenteric and 

submucosal plexus 

Bronchoconstriction (Ach)* 
Increase GI motility (Ach, 

SP)* 
GI secretion (Ach, VIP) 

Nucleus ambiguus Cardiac plexus Cardiac inhibition 

Table 6.1. Peripheral structures of the autonomic nervous system. 

*Muscarinic receptors 
Ach, acetylcholine; NE, norepinephrine; SP, substantia P; VIP, vasointestinal 
polypeptide. 
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6.1.2 Autonomic dysfunction in Parkinson’s disease 

AutD is an important feature of synucleinopathies including PD. Symptoms 

secondary to AutD in PD are common and can happen at early stages of the 

disease even before the diagnosis.(18) They include a wide range of 

manifestations and reflect the multisystem character of PD. Unlike MSA, AutD 

in PD is considered to be secondary to an earlier and more extensive 

involvement of the peripheral autonomic structures, although there is also 

evidence of impairment of key autonomic regulatory central nuclei.(35, 206) 

The autonomic nervous system can be affected at any level, including the 

sympathetic, parasympathetic and, as discussed earlier, the enteric nervous 

system, resulting in a constellation of symptoms involving multiple body 

functions. In most cases multiple factors may contribute to the 

symptomatology (particularly medications), although a primary 

neuropathological involvement of autonomic structures has been 

demonstrated.(22, 35, 121, 206, 207)  

Several abnormalities of cardiovascular dysfunction have been described in PD; 

neurogenic orthostatic hypotension is the most disabling, although postprandial 

hypotension, supine hypertension and non-dipping have also been 

reported.(36) Orthostatic hypotension is one of the most common signs of AutD 

being present in 30% of patients with PD although it is symptomatic only in a 

proportion of these.(38) Manifestations of orthostatic hypotension include 

lightheadedness, blurred vision, coat hanger pain and cognitive complaints that 

are classically triggered when standing. The underlying pathophysiology 

involves the impairment of baroreflex sympathetic vasoconstriction as opposed 

to MSA, where orthostatic hypotension is mainly mediated by impairment of 

central autonomic networks. 

Symptoms of gastrointestinal dysfunction in PD have been previously discussed 

at length in this thesis and a degree of AutD is likely to contribute to their 

pathophysiology. A reduction in salivary secretion (drooling is secondary to 
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motor impairment of swallowing mechanisms) has been reported in several 

studies, (208, 209) likely caused by direct involvement of the salivary gland, the 

salivatory nucleus and submandibular ganglion.(207) Abnormal α-synuclein 

accumulation in the enteric nervous system is believed to contribute to 

problems with gastrointestinal motility at different levels leading to symptoms 

such as impaired gastric emptying, slow colonic transit and anorectal 

dysfunction. Gastroparesis may alter levodopa pharmacokinetics by delaying its 

absorption contributing to the development of motor fluctuations.(131)           

Urinary symptoms can be classified in voiding (incomplete bladder emptying, 

post-void residual, reduced flow and urinary retention) or storage symptoms 

(urinary urgency, increased urinary frequency, nocturia and incontinence) the 

latter being more common in patients with PD with findings of detrusor 

overactivity on urodynamic studies.(210) The pathophysiological mechanisms 

are not fully understood although dysfunction of the control of the micturion 

centre as a consequence of disruption of the frontal-basal ganglia circuit may be 

responsible.(211) Urinary symptoms are usually associated to sexual 

dysfunction with symptoms including erectile dysfunction and difficulties in 

ejaculation in men, and reduced vaginal lubrication, painful intercourse and 

incontinence during sexual activity in women.(212) 

Sweating is an important thermoregulatory activity and anhidrosis can be a 

manifestation of AutD in PD. Depending on its distribution and severity it may 

be asymptomatic or manifest as reduced heat tolerance or reactive 

hyperhidrosis in preserved body areas.      

The wide range of autonomic symptoms contributes significantly to PD clinical 

heterogeneity. In clinical practice, prediction of the disease course, 

complications and prognosis is crucial to provide adequate treatment, support 

and counselling. In this regard, several studies have attempted to identify 

prognostic factors for PD. Older age at diagnosis and the postural-instability and 

gait-difficulty (PIGD) subtype have been consistently identified as predictors of 
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faster progression to disability. (213, 214) Increasing age and dementia have 

been the two predictors most commonly associated with shorter survival.(215)  

Impairment of the autonomic nervous system is not exclusive of PD and it is a 

notable feature of other synucleinopathies. (34) In MSA, AutD is one of the key 

defining features included in the clinical diagnostic criteria (216) and, in 

addition to the contribution to the clinical burden, development of AutD has 

been consistently associated with shorter survival in large cohort studies in 

different populations (217-219) including clinico-pathological studies with post-

mortem confirmation of the diagnosis.(53, 220, 221) Symptoms of AutD are also 

common in dementia with Lewy bodies and it has been suggested that 

dysautonomia may be associated with reduced survival although evidence is 

less robust.(222)  

Despite its importance on other synucleinopathies and the increasing 

awareness of autonomic symptoms as part of the clinical spectrum in patients 

with PD, studies assessing the prognostic impact of AutD on this condition are 

scarce. Most of them evaluate autonomic symptoms in isolation, particularly 

orthostatic hypotension (37) or cardiovascular dysfunction using autonomic 

function tests,(223) and they do not provide a systematic assessment of the 

different domains of the autonomic system. Other studies are limited by short 

follow up periods which makes the assessment of the prognostic value of AutD 

difficult in a clinically meaningful way.(24, 223) More importantly, none of 

these studies provided post-mortem confirmation of the diagnosis which is of 

crucial importance given the low diagnostic accuracy rate in patients presenting 

with parkinsonism and AutD.(224-226)  

Our hypothesis is that development of AutD can also have a similar negative 

prognostic impact in patients with PD. The aim of this study is to investigate 

whether the time from diagnosis to development of AutD has a prognostic 

impact on disease progression and survival in a large series of PD patients with 
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well-documented clinical progression throughout the disease course and post-

mortem confirmation of the diagnosis.        
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6.2 Methods 

6.2.1 Study design 

This is a retrospective review of the clinical records of 100 consecutive patients 

with a pathological diagnosis of PD from the archives of the QSBB in London, 

United Kingdom, between January 2006 and June 2016. Patients with the 

following criteria were excluded: (i) those diagnosed with dementia prior to or 

within one year of onset of motor symptoms,(104) (ii) monogenic forms of PD 

(e.g. LRRK2, parkin, alpha-synuclein), (iii) coexistent neuropathological diagnosis 

deemed to affect PD progression (e.g., Alzheimer disease-related neurofibrillary 

tangle pathology Braak and Braak stage ≥ V, pathological changes consistent 

with other concomitant neurodegenerative conditions), (iv) comorbidities 

known to affect the autonomic nervous system (e.g., diabetic ganglionopathies 

/ neuropathies), (v) patients with insufficient information documenting 

autonomic symptoms and disease progression.  

 

6.2.2 Clinical assessment 

All patients were regularly assessed in life by hospital specialists (neurologists 

or geriatricians) in the UK throughout the course of their illness. A systematic 

review of the medical records was performed recording clinical features and 

disease progression data. Symptoms were recorded as absent if not reported. 

Date of onset of each feature was documented and the time from diagnosis 

was calculated.  

AutD was defined  by either cardiovascular autonomic failure on autonomic 

function testing or documentation of any two of the following symptoms/signs 

persistent for longer than 6 months:(53) (i) urinary urgency, increased daytime 

frequency and nocturia without hesitancy as defined by the International 
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Continence Society,(54) (ii) constipation (< 3 defecations per week), having to 

strain to pass stools or regular use of laxatives, (iii) symptoms of upper 

gastrointestinal dysfunction including nausea, bloating and early satiety, (iv) 

symptomatic or documented orthostatic hypotension defined by >20mmHg 

drop in systolic blood pressure or >10mmHg in diastolic pressure on standing, 

(v) sweating abnormalities or (vi) erectile dysfunction in males.  

Six milestones with significant functional impact and implications in care 

management reflecting the involvement of different functional domains in PD 

were selected to define disease progression:(53) (i) frequent falls defined by >2 

episodes per year, (ii) cognitive impairment severe enough to impact 

significantly on tasks of daily living, (iii) unintelligible speech or the offering of 

communication aids, (iv) severe dysphagia or the offering of percutaneous 

endoscopic gastrostomy (PEG), (v) dependence on wheelchair for mobility, and 

(vi) placement in residential or nursing home care. These milestones were 

selected because of their clinical relevance and they are well documented in 

clinical records.     

Other demographic data and clinical features were also recorded, including PD 

motor subtype (tremor-predominant, akinetic-rigid or PIGD), response to initial 

levodopa treatment (nil-mild, moderate, good, excellent)(53), maximum 

levodopa equivalent dose(227) and clinical diagnosis at time of death. Times 

from diagnosis to development of: (i) AutD, (ii) each autonomic symptom, (iii) 

first and (iv) each disease milestones and (v) death were calculated.  

 

6.2.3 Neuropathological assessment 

Formalin-fixed brain tissue samples were obtained from representative areas of 

the central nervous system and examined using routine stains supplemented 

with immunohistochemistry for Aβ peptide, tau protein (AT8 antibody), TDP-43, 
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ubiquitin and α-synuclein following QSBB standard protocols. Systematic 

histological analysis of neuronal loss in the substantia nigra and 

immunohistochemistry sections for inclusions known to be associated with 

neurodegenerative diseases was performed blinded to the clinical data on 

autonomic dysfunction. Lewy pathology (Lewy bodies and Lewy neurites) was 

assessed using a semiquantitative grading system (absent, mild, moderate, 

severe, very severe) in representative sections of the brainstem, basal forebrain 

and neocortical areas following consensus criteria and, based on the pattern of 

regional involvement, a Lewy body pathology type (brainstem, limbic, diffuse 

neocortical) was assigned for each case.(104)  

 

6.2.4 Statistical assessment 

Summary statistics are described as frequency and percentage for categorical 

data and mean and standard deviation (SD) for continuous variables. Linear 

regression was used to perform a preliminary analysis of potential associations 

between main explanatory variables. Time from diagnosis to development of 

AutD was considered as dependent variable and other relevant explanatory 

variables (e.g. age, gender, levodopa response, PD motor subtype, Lewy 

pathology type) were included as predictors in the model.    

To assess the effect of time from PD diagnosis to AutD on the risk of developing 

a disease milestone or the risk of death (survival), patients were divided into 

two subgroups (e.g. early vs late AutD) using the median value, and Kaplan-

Meier curves were plotted. Multivariable Cox proportional hazards models 

were then used to estimate the association between the main explanatory 

variable and the risk of developing a disease milestone or the risk of death 

(survival), which were considered in turn as dependent variables. Other 

explanatory variables included age, gender, PD motor subtype and response to 

levodopa. Adjusted HRs and 95% CIs were estimated. Visual inspection of 
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Kaplan-Meier curves and plots of scaled Schoenfeld residuals against time were 

used to assess the proportional hazards assumption. Censoring was considered 

uninformative.  

Statistical significance was set at P < 0.05. Statistical analyses were performed 

using the statistical software Stata 12 (StataCorp, TX). 
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6.3 Results  

6.3.1 Demographics and clinical features 

After exclusion of 71 patients, a total of 100 consecutive patients (60.0% male; 

age at diagnosis 63.9 ± 10.3 years; disease duration 14.6 ± 7.7 years) were 

included in the study. Details of excluded patients and flow chart of the study 

are shown in Figure 6.1. Of note, patients excluded with insufficient clinical 

information did not differ from the patients of the study in age, gender, disease 

duration, levodopa response or PD motor subtypes (all comparisons shown in 

Figure 6.1).  

 



PhD - 2019 - De Pablo Fernández 

133 

 

 

Figure 6.1. Flow chart and comparison between excluded vs included patients. 

AR, akinetic-rigid; FXTAS, fragile-X tremor ataxia syndrome; PIGD, postural instability 
and gait difficulty; PD, Parkinson’s disease; PSP, progressive supranuclear palsy 
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Demographic and clinical features of patients included in the study are 

summarised in Table 6.2. Eighty three patients were clinically diagnosed with 

PD during life while 12 were misdiagnosed with MSA and 5 with progressive 

supranuclear palsy (PSP). At least one disease milestone was reached by 96% of 

patients with a mean time from diagnosis of 9.9 ± 6.2 years, with regular falls 

(83%), use of wheelchair (61%), care placement (52%) and cognitive impairment 

(50%) the most frequent. AutD developed in 85% of patients with a mean time 

from diagnosis of 6.7 ± 7.7 years (Figure 6.2). Thirteen patients developed AutD 

before the diagnosis of PD. The most common AutD disturbances were urinary 

symptoms (84%), constipation (83%) and orthostatic hypotension (60%). 

Histological analysis revealed that diffuse neocortical (65%) was the most 

common Lewy pathology type.  
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Feature Total patients = 100 
Percentage* or mean ± SD 

Time from diagnosis 
(y); 

mean ± SD 

Gender F 40; M 60  
Age at diagnosis (y) 63.9 ± 10.3  
Age at death (y) 78.5 ± 6.9  
Disease duration (y) 14.6 ± 7.7  
Clinical diagnosis PD 83; MSA 12; PSP 5  
PD motor subtype Tremor 18; AR 66; PIGD 16  
Levodopa response 
(total n = 98)* 

Nil 4 (4%); moderate 8 (8%); good 25 (26%); 
excellent 61 (62%) 

 

Maximum LED (mg) 917 ± 446  
Cause of death Infection 45; deterioration 36; 

cardiovascular 4; other 15 
 

Lewy pathology type  
(total = 99)* 

Brainstem 2 (2%); Limbic 33 (33%); 
Neocortical 64 (65%) 

 

First milestone 96 9.9 ± 6.2 
Regular falls 83 10.2 ± 6.4 
Wheelchair 61 11.6 ± 7.3 
Speech 12 14.1 ± 7.0 
Severe dysphagia 13 14.0 ± 8.1 
Cognitive  50 10.8 ± 7.0 
Care placement 52 12.0 ± 7.3 
AutD 85 6.7 ± 7.7 
OH 60 7.6 ± 8.8 
Upper GI 16 3.7 ± 7.3 
Constipation 83 7.0 ± 7.4 
Urinary 84 5.0 ± 8.3 
Erectile dysfunction  
(total males = 60)* 

23 (38%) 3.0 ± 7.7 

Sweating 12 5.5 ± 6.7 

Table 6.2. Patient demographic and clinical features. 

* number of patients and percentage are the same (total n = 100) unless stated 
otherwise, where data are shown as n (%)  
AR, akinetic-rigid; F, female; LED, levodopa equivalent dose; M, male; MSA, multiple 
system atrophy; OH, orthostatic hypotension; PIGD, postural-instability and gait-
difficulty; PSP, progressive supranuclear palsy; upper GI, upper tract gastrointestinal 
symptoms; y, years. 
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Figure 6.2. Box-and-whisker plots showing time from diagnosis to autonomic 
symptoms, disease milestones and death. 

Box represents 25th and 75th percentiles with the line showing the median value. 
Whiskers represent adjacent values and outliers are represented by dots.   
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6.3.2 Association between AutD and other variables 

Assessment of the relationship between explanatory variables (Table 6.3) 

showed that patients with earlier AutD were older (Regression coefficient -0.40; 

P <0.001; 95% CI -0.54 to -0.27), predominantly male (Regression coefficient -

7.13; P <0.001; 95% CI -10.06 to -4.20), with a poorer levodopa response 

(Regression coefficient 12.19; P = 0.001; 95% CI 4.87 to 19.52), lower maximum 

levodopa equivalent dose (Regression coefficient  5.56; P = 0.002; 95% CI 2.14 

to 8.98), and had PIGD motor subtype (Regression coefficient -10.08; P <0.001; 

95% CI -15.16 to -5.00). 

A clinicopathological correlation with the distribution and severity of α-

synuclein pathology was assessed but development of AutD and Lewy 

pathology subtype did not show any significant association.     
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Explanatory variables Regression coefficient P value 95% CI 

Age at diagnosis -0.40 <0.001 -0.54 to -0.27 
Male gender  
(vs female) 

-7.13 <0.001 -10.06 to -4.20 

PIGD PD subtype  
(vs tremor predominant) 

-10.08 <0.001 -15.16 to -5.00 

Excellent levodopa response   
(vs nil-mild) 

12.19 0.001 4.87 to 19.52 

Maximum LED (g) 5.56 0.002 2.14 to 8.98 
Lewy pathology type   
limbic (vs brainstem) 

2.27 0.70 -9.42 to 13.96 

Lewy pathology type  
neocortical (vs brainstem) 

2.96 0.61 -8.57 to 14.48 

Table 6.3. Association between autonomic dysfunction and other variables. 

AR, akinetic rigid; LED, levodopa equivalent dose; PIGD, postural-instability and gait-
difficulty.  
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6.3.3 Effect of autonomic dysfunction on disease progression 

Earlier development of AutD was significantly associated with an increased risk 

of reaching a disease milestone (Table 6.4, Figure 6.3, Figure 6.4, Figure 6.5). 

For every year delay in the development of AutD there was a reduction of risk 

of reaching the first milestone of 14% (HR 0.86; 95% CI 0.83 to 0.89; P < 0.001). 

The risk of reaching each individual milestone was also estimated. Earlier 

development of AutD was associated with a higher risk of falls (HR 0.88; 95% CI 

0.84 to 0.92; P < 0.001), wheelchair dependence (HR 0.93; 95% CI 0.89 to 0.97; 

P = 0.002), cognitive impairment (HR 0.90; 95% CI 0.85 to 0.95; P < 0.001), and 

care placement (HR 0.91; 95% CI 0.87 to 0.96; P = 0.001). Results did not show 

an association between AutD with an increased risk of severe dysphagia or 

speech impairment although only a small number of patients developed these 

milestones.  

 

6.3.4 Effect of autonomic dysfunction on survival  

The impact of time from diagnosis to AutD on survival is summarised in Table 

6.4, Figure 6.3, Figure 6.4, Figure 6.5. Survival analysis was adjusted by gender, 

age at diagnosis, PD motor subtype and response to levodopa as they have 

been previously reported as survival predictors in the literature (213) and they 

also showed a statistically significant association with shorter survival in the 

univariable analysis model in our study (see below Other predictors of survival). 

Shorter time to development of AutD was associated with shorter survival and 

for every year delay in the development of AutD there was a reduction of risk of 

death of 8% (HR 0.92; 95% CI 0.88 to 0.96; P < 0.001).   
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Figure 6.3. Box-and-whisker plots showing time from diagnosis to milestones by 
early vs late autonomic dysfunction. 

Box represents 25th and 75th percentiles with the line showing the median value. 
Whiskers represent adjacent values and outliers are represented by dots.   

 

 

 

 

A 

 

B 
Figure 6.4. Kaplan-Meier curves for survival probability (left) and risk of first 
milestone (right) by early vs late autonomic dysfunction. 
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OUTCOME VARIABLE Time to autonomic dysfunction* 

HR (95% CI) P value 

First milestone 0.86 (0.83 to 0.89); P < 0.001 
Regular falls 0.88 (0.84 to 0.92); P < 0.001 
Wheelchair 0.93 (0.89 to 0.97); P = 0.002 
Speech 0.93 (0.84 to 1.03); P = 0.18 
Severe dysphagia 0.97 (0.88 to 1.07); P > 0.57 
Cognitive impairment 0.90 (0.85 to 0.95); P < 0.001 
Care placement 0.91 (0.87 to 0.96); P = 0.001 
Survival 0.91 (0.88 to 0.95); P < 0.001 

 Time to autonomic symptoms* 
HR (95% CI) P value 

Orthostatic hypotension First milestone: 0.94 (0.91 to 0.97) P < 0.001 
Survival: 0.92 (0.89 to 0.95) P < 0.001 

Upper gastrointestinal symptoms First milestone: 0.93 (0.90 to 0.96) P < 0.001 
Survival: 0.93 (0.91 to 0.96) P < 0.001 

Constipation First milestone: 0.94 (0.90 to 0.97) P = 0.001 
Survival: 0.95 (0.9 to 0.98) P = 0.005 

Urinary symptoms First milestone: 0.92 (0.89 to 0.95) P < 0.001 
Survival: 0.94 (0.91 to 0.97) P < 0.001 

Erectile dysfunction First milestone: 0.92 (0.89 to 0.96) P < 0.001 
Survival: 0.86 (0.82 to 0.89) P < 0.001 

Sweating abnormalities First milestone: 0.88 (0.84 to 0.92) P < 0.001 
Survival: 0.89 (0.86 to 0.93) P < 0.001 

Table 6.4. Risk for disease progression and survival 

*Cox proportional hazard models of autonomic dysfunction (top) and individual 
autonomic symptoms (bottom) for disease progression and survival. The different 
forms of the main explanatory variables were considered in turn in different Cox 
regression models (not in the same model). 
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A B 

C D 

E F 

Figure 6.5. Kaplan-Meier curves for disease progression by early vs late 
autonomic dysfunction. 

Risk of outcome: falls (A), wheelchair dependence (B), unintelligible speech (C), severe 
dysphagia (D), dementia (E) and home care placement (F). 
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6.3.5 Effect of individual autonomic symptoms on disease 

progression and survival 

The influence of each individual autonomic symptom/sign (orthostatic 

hypotension, urinary symptoms, constipation, upper gastrointestinal 

symptoms, sweating abnormalities and erectile dysfunction in males) on 

survival and disease progression was also estimated.  

Earlier development of each individual autonomic symptom/sign was 

associated with a significant higher risk of reaching a disease milestone and 

shorter survival (Table 6.4).   

 

6.3.6 Other predictors of survival 

Univariate models were used to study the influence of other clinical factors and 

demographic data on survival. In addition to earlier AutD development, factors 

associated with shorter survival included older age at diagnosis, male gender, 

PIGD motor subtype and poor levodopa response. Only three of these variables 

(age at diagnosis, poor levodopa response and earlier development of AutD) 

retained statistical significance and were maintained as independent predictors 

in the adjusted multivariate analysis (Table 6.5).  
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Variable Crude HR 
(95% CI) 

P value Adjusted HR 
(95% CI) 

P value 

Age at diagnosis (y) 1.14 (1.11 to 1.18) < 0.001 1.12 (1.08 to 1.16) < 0.001 
Time to AutD (y) 0.88 (0.85 to 0.91) < 0.001 0.92 (0.88 to 0.96) < 0.001 
Levodopa response  
good (vs nil-mild) 

0.11 (0.03 to 0.37) < 0.001 0.22 (0.07 to 0.74) 0.014 

Levodopa response  
excellent (vs nil-mild) 

0.05 (0.02 to 0.16) < 0.001 0.19 (0.05 to 0.64) 0.008 

Male gender 1.72 (1.14 to 2.61) 0.01 1.62 (0.97 to 2.71) 0.063 
PIGD subtype  
(vs tremor predominant) 

5.54 (2.69 to 11.40) < 0.001 1.91 (0.76 to 4.79) 0.166 

Table 6.5. Multivariable analysis of survival predictors. 
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6.4 Discussion  

This is the first study to evaluate systematically the impact of AutD throughout 

the disease course in a large group of autopsy-confirmed cases with PD. The 

main finding is that earlier development of AutD or individual autonomic 

features (including orthostatic hypotension, urinary symptoms, upper 

gastrointestinal symptoms, constipation, sweating abnormalities and erectile 

dysfunction in males) are independent predictors of more rapid disease 

progression, disability and shorter survival in PD patients.  

The main strength of the study is the neuropathological confirmation of the 

diagnosis available for all cases. Due to the clinical heterogeneity of PD and 

relative lack of diagnostic tests, it is essential to include patients with a high 

level of diagnostic certainty that can only be achieved with post mortem 

examination. Autonomic symptoms can predate the diagnosis of PD by several 

years (228) and in some patients autonomic failure can dominate the clinical 

picture throughout the course of the disease (229) and lead to misdiagnosis of 

multiple system atrophy (224, 225) as was the case in 12 patients in our study. 

Data regarding accuracy of clinical diagnosis in our series of patients is similar to 

other previous clinico-pathological studies with a recent meta-analysis 

reporting a pooled diagnostic accuracy of 80.6%, with the highest of 86% being 

achieved by movement disorders experts, (230) and MSA being the condition 

most commonly misdiagnosed.(231) Our data highlights the fact that a 

significant proportion of patients with PD with AutD are misdiagnosed as 

multiple system atrophy in life meaning that it is likely that many population 

studies have excluded this subgroup from the analysis. Therefore, caution is 

needed in the interpretation of clinical studies, particularly those involving 

patients at early stages of the disease or those where the symptomatology 

overlaps with other conditions included in the differential diagnosis such as 

AutD.  
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Our study provided a systematic evaluation of autonomic symptoms including 

different autonomic domains and also provided detailed and regular clinical 

information throughout the whole disease course.  Only a few studies have 

assessed the impact of the severity of autonomic symptoms on PD although 

their conclusions are limited by short follow up periods or assessment of 

individual autonomic symptoms in isolation. A retrospective cohort study failed 

to show any association between severity of AutD on autonomic cardiovascular 

tests and mortality rates at 7 years. (223) AutD measured using a specific 

validated questionnaire (SCOPA-AUT) did not show an increased risk of 

mortality after less than 5 years of follow up (232) although another study using 

the same questionnaire showed an association with deterioration of quality of 

life and performance of daily activities.(233) Compared to our results, follow up 

periods may not have been long enough to detect any potential significant 

effects although it is unclear whether the time of development of AutD (rather 

than its severity) seems to be the key determinant on survival. Other studies 

have assessed the influence of the presence (rather than the severity) of 

specific symptoms of AutD on PD progression and most of the studies have 

focused on orthostatic hypotension. A recent prospective cohort study of 176 

patients with clinical diagnosis of PD and anosmia followed up throughout their 

disease course showed that the presence of orthostatic hypotension at the 

initial assessment was associated with significant shorter survival, although 

other symptoms and signs of AutD were not evaluated.(37) In addition to 

orthostatic hypotension, Stubendorff and colleagues (222) also evaluated the 

presence of constipation and urinary incontinence as markers of AutD in 30 

patients with dementia with Lewy bodies and PD with dementia. Orthostatic 

hypotension was the only symptom associated with shorter survival after 36 

months in this group, although the prognosis was worse in those patients with 

additional constipation or urinary incontinence. In addition to the effects on 

survival, there is a growing body of evidence that links orthostatic hypotension 

with development of dementia (234, 235) and even transient cognitive 

performance during orthostatism.(236) The underlying mechanisms are not 

fully understood and intense research is attempting to elucidate whether there 
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is just an association of symptoms or there is a causative link between them. It 

is noteworthy that the studies showing a negative prognostic value of 

autonomic symptoms in PD only focused on the presence or absence of the 

symptoms at initial assessments rather than their severity. In our study, analysis 

of individual autonomic symptoms also showed similar results to the analysis of 

global AutD, with a faster progression to first milestone and shorter survival for 

those developing each autonomic symptom. These findings suggests that time 

of development of AutD rather than the severity of the symptoms is the factor 

impacting on disease progression, suggesting a faster and more diffuse 

neurodegenerative process.    

Recent studies have attempted to define new clinical subtypes of PD 

incorporating non-motor symptoms (including AutD) using different 

methodologies.(237, 238) These studies have shown that autonomic symptoms 

are more common in patients without tremor predominant subtypes of PD and 

also that AutD might associate with other features such as postural 

instability,(214, 239-241) RBD (25) and cognitive impairment (241, 242) 

suggesting a more extensive neurodegenerative process in these patients. A 

few of these studies have assessed the prognosis of the different PD clinical 

subtypes though in general they include a relatively small number of patients 

and short follow up periods ( see chapter 7 for extended discussion). Those 

subtypes with prominent autonomic symptoms have shown worse disease 

progression (25) and shorter survival.(243) As the analysis was carried out in the 

context of other motor and non-motor symptoms, no conclusion regarding the 

prognostic value of these autonomic symptoms in isolation can be made. Our 

study is in agreement with the view that some symptoms might cluster 

together as earlier AutD was associated with PIGD motor subtypes which had 

also a higher risk of developing cognitive disability.  

Analysis of the neuropathological data in our patients did not show any 

significant association of AutD with the distribution and severity of α-synuclein 

pathology in the central nervous system. These findings go against the 
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hypothesis that a more aggressive neurodegenerative process in these patients 

may spread faster to different brain areas and be responsible for the 

association of several non-motor symptoms (AutD, RBD, cognitive impairment) 

and the worse prognosis. In contrast to MSA, autonomic nervous system 

degeneration in PD is considered to be caused mainly by involvement of 

postganglionic neurons in the peripheral autonomic nervous system which may 

explain the lack of significant neuropathological findings in central 

structures.(34) However, there is histological evidence of involvement of key 

autonomic regulatory areas in the central nervous system in PD (some of them 

not included in the analysis of common PD staging systems) that may play a role 

in AutD. (34, 244) A more targeted histological assessment of central regulatory 

autonomic areas may reveal potential histological differences and help to 

elucidate the role of central involvement in AutD in PD. Whether a consequence 

of peripheral or central (or both) involvement of autonomic structures, earlier 

AutD was a significant prognostic factor for disease progression and survival 

independent of the association with other non-motor features with prognostic 

implications as shown in the multivariable analysis (Table 6.5). Based on this, 

we propose that AutD should be considered a non-motor marker of disease for 

the characterization of different PD subtypes.    

Although not the main objective of this study, our data also showed that older 

age at diagnosis, male gender, PD subtype and response to levodopa were 

predictors of survival in univariable analysis. In multivariable analysis, however, 

only age at diagnosis and levodopa response remained significant. These 

features have been reported as survival predictors in PD in previous 

studies.(215) Our findings also showed that AutD is a common, early and 

sometimes severe clinical feature in PD but these data are likely to be a 

conservative estimate and they may not represent the figures in the general PD 

population.              

The retrospective nature of the study and the assessment by different 

professionals without methodological homogeneity may potentially account for 
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some limitations in the accuracy of the recording of autonomic symptoms. The 

study used strict criteria and included a large group of PD patients with detailed 

and regular clinical information from hospital specialists (neurologists or 

geriatricians) and the family doctor that allowed confident documentation of 

the disease process to mitigate this potential bias. Disease milestones were well 

documented and they have been shown to describe accurately disease 

progression in other parkinsonian conditions.(53) On the other hand, brain bank 

cases may be biased towards more severe or atypical clinical cases.  

In summary, this study of a large number of pathologically confirmed PD cases 

shows that an earlier development of autonomic symptoms or AutD is 

associated with a shortened survival and worse progression of the disease. As 

the presence of autonomic symptoms in the majority of our patients was 

assessed in clinical settings, these findings have important implications in 

clinical practice. Assessment of these symptoms should be part of the routine 

clinical assessment of PD patients, to identify those individuals who may require 

more detailed evaluation and follow up. The role of more aggressive treatment 

of autonomic symptoms or AutD on progression and survival, however, remains 

unclear. Further studies with pathologically proven PD cases and objective 

assessment of AutD severity are warranted to corroborate these findings.  
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Chapter 7. The prognosis and neuropathological 

correlation of clinical subtypes in Parkinson’s disease. 

7.1 Introduction 

As discussed previously, the clinical presentation of PD, with its wide range of 

motor and non-motor features, varies considerably from patient to patient. 

Moreover, the way in which those symptoms respond to different symptomatic 

therapies and how the disease progresses over time can be remarkably 

heterogeneous.(23, 245) This variability has prompted many attempts to 

explore clinically relevant features to classify patients into subgroups with a 

similar clinical phenotype. Successful subtyping of patients at the time of 

diagnosis would have important practical implications for clinicians and 

patients, allowing prediction of the range of clinical manifestations likely to 

appear and allowing an accurate estimation of the prognosis in order to provide 

more individualised treatment plans and counselling. The underlying 

mechanisms behind this clinical variability are poorly understood, although the 

assumption of different Parkinson’s clinical subtypes would have important 

pathophysiological implications. Some authors argue that the presence of 

different PD clinical subtypes really constitutes different disease subtypes with 

differing pathogenic processes and aetiologies while others support the idea of 

a common pathophysiological mechanism with individual factors influencing 

rate of progression.(237, 238) Whether multiple or one single pathogenic 

process, PD subtyping may help to better understand the pathophysiology of 

neurodegeneration in patients with PD and its implementation in clinical 

research may be a useful tool to develop specific treatments. 

PD subtyping has attracted significant attention and multiple systems have 

been proposed exploring different ways of classification. The initial PD subtypes 

were based on the empirical observation of classical motor features based on a 

priori hypothesis. The most commonly proposed empirical groups are ‘tremor-
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dominant’ and ‘PIGD’ subtypes which are usually defined using the motor 

scores of the UPDRS. (246) The prognostic significance of these clinical subtypes 

has been demonstrated in numerous studies (23, 245) and they are easy to 

apply in clinical practice, although they have been criticised for their lack of 

consistency over the disease course.  

Empirical observations have been gradually replaced by data-driven approaches 

where the association between clinical variables is not influenced by a priori 

hypotheses. These cluster analyses are methodologically more robust as they 

do not imply any assumptions although results are highly dependent on the 

clinical variables and number of clusters selected which explains the 

considerable discrepancy between different studies. Most initial cluster 

analyses focused on demographics and motor symptoms, and ‘old age-at-onset 

and rapid disease progression’ and a ‘young age-at-onset and slow disease 

progression’ are the subtypes most commonly proposed.(247) As our 

understanding of PD advanced, some of the NMS of the disease with prognostic 

implications have been incorporated into PD subtype studies and cognitive 

impairment, RBD or depression have been shown to be key determinants in the 

definition of new PD subtypes in most recent cluster studies. (24-26, 241, 248) 

In addition to the inherent bias of variable and cluster selection, these new 

clinical subtypes have other limitations. Classification of PD patients purely 

based on data association may not reflect the underlying pathophysiological 

processes driving such clinical heterogeneity. Some of these studies analysed a 

wide range of motor and non-motor features some of which are not routinely 

measured in clinical practice, and some subtype classifications are based on 

complex scoring systems using lengthy questionnaires, therefore limiting its 

applicability in clinical settings.             

Despite these important research efforts, to date, no classification system has 

proved superior over others and there is no consensus on a specific subtyping 

classification to use. Most cluster studies have no longitudinal follow up and in 

the only two studies with prospective assessments, this is limited to < 3 
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years,(24, 249) therefore further evidence is needed to assess the long-term 

validity of the proposed clinical subtypes on disease progression. PD subtypes 

need to be validated in different populations and, ideally, correlated with 

neuropathological findings or other biomarkers to support their neurobiological 

basis. However, most of the new cluster studies lack validation in other cohorts 

and, with few exceptions,(24, 26) supporting data on biomarkers. One of these 

studies used a comprehensive list of data on motor and non-motor clinical 

manifestations at time of diagnosis, with additional  neuroimaging and 

cerebrospinal fluid biomarker data from the Parkinson’s disease Progression 

Markers Initiative study (PPMI).(250) Four clinical features (motor severity, 

cognitive impairment, dysautonomia and RBD) were identified as the key 

determinants for subtyping based on cluster analysis and three distinct 

subgroups proposed: ‘mild motor-predominant’, ‘diffuse malignant’ and 

‘intermediate’. (24) The prognostic value of this subtype classification (or any 

other subtype classification system) has not been proven in the long-term (as 

patients were followed up for < 3 years), and has not been validated in other 

populations apart from the PPMI cohort.  

Previous work performed at the QSBB correlated a subtype classification based 

on motor features and age at onset (251) with neuropathological findings. (252) 

By using clinical records incorporating non-motor features and the detailed 

pathological data from the QSBB on a separate large group of pathology-

confirmed PD cases, longitudinal life-time data and neuropathological 

correlation among the newly proposed  clinical subtypes are presented. 

Moreover, possible pathophysiological mechanisms responsible for the clinical 

and neuropathological heterogeneity are proposed. 
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7.2 Methods 

7.2.1 Study design 

This is a retrospective cohort study including consecutive patients with a 

neuropathologically-confirmed diagnosis of PD (defined as moderate to severe 

neuronal loss in the SNpc associated with Lewy pathology). Cases were 

identified from the archives of the QSBB in London, United Kingdom, between 

January 2009 and December 2017. Cases were excluded from the study if: (I) a 

diagnosis of dementia before or within 1 year of the onset of motor symptoms 

was made (11) (II) neuropathological changes consistent with diagnosis of an 

additional neurodegenerative condition were present on post-mortem 

examination, (III) had a monogenic form of PD,(5) or (IV) detailed and regular 

clinical records documenting the entire disease course were not available. The 

brain donor program was approved by a London Multi-Centre Research Ethics 

Committee, tissue was stored for research under a license from the Human 

Tissue Authority, and written informed consent was obtained from all donors.  

 

7.2.2 Clinical assessment 

Clinical records were systematically reviewed. All patients were assessed by 

hospital specialists (neurologists or geriatricians) in the United Kingdom 

regularly throughout their disease course. Only cases with detailed and regular 

documentation of clinical assessments were included in the study. Data on 

demographics, clinical features and disease progression were collected. The 

presence and severity of the cardinal motor signs of PD at the time of diagnosis, 

including tremor, bradykinesia, rigidity and postural instability, were recorded. 

The following non-motor features and their severity at the time of diagnosis 

were also documented: (I) autonomic dysfunction defined by the presence of 

any two of the following symptoms or signs persistent for longer than 6 months 
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(urinary symptoms, constipation, symptoms of upper gastrointestinal 

dysfunction, orthostatic hypotension, sweating abnormalities or erectile 

dysfunction in males) as previously defined, (II) clinically diagnosed RBD defined 

as presence of repeated episodes of sleep related vocalisation and/or complex 

motor behaviour, (III) cognitive dysfunction (graded according to the degree of 

impairment of tasks of daily living from mild cognitive impairment to severe 

dementia) and (IV) symptoms of major depressive disorder.  Grading of 

symptom severity was performed blinded to disease course and 

neuropathological data, based on the clinical relevance of the symptoms on the 

premise that this would be well documented in the clinical notes. Using a 4-

point semiquantitative scale based on the clinical impression by the treating 

physician, symptoms and signs were graded as follows:  

- 0 – absent  

- 1 – mild symptom severity / mild distress to patient / no therapeutic 

intervention required   

- 2 – moderate symptom severity / moderate distress to patient / good 

symptomatic control with therapeutic intervention  

- 3 – severe intensity / severe distress to patient / no symptomatic control 

despite therapeutic intervention  

To assess disease progression, the occurrence and time of onset from diagnosis 

to specific disease milestones were recorded: (I) presence of regular falls or (II) 

dependence on wheelchair for mobility as milestones of motor disability, (III) 

dementia, defined as cognitive impairment severe enough to significantly affect 

tasks of daily living and (IV) placement in residential or nursing home care as a 

measure of global disability. Time from diagnosis to death (survival) was also 

recorded.    
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7.2.3 Subtype definitions 

Definitions proposed by Fereshtehnejad et al were used to assign individuals in 

our study to a specific PD subtype.(24) As their classification system is based on 

a 4-item composite of multiple clinical questionnaires and scales which may not 

be available in clinical practice, the suggested algorithm was adapted to our 

retrospective, non-standardised clinical data in order that our subtypes 

correspond as closely as possible to the original definitions. Our 

semiquantitative severity scores of motor and non-motor features were 

converted into four domains that included one composite for motor (a 

composite of the individual scores for tremor, bradykinesia, rigidity and 

postural instability) and one composite for autonomic dysfunction (a composite 

of the individual scores for urinary symptoms, constipation, symptoms of upper 

gastrointestinal dysfunction, orthostatic hypotension, sweating abnormalities 

and erectile dysfunction in males), and two individual scores for RBD and 

cognitive dysfunction. The corresponding 75th percentile was calculated for 

each domain and patients were classified at the time of diagnosis into three 

subtypes: 

- Mild motor-predominant. Motor and all non-motor scores < 75th 

percentile.   

- Diffuse malignant. Either motor score > 75th percentile and at least one 

non-motor score > 75th percentile, or all three non-motor scores > 75th 

percentile.  

- Intermediate. All those individuals not meeting criteria for other 

subtypes.  

As a consequence of adapting the original subtyping system using quantitative 

assessment tools to a semiquantitative scale with limited categories, groups of 

patients could have the same score corresponding to the 75th percentile. All 

those cases with the same score were allocated to the same group (either >75th 

or <75th percentile group) based on where the majority of them distributed. For 

example, the 75th percentile for RBD score was 1=mild, and 2 patients with this 
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score fell into the <75th percentile whilst 22 fell into >75th percentile, therefore 

all patients with RBD score 1=mild were allocated to >75th percentile.       

 

7.2.4 Neuropathological assessment  

Formalin-fixed brain tissue samples were examined and stained using standard 

protocols and complemented with immunohistochemistry against α-synuclein, 

Aβ peptide, hyperphosphorilated tau protein, p62 and TAR DNA binding-protein 

43 (TDP43). Distribution and severity of Lewy body pathology was assessed 

following consensus guidelines: representative sections of brainstem, basal 

forebrain and neocortical areas were graded using semiquantitative scoring and 

each individual was assigned to a Lewy body subtype (brainstem, limbic or 

diffuse neocortical) based on Lewy body scores, (11) and a Braak stage (1 - 6) 

according to the disease staging system proposed by Braak.(7) Additional 

pathologies were evaluated using current consensus protocols. Severity of 

neurofibrillary tangle pathology was assessed using specific 

immunohistochemistry against hyperphosphorylated tau protein and the 

staging system described by Braak and Braak.(253) Aβ  immunostaining was 

used for the assessment of amyloid β deposition and neuritic plaques and their 

severity and extent was graded according to the classifications proposed by 

Thal (254) and the Consortium to establish a registry for Alzheimer’s disease 

(CERAD) protocol.(255) Global Alzheimer’s disease neuropathological changes 

were assessed using the “ABC” scoring system proposed by the National 

Institute on Aging (NIA) – Alzheimer’s Association guidelines, which assign a 

level of Alzheimer’s disease  neuropathological changes (Absent, low, 

intermediate, high) based on the combination of neurofibrillary tangle, amyloid 

β deposition and neuritic plaque severity.(256) Neuropathological changes were 

compared between Parkinson’s subgroups to assess for potential differences of 

the neurodegenerative process that could explain the different disease course 

among PD subtypes.  
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7.2.5 Statistical analysis 

Demographic and clinical features are reported as number (percentage) for 

categorical variables and median ± standard deviation for continuous variables. 

Comparisons between groups were performed using Fisher’s exact test for 

categorical variables, and ANOVA for continuous variables as appropriate with 

Bonferroni correction for multiple pairwise comparisons. Considering the 

ordinal nature of neuropathology staging systems, global comparisons of 

histological findings among PD subtypes were performed using the Kruskal-

Wallis test.   

Multivariable Cox proportional hazard regression models were used to estimate 

the risk of developing each disease milestone and the risk of death (survival) for 

each Parkinson’s subtype. Other demographic and clinical features previously 

reported to have prognostic value including age at diagnosis, gender, levodopa 

response and depression severity were included in the model as explanatory 

variables. Only those with a relevant association in the univariate analysis that 

retained statistical significance after adjustment in the multivariate analysis 

were included. Adjusted HRs and 95% CIs were estimated. Kaplan-Meier curves 

of disease milestones and survival were plotted for each PD subtype. Visual 

inspection of Kaplan-Meier curves and plots of scaled Schoenfeld residuals 

against time were used to assess the proportional hazards assumption. 

Censoring was considered uninformative. Two-tailed tests were performed and 

statistical significance was set at P < 0.05 and STATA statistical software, version 

12 (StataCorp) was used for statistical analysis.  

  



PhD - 2019 - De Pablo Fernández 

159 

 

7.3 Results 

From 146 potential cases with neuropathological diagnosis of PD, a total of 111 

patients (60.4% male) with age at diagnosis of 62.5 ± 11.5 years were included 

in the final analysis. Figure 7.1 shows the flow chart of the study. 
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Figure 7.1. Flow chart. 

 

  



PhD - 2019 - De Pablo Fernández 

161 

 

The demographic data and clinical features of the whole group and by 

Parkinson’s subtypes are shown in Table 7.1. The QSBB cohort did not differ in 

age at diagnosis (62.5 ±  11.5 vs 61.1 ±  9.7 years; t = -1.299; P = 0.20), sex (male 

sex 60.4% vs 65.6%; chi square; P = 0.31) or PD subtype distribution (mild 

motor-predominant / intermediate / diffuse malignant: 48.7%, 35.1% and 

16.2% vs 52.5%, 38.5% and 9.0% respectively; chi square; P = 0.09) compared 

with the reference PPMI group. Mild motor-predominant subtype patients were 

significantly younger at diagnosis, had a better response to levodopa and 

received a higher levodopa equivalent dose. Patients of the diffuse-malignant 

subtype were older, almost all male, had a poorer response to levodopa and 

more frequently misdiagnosed with an atypical parkinsonian syndrome in life 

(see Table 7.1 for all comparisons).  
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 Total 
(n= 111; 
100%) 

Mild motor-
predominant 

(n= 54; 48.7%) 

Intermediate 
(n= 39; 35.1%) 

Diffuse 
malignant 

(n= 18; 
16.2%) 

P value – 
Significant 
pairwise 

comparisons 

Age at diagnosis  62.5±11.5 58.2±11.9 65.0±10.4 70.3±6.4 <0.001 
MMP vs IM 
MMP vs DM 

Male sex  67 (60.4) 30 (55.6) 20 (51.3) 17 (94.4) 0.003 
Clinical diagnosis      <0.001 
  PD 95 (85.6) 53 (98.2) 32 (82.1) 10 (55.6)  
  MSA 11 (9.9) 1 (1.9) 5 (12.8) 5 (27.8)  
  PSP 5 (4.5) 0 (0.0) 2 (5.1) 3 (16.7)  
Age at death  78.3±6.4 78.4±6.6 78.2±6.6 78.4±5.6 0.99 
Ldopa response     <0.001 

  Absent 5 (4.4) 2 (3.8) 1 (2.6) 3 (17.7)  
  Mild 7 (6.1) 0 (0.0) 1 (2.6) 5 (29.4)  
  Moderate 27 (23.7) 7 (13.2) 11 (29.0) 6 (35.3)  
  Good 75 (65.8) 44 (83.0) 25 (65.8) 3 (17.7)  
Maximum LED 
(mg) 

 
899.5±432.3 

 
1016.1±436.9 

 
834.7±394.2 

 
674.1±399.7 

 
0.008 

MMP vs DM 
Cause of death     1.0 
  PD-related 94 (84.7) 46 (85.2) 33 (84.6) 15 (83.3)  
  PD-unrelated 17 (15.3) 8 (14.8) 6 (15.4) 3 (16.7)  

Table 7.1. Demographic and clinical data by PD subtype. 

* Chi square/Fisher exact test for categorical variables and ANOVA for continuous 
variables as appropriate with Bonferroni correction for pairwise comparisons. Data 
shown in number (%) or mean ± SD. 

DM, diffuse malignant; IM, intermediate; LED, Levodopa equivalent dose; MMP, mild 
motor-predominant; MSA, multiple system atrophy; PD, Parkinson’s disease; PSP, 
progressive supranuclear palsy. 
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7.3.1 Disease progression and survival in Parkinson’s subtypes 

PD subtypes showed different rates of deterioration with the diffuse malignant 

subtype reaching all prognostic milestones earlier in the disease course and 

having the shortest survival (ANOVA; all P values < 0.001; see Table 7.2 for all 

comparisons and Figure 7.2). Non-PD related causes of death were similar 

between groups. Despite differences in disease progression and survival, PD 

subtypes did not differ in disability at the time of death as judged by the 

presence of disease milestones and all subtypes reached advanced stages with 

94.6% of patients reaching at least one disease milestone (Table 7.2).  

The risk to develop each milestone was estimated for all subtypes and results 

were adjusted by other potential relevant variables including age at diagnosis, 

gender, levodopa response and depression severity although only PD subtype 

and age at diagnosis remained significant in the multivariate model (Table 7.3). 

The diffuse-malignant group showed an increased risk of development of all 

disease milestones compared to mild motor-predominant. The probability of 

survival in the diffuse-malignant group was also reduced with an adjusted HR of 

3.65 (95% CI 1.98-6.75; P <0.001) (Table 7.3 and Figure 7.3).  
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MILESTONES  
n (%)  
Time from 
diagnosis 
(years) 

Total 
(n= 111; 
100%) 

Mild motor-
predominant 

(n= 54; 48.7%) 

Intermediate 
(n= 39; 35.1%) 

Diffuse 
malignant 

(n= 18; 
16.2%) 

P value – 
Significant 
pairwise 

comparisons 

First milestone 105 (94.6) 49 (90.7) 38 (97.44) 18 (100.0) 0.311 
   9.4±11.6 14.3±5.7 8.2±5.3 3.5±3.2 <0.001 

MMP vs IM 
MMP vs DM 

IM vs DM 
Falls 90 (81.1) 46 (85.2) 27 (69.2) 17 (94.44) 0.056 

 11.3±7.1 15.5±6.0 8.6±5.6 4.5±3.4 <0.001 
MMP vs IM 
MMP vs DM 

IM vs DM 
Wheelchair 62 (55.9) 29 (53.7) 17 (43.6) 16 (88.9) 0.004 
 10.6±15.2 16.9±6.7 11.8±6.8 4.9±3.7 <0.001 

MMP vs IM 
MMP vs DM 

IM vs DM 
Dementia  64 (57.6) 28 (51.9) 23 (59.0) 13 (72.2) 0.307 
 12.1±7.7 17.1±6.3 10.6±6.4 4.1±3.7 <0.001 

MMP vs IM 
MMP vs DM 

IM vs DM 
Home care  52 (46.9) 21 (38.9) 21 (53.9) 10 (55.6) 0.272 
 13.3±7.9 18.0±7.3 12.2±6.8 6.0±4.5 <0.001 

MMP vs IM 
MMP vs DM 

Survival from 
diagnosis 
(years) 

15.8±8.4 20.2±7.8 13.2±6.7 8.1±5.4 <0.001 
MMP vs IM 
MMP vs DM 

IM vs DM 

Table 7.2. Disease progression and survival data by PD subtype. 

Data showing frequency (%) and time from diagnosis (mean ± SD) to disease 
milestones and death by PD subtypes. 
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Figure 7.2. Box-and-whisker plots showing time from diagnosis to milestones 
and death by PD subtypes. 

Box represents 25th and 75th percentiles with the line showing the median value. 
Whiskers represent adjacent values and outliers are represented by dots.  

DM, diffuse malignant; IM, intermediate; MMP, mild motor-predominant. 
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Outcome variable Crude HR (95% CI) P value Adjusted HR (95% CI) P value 

First milestone:     
Intermediate 3.00 (1.86-4.85) <0.001 2.85 (1.75-4.63) <0.001 
Diffuse malignant 14.02 (7.20-27.29) <0.001 10.90 (5.51-21.58) <0.001 
Others: severe depression 1.85 (1.07-3.19) 0.03 0.85 (0.48-1.49) 0.57 
Others: age at diagnosis 1.09 (1.06-1.12) <0.001 1.09 (1.06-1.12) <0.001 
Falls:     
Intermediate 2.95 (1.70-5.12) <0.001 2.53 (1.45-4.43) 0.001 
Diffuse malignant 11.96 (6.02-23.78) <0.001 7.79 (3.84-15.79) <0.001 
Others: severe depression 2.37 (1.23-4.57) 0.01 1.14 (0.56-2.32) 0.72 
Others: age at diagnosis 1.11 (1.08-1.14) <0.001 1.10 (1.07-1.14) <0.001 
Wheelchair:     
Intermediate 5.79 (2.77-12.10) <0.001 1.19 (0.63-2.24) 0.60 
Diffuse malignant 15.17 (5.82-39.51) <0.001 3.78 (1.74-8.22) 0.001 
Others: age at diagnosis 1.10 (1.07-1.14) <0.001 1.09 (1.06-1.13) <0.001 
Dementia:     
Intermediate 2.42 (1.35-4.32) 0.003 2.24 (1.24-4.02) 0.007 
Diffuse malignant 11.0 (4.94-24.47) <0.001 6.65 (2.91-15.20) <0.001 
Others: severe depression 2.84 (1.51-5.34) <0.001 1.20 (0.61-2.38) 0.60 
Others: age at diagnosis 1.12 (1.08-1.15) <0.001 1.12 (1.08-1.16) <0.001 
Home care:     
Intermediate 2.04 (1.08-3.83) 0.03 1.83 (0.94-3.55) 0.07 
Diffuse malignant 6.66 (2.88-15.41) <0.001 3.33 (1.35-8.20) 0.009 
Others: severe depression 2.46 (1.14-5.29) 0.022 0.55 (0.20-1.51) 0.25 
Others: age at diagnosis 1.15 (1.10-1.20) <0.001 1.14 (1.09-1.18) <0.001 
Survival:     
Intermediate 2.59 (1.66-4.03) <0.001 2.14 (1.36-3.35) 0.001 
Diffuse malignant 6.74 (3.70-12.26) <0.001 3.65 (1.98-6.75) <0.001 
Others: severe depression 2.49 (1.51-4.10) <0.001 0.91 (0.54-1.55) 0.74 
Others: age at diagnosis 1.15 (1.12-1.18) <0.001 1.14 (1.11-1.17) <0.001 

Table 7.3. Cox proportional hazard regression models of PD subtypes and other 
significant variables for milestones and survival. 

*Severe depression was defined as depression score > 75th percentile based on severity 
of depression at time of diagnosis (0 = absent, 1 = mild, 2 = moderate, 3 = severe).  

Age at diagnosis, gender, levodopa response and depression severity were included in 
the model as explanatory variables but only those which retained statistical 
significance after adjustment in the multivariate analysis were included and shown in 
this table.  
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Figure 7.3. Kaplan-Meier curves of cumulative probability of survival and risk of 
disease milestones. 

Kaplan-Meier curves show cumulative probability of survival (A) and cumulative risk of 
first disease milestone (B), regular falls (C), wheelchair use (D), dementia (E) and care 
placement (F), among Parkinson’s disease subtypes.  

DM, diffuse malignant; IM, intermediate; MMP, mild motor-predominant. 
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7.3.2 Neuropathology in Parkinson’s subtypes 

Lewy pathology did not show significant differences across PD subtypes 

measured by Braak and Lewy pathology staging (Kruskal-Wallis test; see Table 

7.4 for specific values). The severity of co-morbid Alzheimer’s disease related 

neuropathological changes was also similar among different PD subtypes 

measured using several accepted staging systems (Table 7.4).   

In order to elucidate potential pathogenic mechanisms we analysed the 

association between neuropathological findings and other demographic 

characteristics.  Neurofibrillary tangle pathology (ANOVA; F (6,104) = 2.84; P = 

0.01), CERAD neuritic plaques (ANOVA; F (3,107) = 3.56; P = 0.02) and 

Alzheimer’s disease-related pathology (ANOVA; F (3,107) = 4.12; P = 0.008) 

showed significant association with increased age at death. Association of 

neocortical Lewy pathology and disease duration did not reach statistical 

significance (ANOVA; F (1, 109) = 3.64; P = 0.059).  
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Neuropathology Total Mild motor-
predominant 

Intermediate Diffuse 
malignant 

P value 

Braak       
  Stage 4 2 (1.8) 0 (0.0) 1 (2.6) 1 (5.6)  
  Stage 5 9 (8.1) 4 (7.4) 5 (12.8) 0 (0.0) 0.37 
  Stage 6 100 

(90.1) 
50 (92.6) 33 (84.6) 17 (94.4)  

Lewy pathology       
  Brainstem 1 (0.9) 0 (0.0) 1 (2.6) 0 (0.0)  
  Limbic 16 (14.4) 6 (11.1) 6 (15.4) 4 (22.2) 0.44 
  Neocortical 94 (84.7) 48 (88.9) 32 (82.1) 14 (77.8)  
Aβ deposition (Thal)       
  Phase 0 25 (22.5) 12 (22.2) 8 (20.5) 5 (27.8)  
  Phase 1 21 (18.9) 9 (16.7) 7 (18.0) 5 (27.8)  
  Phase 2 9 (8.1) 8 (14.8) 0 (0.0) 1 (5.6) 0.35 
  Phase 3 35 (31.5) 17 (31.5) 14 (35.9) 4 (22.2)  
  Phase 4 13 (11.7) 7 (13.0) 5 (12.8) 1 (5.6)  
  Phase 5 8 (7.2) 1 (1.9) 5 (12.8) 2 (11.1)  
Neurofibrillary tangle (Braak and Braak)    

Stage 0 6 (5.4) 1 (1.9) 5 (12.8) 0 (0.0)  
Stage I 27 (24.3) 15 (27.8) 8 (20.5) 4 (22.2)  
Stage II 50 (45.1) 25 (46.3) 16 (41.0) 9 (50.0)  
Stage III 19 (17.1) 9 (16.7) 7 (18.0) 3 (16.7) 0.66 
Stage IV 6 (5.4) 4 (7.4) 2 (5.1) 0 (0.0)  
Stage V 2 (1.8) 0 (0.0) 0 (0.0) 2 (11.1)  
Stage VI 1 (0.9) 0 (0.0) 1 (2.6) 0 (0.0)  
Neuritic plaque (CERAD)     
  Absent 44 (39.6) 22 (40.7) 12 (30.8) 10 (55.6)  
  Sparse 39 (35.1) 20 (37.0) 15 (38.5) 4 (22.2) 0.27 
  Moderate 25 (22.5) 12 (22.2) 10 (25.6) 3 (16.7)  
  Frequent 3 (2.7) 0 (0.0) 2 (5.1) 1 (5.6)  
Alzheimer’s disease-pathology (NIA)    
  Not 28 (25.2) 13 (24.1) 9 (23.1) 6 (33.3)  
  Low 63 (56.8) 31 (57.4) 22 (56.4) 10 (55.6) 0.60 
  Intermediate 18 (16.2) 10 (18.5) 7 (18.0) 1 (5.6)  
  High 2 (1.8) 0 (0.0) 1 (2.6) 1 (5.6)  

Table 7.4. Neuropathological findings by PD subtypes. 

*P value from comparisons using Kruskal Wallis test.  

CERAD, Consortium to Establish a Registry for Alzheimer’s Disease score; DM, diffuse 
malignant; IM, intermediate; MMP, mild motor-predominant; NIA, National Institute 
on Aging score.  
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7.4 Discussion 

This retrospective study of a large cohort of pathology-confirmed PD patients 

provides for the first time long-term prognosis and life-course data on new PD 

subtypes incorporating prognostic NMS and a correlation with 

neuropathological findings at post-mortem. Our results showed that the 

classification of patients into subgroups based on clinical data at the time of 

diagnosis, accurately predicts disease progression and survival. Different rates 

of progression of Lewy pathology and additional age-related co-morbid 

neuropathologies (Alzheimer’s disease neuropathology) are important 

determinants of clinical subtypes and are likely to contribute to the clinical 

heterogeneity. 

 

7.4.1 Parkinson’s subtype classification.   

Data driven subtype classification studies have the advantage over empirical 

subtyping in that they exclude a priori assumptions. Multiple subtyping systems 

have been proposed although there is no consensus on a specific subtype 

classification over others. To determine the subtype solution most appropriate 

for our analysis, we reviewed the different cluster subtyping systems recently 

described in the literature.(237, 238) One of the limitations of this approach is 

that the results of the clusters sometimes may be difficult to implement in 

clinical practice. Our study used a classification system based on a previous 

cluster analysis with an algorithm to translate groups to an individual level. The 

algorithm suggested by Fereshtehnejad and colleagues included a complex 

battery of questionnaires and scales that are not regularly measured in clinical 

practice.(24) We adapted the classification system to a simple composite based 

on a semiquantitative grading assessment of the clinically relevant variables 

using non-standardised collected data. Our results demonstrate that cluster 

subtyping can be easily applicable in clinical practice to individuals even in a 
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retrospective cohort and reproduced the results in a group of PD patients 

different from the original PPMI group. 

Cluster analysis heavily relies on the number of variables included and recent 

research has shown that some NMS have important prognostic value and 

should be considered in subtyping classifications. (25) PPMI provides data on a 

comprehensive range of motor and non-motor features and two studies using 

these data have been recently published.(24, 26)  Although both studies 

showed similar subgroups we favoured the scheme proposed by 

Fereshtehnejad and colleagues because of its applicability at individual level 

and imaging and biomarker data support. Although no consensus exist and 

selected variables differ between studies, clinical features used for subtype 

definition should be clinically relevant, easy to measure in clinical practice, 

distribute distinctly in subgroups clustering with other relevant variables and 

carry prognostic implications. In this regard, age at diagnosis has been 

consistently reported as a key determinant in Parkinson’s subtypes (247) but 

not in the classification system suggested by Fereshtehnejad. Results in our 

group of patients showed that age at diagnosis differed significantly among 

Parkinson’s subtypes and was the only other additional factor independently 

associated with faster disease progression and reduced survival in the 

multivariate regression model in our study. The important role of age as a 

clinically defining feature is further supported by our neuropathological findings 

suggesting an association with co-morbid pathologies (see discussion below). 

Based on this, we propose that age at diagnosis should be included in 

Parkinson’s subtype definition.           

 

7.4.2 Disease progression and prognosis. 

Given the clinical heterogeneity of PD, one of the main conditions of a 

Parkinson’s subtype system is its capacity to estimate prognosis. Our results 
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showed that classification of patients at time of diagnosis based on severity of 

motor and non-motor features (autonomic dysfunction, RBD and cognitive 

function) accurately predicts disease progression and survival. Very few studies 

have assessed the validity of Parkinson’s subtypes longitudinally (25, 243) and 

any firm conclusions are limited by short follow-up periods that make the 

measure of disease progression in a clinically meaningful way challenging. Our 

study is the first to provide life-course data on disease progression of new 

clinical PD subtypes showing that classification of patients at time of diagnosis 

predicts the development of clinically relevant motor, cognitive and global 

disability disease milestones. This PD subtype classification also possesses value 

on estimation of the risk of mortality, as intermediate and diffuse-malignant 

groups showed reduced survival. As we have demonstrated the feasibility of 

this classification system using routine clinical data, PD clinical subtyping may 

be a valid prognostic tool in clinical practice and this knowledge should also be 

translated in clinical research when designing clinical trials.    

 

7.4.3 Neuropathological correlation and pathophysiological 

implications of clinical subtypes 

Our study also correlated the distribution and severity of neuropathological 

findings including Lewy pathology, amyloid β deposition, neurofibrillary tangle 

pathology, neuritic plaques and Alzheimer’s disease-related changes, with the 

clinical subtypes. Only one previous study performed at QSBB using a different 

group of patients correlated post-mortem findings with PD subtypes although 

direct comparisons with the current study cannot be drawn as the subtype 

classification did not include non-motor features.(252) In this previous study, 

clinical subtypes did not show a clear correlation with neuropathological stages 

but patients with non-tremor subtype had more severe neocortical Lewy 

pathology.(252) Although our results showed a different disease rate of clinical 

progression among PD subtypes, most patients reached advance stages of the 
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disease without differences between groups in disability at the time of death 

including presence of dementia, motor disability or care placement.(Figure 7.4) 

Not surprisingly given the similar level of disability, PD subtypes in our study did 

not show any differences in the severity or distribution of Lewy pathology as 

measured by widely accepted neuropathological staging systems. Post-mortem 

examination in our patients may therefore demonstrate the pathological end-

point of the disease and may not be representative of the underlying dynamic 

neurodegenerative process. Moreover, previous clinicopathological evidence 

suggests a non-linear progression in the late stages of the disease with patients 

reaching a common pathological endpoint.(257, 258) Because most of our 

patients were at this pathological endpoint, if there are topographical 

differences in Lewy pathology responsible for the clinical heterogeneity during 

the disease course, they are no longer detectable at post-mortem and we could 

not demonstrate them among the new Parkinson’s subtypes. However, 

considering the different clinical presentation and rates of clinical progression, 

one may hypothesise that similar differences may be found in the severity and 

topographical progression of neuropathology in earlier stages of the disease 

and subsequently disappear as the disease and the neurodegenerative process 

progress to advanced stages. Even if one assumes that the anatomical 

progression of the neuropathological process was the same for different 

Parkinson’s subtypes, our results show that the rate of pathology progression is 

different between them, as different Parkinson’s subtypes reached similar 

advanced neuropathological stages despite considerable different disease 

duration. This same conclusion was reached by Kempster and colleagues in 

previous clinicopathological studies correlating clinical progression with 

neuropathological findings in PD patients divided in groups by age at death 

(257) and patterns of levodopa response.(258)  
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Taken together, both studies showed that despite a heterogeneous disease 

course during early-middle stages, the advanced stages of the disease are 

clinically very similar, with accumulation of disability in a similar time course 

followed by death without any differences on neuropathological findings at 

post-mortem.(Figure 7.4) A non-linear progression may govern the terminal 

stages of the neurodegenerative process and age and other co-morbid 

pathologies may play a synergistic effect.(257, 258)  
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Figure 7.4. Schematic representation of the clinical course illustrating symptom 
severity over time for PD subtypes. 

In the early-middle stages, PD has a very heterogeneous course with different rates of 
progression and levels of disability among Parkinson’s subtypes. In the final stages of 
the diseases, there is an exponential clinical (and neuropathological) progression with 
all PD patients reaching a similar end-point characterised by severe disability followed 
by death at the same age. At this terminal stage of the disease, postmortem 
examination shows extensive and severe neuropathological changes with no significant 
differences among Parkinson’s subtypes. 
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This interaction between different pathologies is particularly evident in the case 

of dementia in PD patients, where numerous neuropathological studies have 

demonstrated a synergistic effect between Lewy pathology, neurofibrillary tau 

pathology and Aβ deposition and their clinical impact in the form of cognitive 

impairment may be influenced by age.(259-262) Analysis of co-morbid 

pathology in our cases showed no significant differences in Alzheimer’s disease 

related neuropathology among PD subtypes which suggests a more rapid 

deposition in the group with shorter disease duration (diffuse malignant) 

although age seems to be an additional important determinant as discussed 

below.  

We also attempted to elucidate any underlying pathophysiological differences 

in the Parkinson’s subgroups by further assessing any potential associations in 

the reverse direction, from neuropathological findings to other clinical features 

including the effect of age and disease duration. In our patients, Lewy body 

pathology seems a disease-related process (as neocortical Lewy stages were 

associated with disease duration) whilst Alzheimer’s disease-related pathology 

showed a significant association with age at death, more consistent with an 

age-dependent process.(Figure 7.5) Halliday et al used a similar reverse 

approach, evaluating pathologically distinct Parkinson’s subgroups and 

correlating them with clinical findings.(261) Three different patterns of 

pathology progression were identified: a group with Lewy pathology 

progressing anatomically as described by Braak (7) who presented with young 

onset and long disease duration, a second group with early severe neocortical 

Lewy pathology presenting with dementia and a third group with marked 

cortical Lewy pathology associated with Alzheimer’s disease-related and 

vascular changes with older onset and complex disease course.  

Combining our findings with results from previous clinicopathological studies, 

several conclusions with regards to the mechanisms underlying the clinical and 

pathological variability in PD can be made (Figure 7.5).(257-259, 261)  
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- Young patients presenting with a more classical Lewy body phenotype 

with mild motor and non-motor symptoms (mild motor-predominant) 

show a slow disease course and neuropathological progression before 

they reach the terminal stages of the disease. Disease duration seems to 

be the main determinant of clinical and pathological progression in this 

subgroup. 

- Additional factors are likely to contribute to the more rapid spread of 

Lewy pathology throughout the brain in diffuse malignant subtypes. 

Moreover, other age-related pathologies contribute to the clinical 

picture in older patients with a more complex disease course 

(corresponding to the diffuse malignant subgroup) and more rapid 

clinical and pathological progression with a potential synergistic effect 

between co-morbid pathologies. 

- There may also be topographical differences in Lewy pathology 

distribution at the early stages of the disease, with those with an initial 

cognitive presentation consistent with Lewy body dementia showing 

early involvement of cortical areas(261) although these patients were 

not included neither in our study nor the PPMI cohort. 

- So far no precise correlations have been demonstrated between 

neuropathological findings and specific Parkinson’s subtypes, and the 

effect of Lewy body and co-morbid pathologies on other non-motor 

symptoms apart from cognition remains poorly understood. The 

mechanisms by which these and other factors can modify the clinical 

and pathological progression of the disease to account for its marked 

heterogeneity remain to be elucidated. 
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Figure 7.5. Contributing factors of neuropathological heterogeneity in PD. 

Lewy pathology seems directly related to the duration of the disease although other 
factors may modulate this association. In this regard, Parkinson’s subtypes seem to 
have a different neuropathological progression rate, as all cases reach advanced stages 
despite significant differences in disease duration. Distribution of Lewy pathology is 
also variable and at least a proportion of those patients presenting with early dementia 
shows diffuse neocortical Lewy pathology since the onset, compared with the typical 
caudo-rostral pattern of progression seen in the majority of patients. Other co-morbid 
pathologies are likely to contribute to the clinical heterogeneity. Particularly important 
in elderly patients is the presence of Alzheimer’s disease pathology which is directly 
correlated with age at death. The underlying mechanisms by which these factors 
influence the neuropathological process and the impact of other co-morbid 
pathologies (cerebrovascular disease, cerebral amyloid angiopathy) remain to be 
elucidated.  
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The main strengths of this study are the presence of longitudinal regular clinical 

data, post-mortem diagnostic confirmation and detailed neuropathological 

findings. The retrospective nature of the study and the assessment by different 

professionals without clear methodological homogeneity (including the lack of 

validated questionnaires or investigations such as cardiovascular autonomic 

function tests or polysomnography) may potentially account for some 

limitations in the accuracy of the recording of the symptoms. To limit this 

potential bias, strict exclusion criteria were used and only the most recent cases 

with detailed and regular clinical information from hospital specialists were 

selected. Despite this and the fact that clinical information at the time of 

diagnosis was documented in detail for all included cases, we acknowledge that 

some of the symptoms, particularly mild non-motor symptoms without 

significant impact on clinical practice, may have been underreported. As 

discussed above, the advanced clinical and pathological stages of our patients 

may have limited detection of any potential neuropathological topographic 

differences in earlier stages of the disease.   

In summary, our study corroborated that clinical subtyping of PD patients based 

on motor symptoms, RBD, autonomic and cognitive dysfunction data at the 

time of diagnosis provides accurate long term estimation on disease 

progression and survival. Therefore, clinical subtyping is feasible in clinical 

practice, has important clinical implications and provides accurate 

prognostication. Subtyping classification will need further development in order 

to define Parkinson’s subgroups and the relevant variables that need to be 

included. We propose that age at diagnosis should be considered in future 

classification systems as our results and previous literature have shown its 

important prognostic implications and the influence that it may cause on the 

underlying pathological process. 

To date, no clear correlation has been established between Parkinson’s 

subtypes and neuropathological findings, although this has only been 

attempted by very few studies and results may be limited by the advanced 
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stage of the disease in the cases assessed. However, our study supports the 

evidence suggesting that different pathologies with different progression rates 

may contribute to the clinical heterogeneity. In this regard, clinical and 

pathological progression seem associated with disease duration in those young 

patients with a more pure Lewy body phenotype, while age at diagnosis 

influences the progression of co-morbid pathologies determining the complex 

disease course and disability in older patients. Further studies of longitudinal 

cohorts with post-mortem examination at different disease stages are 

warranted to confirm these results and assess any pathological differences 

underlying PD clinical subtypes.  
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Summary of findings and future work 

PD has been traditionally considered a predominantly motor 

neurodegenerative disorder due to dopaminergic deficits in the nigrostriatal 

system. Over the last two decades, a wide range of non-motor features 

associated with the disease have been recognised. Understanding their 

underlying pathophysiological mechanisms and anatomical areas involved has 

provided valuable insights on clinical progression, clinical heterogeneity and 

mechanisms of disease pathogenesis. The traditional concept of PD has been 

gradually replaced by a more complex model encompassing a slowly 

neurodegenerative disorder that starts many years before the clinical diagnosis, 

involving multiple neuroanatomical areas of the central and peripheral nervous 

system, affecting dopaminergic and non-dopaminergic pathways that manifests 

with a wide range of motor and non-motor symptoms. Despite significant 

advances in recent years, a clear clinico-anatomical correlation, a full 

understanding of the pathogenic mechanisms and potential influence that 

some non-motor features may have in the clinical progression of PD or its 

associated neurodegenerative process remain to be fully elucidated. Advances 

in these areas will provide essential steps in the development of individualised 

symptomatic and disease modifying treatments. Through different projects 

using clinical, epidemiological, imaging, physiological and histopathological 

methods, this thesis provides further evidence that improves the understanding 

of the bidirectional influence between some of the non-motor features and the 

pathogenic mechanisms of PD.  

The first part of the thesis explores the underlying pathophysiological 

mechanisms and neuroanatomical correlations of hypothalamic dysfunction, 

circadian abnormalities and constipation in PD.  

The first project is a case-control clinicopathological study of the hypothalamus 

in PD. The PVN, INF and SON of the hypothalamus play a key regulatory role in 

autonomic function, body weight homeostasis and blood pressure control 
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respectively. These functions are known to be disrupted in patients with PD 

leading to symptoms such as AutD, weight changes and orthostatic 

hypotension. The aim of this study was to provide a detailed histological 

assessment of these hypothalamic nuclei and a clinical correlation in patients 

with PD and severe symptoms of AutD, weight loss and orthostatic 

hypotension, patients with PD without these symptoms, subjects with 

incidental Lewy body disease and healthy controls. Histological analysis showed 

Lewy pathology in all three nuclei of all PD patients and it was also found in a 

proportion of incidental cases suggesting that hypothalamic histological 

involvement can occur at early stages (even pre-clinical phase) and 

progressively affects the PVN, INF and SON in PD. TH immunohistochemistry did 

not show any differences between groups suggesting that hypothalamic 

dopaminergic systems are spared. No direct correlation between these 

histological findings and clinical symptoms of AutD, weight loss and orthostatic 

hypotension could be demonstrated in our patients and this may be in part due 

to the multifactorial origin of these symptoms. Our findings and previous 

evidence from imaging studies suggest that hypothalamic dysfunction is an 

early feature in PD although its clinical role is still to be fully elucidated. It is 

likely that the hypothalamus may be responsible, at least in part, for the 

potential symptomatology associated to disruption of these functions, although 

simultaneous involvement of other central and peripheral structures in these 

physiological systems may be more clinically relevant. Therefore, the clinical 

impact of hypothalamic dysfunction in PD should be ascertained and future 

research should focus on establishing a better clinical correlation of the 

hypothalamic involvement. Elucidation of the potential neurotransmitters and 

neurohormones impaired in hypothalamic dysfunction in PD could provide new 

therapeutic targets for symptomatic therapies for non-motor features.   

In the second study we aimed to identify the neuroanatomical site of circadian 

dysfunction in PD by performing a neuropathological analysis of the SCN and 

pineal gland in patients with PD, patients with other neurodegenerative 

parkinsonian conditions with potential circadian dysfunction (MSA and PSP) and 
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healthy controls. Results showed a clear distinct pattern of neuropathological 

involvement of the circadian system in PD and also PSP, suggesting that the 

neuroanatomical site of circadian disruption is located in the SCN (rather than 

the pineal gland). Neuropathological involvement of the circadian system is not 

a common feature of neurodegenerative diseases as in patients with MSA there 

was no evidence of α-synuclein deposition in either the SCN or pineal gland and 

abnormalities of circadian rhythms may be secondary to disruption of other 

functional systems in this disease. Circadian function plays an important role in 

PD symptomatology, is crucial for general wellbeing and has been suggested to 

contribute to PD-related neurodegeneration. Based on our findings, the SCN 

seems the more likely neuroanatomical therapeutical target. Future research 

should attempt to elucidate the underlying molecular mechanisms responsible 

for circadian dysfunction and comparison to other neurodegenerative disorders 

with similar problems, such as Alzheimer’s disease, may reveal common 

dysregulated pathways. Resynchronisation of the circadian function in patients 

with PD could potentially, not only provide symptomatic benefit, but also affect 

the neurodegenerative process. In addition to more rigorous clinical trials to 

further evaluate the therapeutic value of melatonin or bright light therapy, 

future research should explore the potential use of alternative pathways to re-

establish circadian function such as regulation of expression of clock genes, 

enhance norepinephrine transmission to facilitate endogenous synthesis of 

melatonin or how behavioural interventions can re-train other biological clocks 

to control circadian rhythms.        

Lastly, in the third project of the first part of the thesis, a pathophysiological 

characterisation of constipation in PD was performed using clinical, radiological 

and electrophysiological techniques. Participants with PD and subjective 

complaints of constipation underwent a systematic assessment including 

validated clinical questionnaires, colonic transit studies, high-resolution ARM 

and MRI defecography. Results showed a discrepancy between patient 

perception of the symptoms and the definitions and severity questionnaires 

commonly used in clinical practice which reflects the lack of specific diagnostic 
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tools for the assessment of this symptom in PD. Our results showed a 

heterogeneous pattern of pathophysiological abnormalities suggesting multiple 

overlapping mechanisms contributing to the symptomatology involving both 

slow colonic motility and, more frequently, abnormalities of anorectal sensory 

(rectal hyposensitivity) and motor function (defecatory dyssynergia). Our 

findings have important clinical implications in the assessment and 

management of constipation in patients with PD.  No specific clinical tools have 

been developed to evaluate constipation in PD and our results revealed that 

available general questionnaires do not accurately reflect patient perception of 

the symptoms. Future research efforts should consider this subjective-based 

character in the development and validation of specific clinical questionnaires 

to assess constipation in PD and evaluate symptoms reflecting the multiple 

potential pathophysiological mechanisms. As a consequence of the complex 

overlapping pathophysiology and poor correlation between different 

investigations a battery of tests including at least one investigation assessing 

colonic transit and two evaluating anorectal function should be included for a 

comprehensive pathophysiological evaluation in those with refractory 

symptoms. Results of this systematic assessment should guide the 

multidisciplinary management of the symptoms with dietary modifications, 

laxatives and biofeedback therapy as appropriate according to the underlying 

pathophysiological abnormalities. The evidence supporting the use of these 

treatments, particularly for the symptomatic management of anorectal 

dysfunction, is provided by studies on patients with idiopathic functional 

constipation and only results from small studies or case series is available for 

PD. Therefore, further studies are warranted to evaluate the symptomatic 

benefit of botulinum toxin, apomorphine injections, biofeedback and other 

potential therapies in PD patients with well-established defecatory dysfunction.  

Whilst the first part of the thesis investigated how neurodegeneration in PD is 

responsible of non-motor features, the second part of the thesis focuses on the 

reverse direction of this relationship: the effect that abnormalities of glucose 

metabolism can have on the pathogenic process of PD as a predisposing factor, 
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and the impact that AutD may have on the clinical phenotype, disease course 

and prognosis.  

A retrospective record-linkage cohort study was performed to evaluate the 

subsequent risk of PD in patients with T2DM as epidemiological data on this 

association remain equivocal despite converging biological evidence. English 

national hospital admissions and mortality data between 1999-2011 were 

analysed in conjunction. Participants without PD and either T2DM (exposed 

cohort) or minor medical conditions and surgical procedures (reference cohort) 

were identified by diagnostic codes during hospital admissions. Both cohorts 

were subsequently searched for any subsequent hospital admission with a 

coded diagnosis of PD until death or end of data collection. Results showed that 

patients with T2DM had a 32% increase in the risk of subsequent diagnosis of 

PD (HR 1.32; 95% CI 1.29-1.35) particularly in younger individuals and those 

with complicated T2DM in what constitutes the largest cohort study by far on 

this association. Results were adjusted for multiple confounders and sensitivity 

analyses did not substantially changed the association. These results support 

the link between these two conditions which may be the result of genetic 

predisposition and / or disrupted shared pathogenic pathways with potential 

clinical and therapeutic implications. Previous observational studies showed 

striking conflicting results, particularly between case-control and cohort studies, 

and future epidemiological efforts should focus on elucidating the role of other 

potential confounding and modifying factors of this association. The conflicting 

results among populations (whether explained by genetic or environmental 

differences), the role of diet or antidiabetic medications are far from 

understood and large cohort studies with detailed documentation should 

further explore the effect of these variables. Further research into the 

pathogenic molecular mechanisms linking these conditions is currently on going 

although the ultimately deleterious effect of altered insulin signalling on the 

central nervous system in PD remains to be elucidated. Whether a consequence 

on increased co-morbid cerebrovascular damage, more severe α-synuclein 

aggregation or cell loss and gliosis secondary to metabolic disruption, future 
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neuropathological studies could shed some light on this question. Better 

understanding of the shared pathogenesis will open up new therapeutic 

avenues with repurposing of diabetic drugs for a better control of brain glucose 

metabolism abnormalities in PD. Clinical trials should also evaluate whether a 

better glycaemic control on those with concomitant T2DM and PD would 

provide an improvement in the disease course.  

Despite growing evidence consistently reporting that AutD is a poor prognostic 

feature in other synucleinopathies this association has only been assessed in a 

few studies in patients with PD with conclusions limited by lack of diagnostic 

confirmation, short follow up periods and restricted assessment to particular 

autonomic symptoms. A retrospective review of a cohort of 100 consecutive 

cases with autopsy confirmed diagnosis of PD from the QSBB archive evaluated 

the effect of AutD on clinical progression throughout disease course and 

survival. AutD was associated with male sex, older age, poor levodopa response 

and postural abnormalities which has important clinical implications for PD 

subgroup definition. Multivariable Cox proportional hazards models showed 

that earlier AutD was an independent predictor of more rapid disease 

progression, disability and shorter survival in PD patients. Older age and poor 

levodopa response were the other two variables associated with poor prognosis 

in the survival model. Earlier AutD was not associated with a more diffuse 

neurodegeneration on neuropathological assessment, although a dedicated 

evaluation of autonomic structures was not performed, suggesting that the 

poor prognosis may be direct consequence of increased comorbidities 

secondary to autonomic symptoms. Although AutD has been traditionally 

considered a result of peripheral involvement in PD, accumulating evidence 

indicate a prominent role of central autonomic structures. It is therefore 

imperative to perform a detailed and systematic neuropathological assessment 

of the central autonomic centres in a large group of patients with precise 

clinical correlations in order to delineate their contribution to AutD in PD. 

However our results indicate that the negative prognosis may be associated to 

increased comorbidities as a result of the autonomic symptoms, raising the 
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possibility that a better symptomatic control could potentially improve the 

prognosis in these individuals. As drugs and therapeutic interventions for 

autonomic symptoms are already available, future clinical trials should explore 

the effect of a stricter symptomatic control of AutD on disease course and 

survival.  

In the final project of this thesis and following from the results of the previous 

study on AutD in PD, we evaluated how new PD subtyping incorporating non-

motor features can estimate disease course and survival, and correlated PD 

subtypes with neuropathological findings. We performed a retrospective cohort 

study including 111 patients with an autopsy-confirmed diagnosis of PD from 

the QSBB archive. Using a previous cluster classification system incorporating 

relevant non-motor features with prognostic implications, patients were 

divided at the time of diagnosis based on severity of motor and non-motor 

symptoms including RBD, cognitive and autonomic function. The three resulting 

subtypes were diffuse malignant (with severe motor and non-motor 

symptoms), intermediate and mild-motor predominant (with mild motor and 

non-motor symptoms). Disease-course clinical data were reported for each of 

the PD subtypes with the diffuse malignant group developing disability 

milestones earlier in the disease course and with shorter survival. Multivariable 

Cox proportional hazard regression models showed a higher risk of developing 

each disease milestone and higher risk of death for the diffuse malignant 

subtype. Because age was the only additional significant variable in the survival 

predictor model and because it is an important determinant on the severity of 

additional neuropathologies, we propose that should be included in PD subtype 

definition. Lewy pathology and Alzheimer’s disease-related neuropathology 

showed different progression rates for each subtype and the latter was also 

correlated with age at death suggesting that neuropathology is a significant 

determinant of PD heterogeneity and subtypes. Because we used routine 

clinical data for subtype classification our results demonstrate that PD 

subtyping is easy to implement in clinical practice and can be useful for long-

term prognostication in clinical settings. Before any further research efforts on 
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PD subtypes are made, general consensus should be reached regarding the 

classification system to be implemented. Despite methodological differences, 

most studies tend to agree that there is a group of patients with young onset, 

mild motor symptoms and slow progression, one with older onset, rapid 

disease progression and complicated with severe non-motor features and an 

intermediate group. The variables to classify patients into these subtypes 

should be clinically relevant, carry prognostic implications and easy to evaluate 

in clinical practice. Moreover, our results suggest that PD heterogeneity and 

subtypes are secondary to underlying pathophysiological differences. Further 

clinico-pathological studies of large cohorts with post-mortem examination at 

different stages of the disease should be able to further delineate any potential 

neuropathological differences among PD subtypes. Further understanding of 

the pathophysiological differences among subtypes will provide the basis for 

future individualised and more effective treatment. Before that becomes a 

reality, PD subtyping should be implemented in current clinical research as it is 

likely that these different pathophysiologies will translate in different responses 

to therapies as seen in the levodopa response disparity among subtypes in our 

study.              

This thesis provides further evidence to advance the understanding of the 

bidirectional association between PD and non-motor features. The studies 

described here provide new data on neuroanatomical correlation and 

pathogenic mechanisms of some of the non-motor features in PD. Further 

elucidation of the specific underlying molecular mechanisms will eventually 

lead to improved symptomatic therapies. Findings from this thesis also revealed 

valuable insights on how some non-motor features play a relevant role on 

clinical progression, clinical heterogeneity and mechanisms of disease 

pathogenesis in PD. Future research should focus on a better understanding of 

these mechanisms which may reveal new therapeutic avenues, drug 

repurposing and open up the possibility of individualised therapies based on 

pathophysiology that could potentially modify the disease course.    
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Appendix 

Appendix 1. Queen Square Brain Bank donation program 

The QSBB has a unique brain tissue collection comprising more than 2000 

brains. Although it was initially established as a brain bank for PD and atypical 

parkinsonian conditions and has become one of the leading centres in clinico-

pathological research in these conditions, the collection has developed to 

include brain donations from patients with other neurological conditions 

including dementia and dystonia.  

Detailed clinical information is stored according to GDPR regulations and tissue 

is stored under a Human Tissue Authority licence (Licence number 12198). 

Protocols for brain banking and research have been approved by the local 

ethics committee. The QSBB donation program meet all the necessary quality 

standards and is part of the Medical Research Council UK Brain Bank Network 

and BrainNet Europe. 

 

Clinical information 

Once potential donors are registered to the donation program they provide 

written consent for the research use of clinical data and donated tissue. They 

are asked to provide detailed clinical information about his general health and 

neurological conditions using self-assessment questionnaires by post and more 

recently online. After the death of a donor, access to the medical records is 

provided to the QSBB including GP files, drug records and all hospitals 

specialists’ correspondence including neurologists, geriatricians and other 

medical specialists or health professionals involved. 

 

Brain removal and tissue processing 

After the death of a donor, the body is refrigerated within 4 hours at 4˚C until 

the body is transferred to the mortuary of the nearest hospital. Brain removal is 

performed by trained staff of the pathology department in the hospital 

premises and only donated tissue is transferred to the QSBB. Brain tissue is 

subsequently processed by the QSBB neuropathology technicians as soon as 

possible and always within 48 hours from the time of death.  

The brain is weighed and hemi-dissected into its two hemispheres. One 

hemisphere is coronally dissected and flash-frozen to -80˚C for tissue 
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preservation. The other hemisphere is fixed in 10% buffered formalin for three 

weeks and representative tissue blocks are sampled following QSBB protocols 

covering structures included in the diagnosis and staging systems of common 

neurodegenerative conditions including PD (see table below). Histological 

sections of 8 μm thickness are cut and deparaffinised, followed by pre-

treatment with formic acid and pressure cooking in citrate buffer at pH 6.0. 

Routine histological staining using H&E and silver Gallyas techniques are 

followed by immunohistochemistry against α-synuclein, Aβ peptide, 

hyperphosphorilated tau protein, p62 and TAR DNA binding-protein 43 (TDP43) 

using a standard avidin-biotin method. 

 

No. BLOCK Level at which block was taken Stains requested 

1 Anterior frontal F1-F2 Just rostral to temporal tip H&E, α-Syn 

1A Anterior frontal F1-F2 Just rostral to temporal tip  

1B Whole frontal lobe Anterior to genu of corpus callosum  

1C Whole frontal lobe Anterior to genu of corpus callosum  

2 Posterior frontal Pulvinar H&E 

2A Posterior frontal Pulvinar  

3 Temporal T1-T3 Mammillary body  

4 Temporal T1-T3 Mammillary body H&E, AT8 

4A Whole temporal lobe Posterior to mammillary body  

4B Whole temporal lobe Posterior to 3A  

5 Tip of Temporal   

6 Parietal Splenium H&E 

6A Parietal Mirror of 6  

7 Occipital  α-Syn 

7A Occipital Mirror of 7  

8 Anterior cingulate Nucleus accumbens  

8A Anterior cingulate Posterior to 8  

9 Hippocampus Mammillary Body  

9A Hippocampus Posterior to 9  

9B Hippocampus Posterior to 9A if available  

10 Hippocampus Lateral geniculate body 
H&E, Aβ, α-Syn, 

AT8, TDP-43, p62 

10A Hippocampus Lateral geniculate body  

10B Hippocampus Posterior to 10A if available  

11 Amygdala  
H&E, α-Syn, TDP-

43, AT8 

11A Amygdala   

12 Basal ganglia, ant. Nucleus accumbens H&E 
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12A Basal ganglia, ant. Posterior to 12 H&E 

13 Basal ganglia, mid. Anterior commissure H&E 

13A Basal ganglia, mid. Anterior commissure H&E, 

13B Basal ganglia, mid Posterior to 13A H&E 

14 Basal ganglia, post. Mammillary body H&E 

14A Basal ganglia, post Posterior to 14 H&E 

15 Thalamus Subthalamic nucl., massa intermedia H&E 

15A Thalamus Subthalamic nucl., massa intermedia H&E 

16 Upper Midbrain Red nucleus H&E, AT8, α-Syn 

17 Lower Midbrain Decussation of SCP  

18 Upper pons Locus coeruleus H&E 

18A Upper pons Caudal to 18  

19 Lower pons   

19A Lower pons Caudal to 19  

20 Upper Medulla   

21 Lower Medulla With 10th and 12th nuclei H&E, α-Syn 

21A Lower medulla Caudal to 21  

22 Vermis   

23 Cerebellum  H&E 

23A Cerebellum Include dentate  

24 Cerebellum   

25 Midbrain RINMLF  

26 Frontoorbital/medial At the level of the temporal tip  

27 Frontoorbital//lateral At the level of the temporal tip  

28 F3A – Broca (anterior) Br 44; ant. lat. fissure  

29 F3B – Broca (posterior Br 44; ant. lat. fissure  

30 T1 – Wernicke Br22; posterior T1 with planum 
temporale 

 

31 Posterior cingulate Level - splenium  

32 Precuneus Level of occipital horn (post)  

33 OB Olfactory Bulb  

34 Cervical cord   

35 Thoracic cord   

36 Lumbar cord   

37 Sacral cord   

38 Pineal gland  H&E 

39 Dura mater  H&E 

 

QSBB protocol for brain tissue block sampling (2017 version)          


