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PROLOGUE 

“What Parkinson’s reveals about the artistic spark” headlined an article in the American 

Scientist in 2020, which described a possible increase in creativity as a consequence of 

dopaminergic drugs prescribed to people with Parkinson’s disease. In my search for more 

information about this hypothesis, I stumbled upon an inspiring news article about a woman 

with Parkinson’s disease who fulfilled her dream of exhibiting her paintings. Despite the 

symptoms of Parkinson’s disease which complicated painting, this woman pursued her 

hobby and even learned new techniques to overcome physical limitations. Her beautiful 

paintings are inspired by nature and show a lot of colour and positivity.  

This woman is Ellen Koning and I was lucky enough to meet her and her wife, Ria Mous, 

after the end of the COVID-19 lockdown in July 2021. I am very happy that I can share her 

inspirational story and show her paintings throughout this thesis. I could not agree more 

with this (translated) quote of Ellen Koning: “As long as I see colour in my life, I’m fine.” 
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A HISTORICAL PERSPECTIVE 

In the eighteenth century, general medical practitioner James Parkinson observed six adults 

with a resting tremor, a flexed posture and gait alterations (1-3). In his “An Essay on the 

Shaking Palsy”, Parkinson very accurately described the unilateral initiation of this 

syndrome, the slow progression and even the presence of a few non-motor symptoms (1-

3). Some decades later, Jean-Martin Charcot, who is considered one of the founders of 

modern neurology, was the first to call this disease, “la maladie de Parkinson,” Parkinson’s 

disease (PD) (1, 2). 

Charcot recognised that people with PD are not necessarily weak (4) and thus contested 

the use of the term palsy. He also identified bradykinesia and rigidity as core signs of PD (1, 

2). At the end of the nineteenth century, the clinical syndrome of PD was already well-

established and still the clinical diagnosis of PD is largely dependent on these same features 

(1, 5-7). Although the definition of PD relies heavily on the presence of motor symptoms, it 

is now also evident that PD entails many non-motor symptoms, which have a great impact 

on daily life (8, 9).  

THE EPIDEMIOLOGY OF PARKINSON’S DISEASE  

The global burden of PD has increased over the last decades. The estimated number of 

people living with PD was 2.5 million in 1990 and had more than doubled to 6.1 million by 

2016 (10). As such, PD is considered the fastest growing neurological condition (10, 11). The 

increasing number of people with PD is largely caused by the enhanced life expectancy (10, 

12). However, several studies have suggested that the age-standardized prevalence of PD 

has risen as well, which could reflect both an increase in disease incidence (10, 13) and an 

increase in the number of years people live with PD (14, 15).  

Because of the high current and expected future burden of PD (10, 12), it is essential to 

enhance our understanding of the causes of this disease. Since Parkinson’s first description 

of the clinical syndrome, our understanding of the aetiology of PD has advanced 

tremendously (2, 3). We currently know that most idiopathic PD cases are caused by an 

interplay of genetic, environmental and lifestyle factors (Figure 1) (2, 8, 16).  

 
Figure 1. Interplay risk factors of Parkinson’s disease. 



569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen
Processed on: 18-1-2022Processed on: 18-1-2022Processed on: 18-1-2022Processed on: 18-1-2022 PDF page: 16PDF page: 16PDF page: 16PDF page: 16

16 
 

On a more detailed level, the pathophysiology of PD is still incompletely understood (2, 

8, 17). Pathological hallmarks of PD include depositions of misfolded α-synuclein in the 

cytoplasm (Lewy bodies) and neurites (Lewy neurite) of neurons (17, 18) and increased 

neuronal death of primarily dopaminergic neurons (8). Multiple complex and interacting 

mechanisms are causing the neuronal death, including mitochondrial dysfunction (8, 17-

19), oxidative stress (17-19), neuroinflammation (8, 18, 19) and disrupted α-synuclein 

proteostasis and degradation (8, 17-19). According to Braak’s hypothesis, the origin of PD 

might actually be found outside of the brain, more specifically in the olfactory bulb or the 

gut (8, 17, 20). Recent studies have reinforced this hypothesis by showing that misfolded α-

synuclein can spread in a prion-like manner from neuron to neuron and travel up via the 

vagus nerve to the brain (17-19).  

ADVANCES IN PARKINSON’S DISEASE RESEARCH  

Besides the important recent advances of our understanding of the aetiology of PD, clinical 

studies have provided directions for better recognition and treatment of PD symptoms (2, 

21, 22). Already at the end of the twentieth century, Levodopa was recognised as an 

important symptomatic treatment for PD (2, 21, 22). Since then, many alternative 

symptomatic treatments, including for instance deep brain stimulation, have been 

discovered (2, 21, 22). Recently, the focus of research has shifted from symptomatic 

treatments towards preventive and disease-modifying therapies for PD (22-24). In order for 

these therapies to be effective, however, PD must be recognised at an earlier phase (25-

27).  

Three phases can be distinguished before the onset of clinical PD: the risk phase, the 

preclinical phase and the prodromal phase (5, 27, 28). Recent clinical and case-control 

studies have already made important initial steps in the identification of risk factors, 

biomarkers and prodromal symptoms of PD (2, 27). However, important knowledge gaps 

remain which could best be bridged by population-based studies.  

OBJECTIVE OF THIS THESIS 

In order to move towards PD prevention and early disease modification, we need to further 

unravel the causes of the disease, to earlier recognise the disease and to enhance our 

understanding of how the disease progresses (26, 27, 29). The aim of this thesis is thus to 

obtain insight into the different phases of early PD in order to guide future prevention and 

disease-modification trials, as is shown in Figure 2. In the next paragraphs, I will introduce 

the population-based studies I performed to increase our understanding on the risk, 

preclinical, prodromal and clinical phase of PD.  
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Figure 2. Four phases of early Parkinson’s disease and the possible insights population-based studies of these 

phases can provide for aetiology, early recognition and prognosis, as well as their implications for future trials.  

Risk phase 

The earliest phase of PD is the risk phase (27). In this phase, exposure to risk factors may 

initiate pathophysiological processes, but no PD-related histopathological hallmarks are 

recognizable yet (16, 27, 30). As described above, PD risk is a combination of genetic risk, 

present from birth (31), and environmental and lifestyle risk, which accumulate during life 

(32, 33). Studying the risk phase can provide important insights into the aetiology of PD, 

which can guide the selection of future preventive or disease-modifying interventions.  

In Chapter 2.1 I will discuss a study on the association between overall diet quality and 

the risk of PD. Several previous studies have found associations between specific food 

components, such as dairy and coffee, and PD risk (34, 35). In addition, the Mediterranean 

dietary pattern has been associated with a decreased risk of PD (36, 37). In this study, I 

investigated the association between several dietary patterns and the risk of PD. If a better 

diet quality could indeed lower the risk of PD, this might be a potential intervention target 

for future trials.  

Preclinical phase 

The second phase of PD is the preclinical phase, during which pathophysiological processes 

have initiated and biomarkers can be found that are suggestive of PD, but no symptoms of 

the disease have yet arisen (27). The preclinical phase allows for further understanding of 

the pathophysiology of PD, which is necessary to develop preventive or disease-modifying 

interventions (27, 29). Moreover, biomarkers can be found in the preclinical phase that help 

to recognise the disease in a very early phase and thus create the potential to recruit 

participants for trials (29).  

In Chapter 2.2 I will describe a study on the temporal relation between immune and 

inflammation markers and PD. Viral infections and altered gut microbiome have been 

suggested to induce changes in peripheral immunity at an early stage of the pathogenesis 

of PD (20, 38). Indeed, alterations in peripheral immune markers have been described in 

studies on prevalent (39) as well as incident PD (40). However, additional insights into the 

temporal involvement of immune responses in early PD are necessary to further elucidate 
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the role of the immune system in the pathophysiology of PD and to determine whether 

blood markers of peripheral immunity and inflammation can act as biomarkers for PD in the 

preclinical phase. In order for biomarkers to be used for the detection of people at high risk 

of PD, we must establish normative values for these markers in the general population. In 

Chapter 2.3 I will present reference values for gait speed in the general population. Gait 

speed is an easy-to-measure and accurate marker of general health (41). Even though gait 

speed is not a preclinical marker of PD, rather a marker of disease progression (42-44), this 

study provides an example of how general-population normative values of preclinical 

markers of PD could be established.  

Prodromal phase 

The third phase of PD is the prodromal phase (27). This phase can last over a decade and is 

mainly characterized by non-motor symptoms (17, 27), although recent studies have also 

shown subtle motor deficits years before the onset of clinical PD (17, 27, 45). Figure 3 gives 

an overview of the currently known prodromal symptoms of PD. Several models have been 

developed to determine the likelihood that a person has prodromal PD (46-48). Improving 

these models further helps to recognise people at an early stage of PD for recruitment in 

disease-modification trials (27, 48).  

 
Figure 3. Symptoms of prodromal Parkinson’s disease. Figure based on Kalia & Lang, 2015 (17) and Darweesh et 

al., 2017 (45). RBD = REM-sleep behaviour disorder, EDS = excessive daytime sleepiness.  
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Chapter 3 will focus on the prodromal phase of PD. In Chapter 3.1 I will discuss REM-sleep 

behaviour disorder (RBD). RBD is considered the most specific predictor of α-

synucleinopathies (49, 50) and thus there is important value in screening for this disorder 

in the general population. However, screening for RBD poses several ethical dilemmas 

which will be covered in this chapter. In Chapter 3.2 I will discuss a letter we sent in response 

to a study on gait in people at high risk of PD (42). In this letter, I highlighted the need for 

further research on early and subtle PD-related motor alterations in the general population. 

Chapter 3.3 will focus on orthostatic hypotension, another possible prodromal marker of 

PD (48, 51). Orthostatic hypotension used to be considered a marker of advanced PD and 

severe orthostatic hypotension in the early phases of PD would even point towards an 

alternative diagnosis (7). However, the most recent Movement Disorder Society (MDS) 

research criteria for prodromal PD included neurogenic and symptomatic orthostatic 

hypotension as possible prodromal markers (48). In this chapter, I will discuss whether 

orthostatic hypotension is indeed associated with the risk of PD in the general population.  

Clinical phase 

The final phase of PD is the clinical phase. Our knowledge of the clinical symptoms of PD 

and the treatment of these symptoms is extensive (8). However, further research into the 

clinical phase of PD is necessary, for instance to inform people with PD adequately on their 

prognosis and to develop specific outcome markers to be used in disease-modification trials 

(29).  

Chapter 4 will focus on clinical outcomes. In Chapter 4.1 I will discuss a study on the 

association between COVID-19 related stress and mental health in people with PD. People 

with PD might be especially vulnerable to the mental health impact of the COVID-19 

pandemic because of the already high prevalence of mental health problems and the 

difficulty with adapting to new situations (52, 53). In this study, I determined whether the 

association between COVID-19 stressors and mental health is disproportionately large in 

specific subgroups of people with PD and whether we could possibly intervene on COVID-

19 related stressors to improve mental health. In Chapter 4.2 I will discuss the prognosis of 

PD. The mortality risk in people with PD is known to be increased compared to people 

without PD (54). However, this increased mortality risk is often presented in difficult to 

interpret numbers such as the hazard ratio or the median survival. In order to inform people 

with PD and their families about the prognosis, absolute life expectancy estimates are much 

more intuitive. Therefore, in this study I presented the absolute reduction in life expectancy 

for people of different ages and for men and women separately. Finally, in Chapter 4.3 I will 

discuss the aetiology of the association between gait and mortality. Unravelling what 

underlies the relation between gait and mortality is of importance to guide future 

intervention strategies (55). Since PD affects gait (43, 44) and PD is associated with 

shortened survival (54), PD might drive the association between gait and mortality. 
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However, gait is also influenced by many other clinical factors (56-58) and thus the origin of 

this association remains unclear. Therefore, I further disentangled the association between 

gait and mortality in this chapter.  

General discussion 

In Chapter 5 I will cover the general discussion of this thesis. Observations from the 

described studies will be contextualized and the clinical, scientific and societal value of the 

studies will be discussed. In addition, I will describe the importance and possible pitfalls of 

population-based studies, future directions for population-based studies and the necessity 

of collaboration in the field of PD.  
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ABSTRACT 

The Mediterranean diet has been associated with the risk of Parkinson’s disease (PD), but 

limited research has been performed on other dietary patterns. We studied the relation 

between overall diet quality and PD risk in the general population. We included 9,414 

participants from the Rotterdam Study, a prospective population-based study in the 

Netherlands. Diet was defined using a Dutch diet quality score, a Mediterranean diet score 

and data-driven dietary patterns constructed with principal component analysis (PCA). 

During an average follow-up of 14.1 years, PD was diagnosed in 129 participants. We 

identified a ‘Prudent’, ‘Unhealthy’ and ‘Traditional Dutch’ pattern from the PCA. We found 

a possible association between the Mediterranean diet (HR per SD 0.89 [95% CI 0.74-1.07]), 

the ‘Prudent’ pattern (HR per SD 0.81 [95% CI 0.61-1.08]) and the risk of PD. However, no 

associations were found with PD risk for the Dutch diet quality score (HR per SD 0.93 [95% 

CI 0.77-1.12]), the ‘Unhealthy’ pattern (HR per SD 1.05 [95% CI 0.85-1.29]) or the ‘Traditional 

Dutch’ pattern (HR per SD 0.90 [95% CI 0.69-1.17]). In conclusion, our results corroborate 

previous findings of a possible protective effect of the Mediterranean diet on PD risk. 

Further research is warranted to study the effect of other dietary patterns on PD risk.  
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INTRODUCTION  

Parkinson’s disease (PD) is estimated to affect over 6 million individuals worldwide and the 

disease burden is expected to increase even further (1). The cause of PD is multifactorial, as 

genetic and environmental factors play an important role (2, 3). Previously, several lifestyle 

factors have been associated with PD risk (4). Given the hypothesis that the origin of PD 

might be found in the gut and the important influence of diet on the gut microbiome, 

modification of diet could potentially affect PD risk (5-8).  

Indeed, several studies linked intake of specific foods or nutrients to PD risk. Frequent 

intake of certain dairy products has been associated with an increased risk of PD (9-14), 

whereas higher coffee and tea intake has been associated with a decreased risk of PD (12, 

13). For other foods inconsistent results have been described (15-18). In addition to food 

groups, complete dietary patterns have been identified as a comprehensive way to study 

the role of diet in chronic diseases (19). Several studies have reported a reduced risk of PD 

with better adherence to the Mediterranean diet (20), but inconsistent associations were 

found between the American Healthy Diet Index and PD risk (21-23). The question thus 

remains whether it is specifically the Mediterranean diet or a ‘healthy’ dietary pattern in 

general that is associated with PD risk.   

In this study we determined the association between diet and the risk of PD in the general 

population, through pre-defined diet scores and data-driven dietary patterns. Additionally, 

we determined the effects of specific food groups on the risk of PD to unravel the 

association between diet and PD further. 

METHODS  

Study population 

The Rotterdam Study is a prospective population-based cohort study that aims to examine 

etiology, natural history and targets for intervention in chronic diseases. The Rotterdam 

Study was initiated in 1990, recruiting all inhabitants aged 55 years or older from a defined 

suburban district in Rotterdam (cohort RS-I). The cohort was extended in 2000 (recruiting 

participants ≥ 55 years) and again in 2006 (recruiting participants ≥ 45 years), forming 

cohort RS-II and RS-III, respectively. At baseline and at every three to five year follow-up 

visit, participants took part in a home interview and a wide set of examinations at the 

research center (24).  

The baseline cohort of the Rotterdam Study consisted of 14,926 participants (RS-I: 7,983, 

RS-II: 3,011, RS-III: 3,932). From this group, dietary data were available for 9,788 

participants. Based on previous studies we determined a reported energy intake of less than 

500 kcal/day or more than 5,000 kcal/day as unreliable and therefore excluded 88 

participants [25]. From the 9,700 participants left with available and reliable dietary data, 

participants with prevalent parkinsonism (n = 51), without a screening for parkinsonism at 

baseline (n = 174) or who did not give consent for parkinsonism follow-up (n = 61) were 
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excluded. This resulted in a final eligible cohort of 9,414 participants for the current study. 

The flowchart of study participants can be found in Figure 1.  

Dietary intake assessment and dietary pattern construction 

Diet was assessed at baseline with semi-quantitative Food Frequency Questionnaires (FFQ), 

which were validated for ranking of food and nutrient intake in the Rotterdam Study and 

other populations (25, 26). The FFQ evaluated intake of 170 food items in the preceding 

year for RS-I and RS-II and was upgraded to the evaluation of 389 food items in the 

preceding month for RS-III. Energy and nutrient intake were calculated using Dutch food 

composition tables (NEVO) (27). 

Dietary patterns 

Adherence to the Dutch dietary guidelines was determined through a Dutch diet quality 

score, which was previously described in more detail (28). In short, the score is based on 

adherence to fourteen components of the 2015 Dutch food-based dietary guidelines (29). 

A score of zero was given to participants who did not meet the criterion and a score of one 

for participants who met the criterion, resulting in a maximum sum-score of fourteen 

points. Adherence to the Mediterranean diet was determined with the Mediterranean diet 

score that was created by Panagiotakos et al. (20). This sum-score is based on eleven main 

components of the Mediterranean diet. Participants were assigned zero to five points for 

adherence to each component, resulting in a maximum sum-score of 55 points (20). 

In addition to pre-defined diet scores, we created dietary patterns derived from actual 

food intake in the population in order to determine differences in effects as compared to 

the pre-defined diet scores. For this, food items from the FFQ were combined into 23 food 

groups based on nutrient composition and everyday use. The food groups are described in 

Supplementary table 1. These food groups were used for the construction of dietary 

patterns with principal component analysis (PCA) and Varimax rotation for better 

interpretation. Based on screeplots, we included components with an eigenvalue above 1.5 

for further analyses with PD risk. A component is defined by a cluster of food groups, where 

each food group has a factor loading that indicates the strength of the association between 

food group and the component. To characterize dietary patterns from the components, we 

focused on factor loadings below -0.3 or higher than 0.3. For each participant and for each 

of the dietary patterns, standardized adherence-scores (Z-scores) were calculated by 

summing up the intake per food group and weighing this by the factor loading 

corresponding to that food group. To determine effects of the individual food groups on PD 

risk, all 23 food groups constructed for the PCA were also analyzed separately.  
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Figure 1. Flowchart study participants. 

Parkinson’s Disease ascertainment 

Incident PD during follow-up was ascertained through continuous linkage with clinical 

records from general practitioners, nursing home physicians, hospitals and pharmaceutical 

records. In addition, participants could self-report a new diagnosis of PD during the home 

interview and were screened for parkinsonian symptoms during follow-up visits. All case 

reports of incident events were evaluated by a panel led by an experienced neurologist, 

where the final diagnosis was confirmed. This process has previously been described more 

thoroughly (30). Incident parkinsonism included: PD, drug-induced parkinsonism, vascular 

parkinsonism, Lewy Body disease, parkinsonism with dementia other than Lewy Body 

disease, multi system atrophy, progressive supranuclear palsy, corticobasal degeneration 

or parkinsonism resulting from a tumor. Follow-up was until ascertained parkinsonism, 

death, loss to follow-up or the first of January 2018, whichever came first. 

Covariate assessment 

Covariate data were collected from the study round in which the FFQ was completed. 

Weight and height were measured at the research center, from which body mass index 

(BMI) was calculated by dividing weight by height squared (kg/m²). Further covariate data 

were self-reported using questionnaires. Smoking behavior was determined as all forms of 

tobacco smoking and was classified in never, former or current smoking. Levels of education 

were low (primary education), lower-middle (lower or intermediate general or lower 

vocational education), middle (intermediate vocational or higher general education) or high 

(higher vocational education or university). Genetic ancestry based on genome-wide 



569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen
Processed on: 18-1-2022Processed on: 18-1-2022Processed on: 18-1-2022Processed on: 18-1-2022 PDF page: 32PDF page: 32PDF page: 32PDF page: 32

32 
 

association studies (GWAS) was estimated using Admixture (31). Ancestral groups were 

created including individuals having at least 50% genetic material from that group and 

individuals with less than 50% genetic material in any group were classified as ‘Admixed’. 

The groups of genetic ancestry were European, East-Asian, African and Admixed. 

Statistical analysis 

Missing values of genetic ancestry (10.2%), education (0.6%), BMI (0.7%) and smoking 

behavior (0.5%) were multiple imputed using all covariates, the Dutch diet quality score and 

the outcome as predictors (5 imputations). We used Cox proportional hazards models to 

assess the association between the pre-defined diet scores, the data-driven dietary 

patterns, the food groups and PD risk. Hazard ratios (HR) and 95% confidence intervals (CI) 

were computed and calculated per standard deviation (SD) increase for the diet scores, the 

dietary patterns and the food groups. Additionally, we calculated the HRs for the diet scores 

and dietary patterns per tertile, with the lowest tertile as reference. The basic model was 

adjusted for sex, age and cohort and the covariate model was additionally adjusted for 

education, smoking behavior, BMI and energy intake. The proportional hazard assumption 

was checked with Schoenfeld residuals and there were no clear violations (32).  

We performed several sensitivity analyses to examine the robustness of our results. First, 

we reran the analysis for different episodes of follow-up to compare short- versus long-term 

effects. Second, we studied the association between the dietary patterns and PD for the 

cohorts RS-I, RS-II and RS-III separately to assess whether the difference in FFQ or other 

diet-related cohort differences affected our results. Finally, we evaluated differences in 

effects between males and females and evaluated whether using all-cause parkinsonism as 

the outcome changed our results. 

Instead of dichotomizing the found effects into ‘significant’ and ‘non-significant’, we will 

show effect estimates and their corresponding confidence intervals in order to describe the 

range of estimates compatible with the data. All analyses were performed in R.4.0.3 (33).  

RESULTS      

Population characteristics 

The characteristics of the study population are shown in Table 1. The median age of the 

study population was 62.2 years (interquartile range, IQR 58-70) and 57.8% were female. 

Most participants were current or former smokers (67.8%) and had a low or lower-middle 

degree of education (56.6%). The median energy intake was 2,020 kcal/day (IQR 1,682-

2,410), the median Dutch diet quality score was 7.0 out of 14 (IQR 5-8) and the median 

Mediterranean diet score was 37 out of 55 (IQR 34-39). After a mean follow-up of 14.1 

years, 129 participants were diagnosed with PD. The mean age at diagnosis of PD was 76.6 

years (standard deviation, SD 7.4) and 47.3% of the participants with incident PD were 

female.  
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Table 1. Baseline characteristics  

Characteristic N = 9,414 

Sex, female 5,439 (57.8%) 

Age, years 62.2 [58.0-70.0] 

Genetic ancestry, Europeana  9,251 (98.3%) 
Educationa 

 

Low 1,465 (15.5%) 

Lower-middle  3,872 (41.1%) 

Middle 2,631 (27.9%) 

High 1,455 (15.5%) 

Smoking behaviora 
 

Never 3,023 (32.1%) 

Former 4,175 (44.3%) 

Current 2,213 (23.5%) 

Alcohol intake, drinks/day 0.5 [0.0-1.8] 

BMI, kg/m²a 26.8 (±4.0) 

Energy intake, kcal/day 2,016 [1,682-2,410] 

Dutch diet scoreb 7.0 [5.0-8.0] 

Mediterranean diet scorec 37.0 [34.0-39.0] 

Values are median [interquartile range, IQR], mean (standard deviation, ±SD) or n (%). aGenetic ancestry, 

education, smoking behavior and body mass index (BMI) are based on imputed values. bTheoretical range 0-14 

where a higher score is better adherence to the Dutch dietary guidelines. cTheoretical range 0-55 where a higher 

score is better adherence to the Mediterranean diet. 

Dietary patterns and Parkinson’s disease risk 

Using PCA, we identified three components with an eigenvalue above 1.5 for which the 

Varimax rotated factor loadings are presented in Table 2. We named the dietary patterns 

based on the factor loadings of the clustered food groups. The pattern we named ‘Prudent’ 

was defined by a high intake of vegetables, legumes, white meat, fish and nuts. The 

‘Unhealthy’ pattern was defined by high intake of alcoholic beverages, coffee, eggs, red or 

processed meat, animal-based fats and by low intake of fruits and tea. The ‘Traditional 

Dutch’ pattern was defined by high intake of cheese, vegetable oils and spreads, potatoes 

and fries, wholegrain products and sweet snacks. The three patterns explained 8.6%, 7.5% 

and 7.7% of the total variance, respectively, resulting in a total explained variance of 23.8%. 

Associations between the diet scores, data-driven dietary patterns and the risk of PD are 

shown in Table 3. No associations with the risk of PD were observed for the Dutch diet 

quality score, the ‘Unhealthy’ pattern and the ‘Traditional Dutch’ pattern, neither in the 

continuous nor the categorical analysis (adjusted HRs per SD: Dutch diet quality score 0.93 

[95% CI 0.77-1.12], ‘Unhealthy’ pattern 1.05 [95% CI 0.85-1.29], ‘Traditional Dutch’ pattern 

0.90 [95% CI 0.69-1.17]). Estimates of the unadjusted and adjusted models for the 

Mediterranean diet score (adjusted HR per SD 0.89 [95% CI 0.74-1.07]) and the ‘Prudent’ 

pattern (adjusted HR per SD 0.81 [95% CI 0.61-1.08]) suggested a lower hazard of PD with 

higher scores, although confidence intervals were wide.  
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Table 2. Factor loadings for each food group per dietary pattern 

Food groups  Loadings per dietary pattern 

  Prudent Unhealthy Traditional 

Dutch 

Vegetables   0.56 -0.23  0.15 

Fruits       0.41 -0.44 - 

Legumes   0.46 - - 

Milk and cream    -0.11 -  0.18 

Yoghurt and fermented milk  - -0.38 - 

Eggs        0.28   0.32  0.12 

Cheese   - -  0.39 

Unprocessed white meat   0.41 - - 

Processed and red meat      -   0.43  0.44 

Fish and seafood   0.51 - -0.13 

Vegetable oils and spreads  - -0.16  0.63 

Animal-based fats  -   0.37  0.12 

Wholegrain products   0.14 -0.32  0.54 

Refined grain products      0.35   0.25 - 

Potatoes and fries     -0.17 -  0.62 

Sugar-containing beverages        0.27   0.24 - 

Tea                 - -0.47 - 

Coffee    -   0.34  0.34 

Alcoholic beverages   0.25   0.46 - 

Savory snacks    0.37   0.21 - 

Sweet snacks     - -  0.32 

Nuts and seeds    0.45 - - 

Soy products and meat  

replacers         

  0.32 -0.18 - 

     

% of explained variance  8.6 7.5 7.7 

Dietary patterns and factor loadings were obtained from the principal component analysis . The three components 

with an eigenvalue >1.5 are presented in the table as the ‘Prudent’, ‘Unhealthy’ and ‘Traditional Dutch’ dietary 

pattern, which were named based on the factor loadings belonging to the clustered food groups in each 

component. The presented loadings were rotated with Varimax rotation for better interpretation. All factor 

loadings that are higher than 0.3 and lower than -0.3 are printed in bold. Details on the food groups are presented 

in Supplementary table 1. 

Figure 2 shows the associations between the individual food groups from the PCA and the 

risk of PD. A higher intake of yoghurt and fermented milk (adjusted HR per SD 1.13 [95% CI 

0.98-1.31]), animal-based fats (adjusted HR per SD 1.19 [95% CI 1.00-1.43]) and sweet 

snacks (adjusted HR per SD 1.21 [95% CI 1.03-1.41]) were suggestively associated with a 

higher risk of PD. Although confidence intervals were wide, we observed a lower risk of PD 

with a higher intake of fruits (adjusted HR per SD 0.82 [95% CI 0.63-1.07]), vegetables 

(adjusted HR per SD 0.84 [95% CI 0.65-1.09]), cheese (adjusted HR per SD 0.79 [95% CI 0.62-

1.01]) and savory snacks (adjusted HR per SD 0.73 [95% CI 0.45-1.19]). 
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Table 3. Associations between dietary patterns and Parkinson’s disease  

Dietary pattern No. of 

incident PD  

Basic Model  

(HR 95% CI) 

Covariate Model 

(HR 95% CI) 

Dutch diet score 129 0.97 (0.81-1.17) 0.93 (0.77-1.12) 

Tertiles    

  Low (reference) 37 1 1 

  Medium 48 1.02 (0.66-1.59) 0.97 (0.62-1.52) 

  High 44 1.07 (0.68-1.69) 0.98 (0.62-1.55) 
    

Mediterranean diet score 129 0.93 (0.78-1.12) 0.89 (0.74-1.07) 

Tertiles    

 Low (reference) 38 1 1 

 Medium 57 1.39 (0.92-2.11) 1.33 (0.87-2.02) 

 High 34 0.88 (0.55-1.40) 0.80 (0.50-1.29) 
    

Prudent pattern 129 0.87 (0.67-1.14) 0.81 (0.61-1.08) 

Tertiles     

  Low (reference) 53 1 1 

  Medium 47 0.97 (0.65-1.46) 0.94 (0.63-1.42) 

  High 29 0.95 (0.57-1.56) 0.89 (0.52-1.50) 
    

Unhealthy pattern 129 0.98 (0.80-1.21) 1.05 (0.85-1.29) 

Tertiles     

  Low (reference) 44 1 1 

  Medium 48 1.07 (0.70-1.62) 1.15 (0.75-1.74) 

  High 37 0.96 (0.60-1.52) 1.08 (0.67-1.74) 
    

Traditional Dutch pattern 129 0.99 (0.82-1.20) 0.90 (0.69-1.17) 

Tertiles     

  Low (reference) 28 1 1 

  Medium 51 1.50 (0.94-2.41) 1.44 (0.88-2.35) 

  High 50 1.27 (0.77-2.10) 1.16 (0.64-2.10) 

Proportional Hazard models are shown per SD increase and per tertile. The basic model was adjusted for sex, age 

at baseline and Rotterdam Study cohort. The covariate model was adjusted for all items in the basic model and 

additionally for BMI, education, smoking behavior and energy intake. n=9,414. 

Sensitivity analyses 

We observed no clear difference in associations between the dietary patterns and the risk 

of PD with different follow-up times or for the three cohorts separately (Supplementary 

table 2 and 3). When stratifying for sex, stronger effect estimates were found in the 

association of dietary patterns with the risk of PD for males, although confidence intervals 

overlapped between the two strata (Supplementary table 4). Finally, changing the outcome 

to all-cause parkinsonism increased the number of total incident events in the eligible 

cohort to 254. In this analysis, the association between the ‘Prudent’ dietary pattern and 

the Mediterranean diet score with risk of all-cause parkinsonism became more pronounced 

(Supplementary table 5: ‘Prudent’ pattern adjusted HR per SD 0.76 [95% CI 0.61-0.95], 

Mediterranean diet adjusted HR per SD 0.86 [95% CI 0.76-0.98]). 
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Figure 2. Associations between the food groups and Parkinson’s disease. The hazard ratios (HR) shown as diamonds 

and the 95% confidence interval (CI) shown as lines were obtained using Cox Proportional Hazard models. Hazard 

ratios are shown per standard deviation increase in intake for the 23 food groups which were also used in the 

principal component analysis. 

DISCUSSION 

In this population-based cohort study we corroborated previous findings of a relation 

between the Mediterranean diet and the risk of PD. However, we did not find clear effects 

of adherence to the Dutch dietary guidelines on the risk of PD. In addition, our study 

provides new evidence for possible protective and detrimental effects of separate food 

groups on the risk of PD. 

A previous Finnish cohort study found no significant association between the Alternate 

Healthy Eating Index (AHEI), a diet score reflecting US guidelines, and risk of PD, while an 

American cohort study found a lower risk of PD with a higher AHEI-score (21, 23, 34). 

However, in the same cohort studies and more recently also in a Swedish cohort study, a 

higher Mediterranean diet score was consistently associated with a lower risk of PD (20-23, 

35). These previous studies are in line with our findings of a possible association between 

the Mediterranean diet and the ‘Prudent’ dietary pattern and the risk of PD, without clear 

effects of the Dutch diet quality score. 

Our more detailed food group analyses revealed that higher intake of yoghurt and 

fermented milk, animal-based fats and sweet snacks was associated with a higher risk of 

PD. The association between intake of sweet snacks and PD is novel and it is yet unclear 

what underlies this association. Previous research on impulsive behavior suggested higher 

impulsivity in PD patients and possibly impulsive intake of sweet snacks could explain the 

found association (36). This might also imply that snacking is a consequence of prodromal 

PD rather than a cause, which needs further investigation. Based on previous research, we 

also hypothesized that a frequent intake of dairy products, mostly milk intake, would be 

associated with an increased PD risk (10), but we found inconsistent results concerning this 

association. We found no association between higher milk and cream intake and PD, but we 

did find a possible higher risk of PD for yoghurt and fermented milk intake and animal-based 

fat intake, which mostly consists out of dairy butter. The positive association between 
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dietary animal fat intake and PD is in line with results from a previous case-control study by 

Logroscino et al. (15). However, the association remains inconsistent in the literature as 

Chen et al. found no significant association between animal fat intake and PD in the Nurses’ 

Health Study and the Health Professionals Follow-up Study (16). The possible associations 

we found between cheese and savory snacks and the risk of PD are remarkable and have 

not been reported by previous studies and thus require further study. 

Our study has several strengths. First, the population-based study design of the 

Rotterdam Study with a continuous follow up of participants through clinical records and 

follow-up visits, reinforces the validity of the incident PD events in this study. Second, by 

using pre-defined diet scores, data-driven dietary patterns and separate food groups, we 

were able to secure a complete image of diet quality. In addition, with both pre-defined diet 

scores and data-driven dietary patterns derived from the PCA we managed to explore and 

compare PD risk based on both desired intake reflecting guidelines and the actual diet 

patterns from the data. Using this two-faced approach we observed similar results for the 

Mediterranean diet score and the comparable ‘Prudent’ data-driven dietary pattern, which 

strengthens our conclusions. We found only one study that has used the combination of 

data-driven patterns and pre-defined diet scores in association with PD before (23).  

Nonetheless, there are also limitations of our study. Firstly, we used only baseline diet 

information. As dietary habits are subject to changes over time (37), diet could have altered 

during the follow-up period, which was not taken into account in the current study. 

Secondly, the low number of incident PD events in our study gave rise to wide confidence 

intervals around our estimates, which indeed became remarkably smaller when more 

events were included using all-cause parkinsonism as the outcome. Thirdly, our study 

sample included solely Dutch individuals living in the Rotterdam district Ommoord, the 

dietary patterns identified in this study and their associations with PD are thus not 

necessarily generalizable to other study populations. Lastly, two different FFQs were used 

at baseline to assess dietary intake, which could have resulted in differences in the 

determinant between the study cohorts. Nevertheless, both FFQs included the necessary 

items to calculate data-driven dietary patterns and the specific food groups. Moreover, 

repeating the analyses for each cohort separately revealed similar results, implying that this 

difference in questionnaires did not impact the findings much. 

Taking into account both our findings and the findings of previous studies, the 

Mediterranean diet seems a promising focus for future research aiming to study the 

preventive potential of lifestyle interventions for PD (21, 23, 35). Nevertheless, the 

mechanisms underlying the association between the Mediterranean diet and PD are still to 

be resolved. Potentially, its anti-inflammatory character and ability to reduce oxidative 

stress could contribute to the beneficial effect on PD risk (7, 38). These mechanisms, as well 

as potential beneficial effects of other healthy dietary patterns remain subject for further 

investigation.  
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CONCLUSION 

In summary, our results corroborate previous findings of an association between the 

Mediterranean diet and the risk of PD. In addition, our results suggest a possible link 

between dairy products, fruits, vegetables and sweet and savory snacks and the risk of PD, 

which warrants replication by future studies.  
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SUPPLEMENTARY MATERIAL 

Supplementary table 1. Description of food groups 

Food group Included food products 
 

Vegetables  Raw and boiled vegetables, pickled vegetables, raw salads, 

mushrooms, onions and garlic 

Fruits Fresh fruits  

Legumes  Beans, lentils and legume soup 

Milk and cream All-fat-milk, chocolate milk, coffee creamer and cream 

Yoghurt and fermented milk All-fat-yoghurt, buttermilk, fruit-yoghurt and quark 

Cheese Cheese and cheese spread  

Eggs Boiled eggs and baked eggs 

Unprocessed white meat Chicken  

Processed and red meat Pork, beef, minced beef, horse meat, lamb, hamburger, 

sausages, ham, liver and bacon 

Fish and seafood Herring, white fish, salmon, seafood, sardines, tuna and fish 

fingers 

Vegetable oils and spreads Peanut oil, margarine, soy-oil, half-fat margarine, safflower-oil 

and olive-oil 

Animal-based fats  Dairy butter, frying fat, baking fat, lard and other fats 

Wholegrain products Wheat germs, brown bread, wheat bread, oat flakes, muesli, 

brown rice, spelt, wholegrain pasta, wholegrain cereals and 

porridge with wholegrains. 

Refined grain products Cornflakes, currant-bread, gingerbread, Dutch rusk, white bread, 

pancakes, white rice, pasta, crackers and croissants 

Potatoes and fries Cooked potatoes, mashed potatoes, fries and oven fries 

Sugar-containing beverages Soda, diet soda, all fruit juices, lemonade, alocohol free beer and 

vegetable juices 

Tea Tea 

Coffee Coffee 

Alcoholic beverages Wine, beer, gin, sherry and other liquors 

Savory snacks  Salted biscuits, crispy nuts and other salty snacks 

Sweet snacks Pies, cakes, biscuits, chocolate, sugar, acid drops, licorice and 

candy bars 

Nuts and seeds Linseeds, unsalted nuts, salted peanuts, other seeds 

Soy products and meat replacers Tofu, tempeh, soy chunks, soy drink, soy yoghurt, meat replacers 
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Supplementary table 2. Time-stratified analyses for the association between dietary patterns and Parkinson’s 

disease 

 No. incident 

PD 

Basic model 

HR (95% CI) 

Covariate model  

HR (95% CI) 

 Dutch diet score    

   Follow-up 0-5 years 40 0.99 (0.70-1.40) 0.98 (0.69-1.40) 

   Follow-up 0-10 years 78 0.93 (0.73-1.18) 0.92 (0.72-1.17) 

   Follow-up 0-15 years 101 0.95 (0.77-1.17) 0.92 (0.75-1.14) 

    

 Mediterranean diet score 

  Follow-up 0-5 years 40 1.07 (0.75-1.53) 1.06 (0.73-1.55) 

  Follow-up 0-10 years 78 0.97 (0.76-1.23) 0.96 (0.75-1.22) 

  Follow-up 0-15 years 101 1.00 (0.81-1.23) 0.97 (0.78-1.20) 

    

Prudent pattern    

   Follow-up 0-5 years 40 1.20 (0.79-1.83) 1.24 (0.79-1.92) 

   Follow-up 0-10 years 78 0.98 (0.72-1.35) 1.00 (0.71-1.41) 

   Follow-up 0-15 years 101 0.94 (0.71-1.25) 0.92 (0.67-1.25) 

    

Unhealthy pattern    

   Follow-up 0-5 years 40 1.01 (0.68-1.51) 1.04 (0.68-1.60) 

   Follow-up 0-10 years 78 0.99 (0.76-1.29) 1.02 (0.77-1.35) 

   Follow-up 0-15 years 101 0.95 (0.76-1.20) 1.01 (0.79-1.28) 

    

Traditional Dutch pattern 

   Follow-up 0-5 years 40 0.89 (0.61-1.29) 0.82 (0.50-1.36) 

   Follow-up 0-10 years 78 0.89 (0.69-1.15) 0.84 (0.60-1.19) 

   Follow-up 0-15 years 101 0.91 (0.73-1.14) 0.83 (0.62-1.12) 

The hazard ratios (HR) and 95% confidence interval (CI), obtained using Cox Proportional Hazard models, are shown 

per standard deviation (SD) for the dietary patterns and scores. The basic model was adjusted for sex, age at 

baseline and Rotterdam Study cohort. The covariate model was adjusted for all items in the basic model and 

additionally for BMI, education, smoking behavior and energy intake.  
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Supplementary table 3. Analyses per cohort for the association between dietary patterns and Parkinson’s disease  

 No. of incident 

PD/No. of 

participants in 

cohort 

Basic Model  

HR (95%CI) 

Covariate Model 

 HR (95% CI) 

Dutch diet score    

   RS-I 101/5,250 0.99 (0.80-1.22) 0.95 (0.77-1.18) 

   RS-II 16/1,601 0.91 (0.51-1.61) 0.92 (0.51-1.67)a 

   RS-III 12/2,563 0.91 (0.46-1.82) 0.96 (0.45-2.05)a 

    

Mediterranean diet score    

   RS-I 101/5,250 0.99 (0.80-1.24) 0.94 (0.75-1.18) 

   RS-II 16/1,601 0.78 (0.49-1.26) 0.79 (0.48-1.29)a 

   RS-III 12/2,563 0.88 (0.49-1.59) 0.95 (0.48-1.88)a 

    

Prudent pattern    

   RS-I 101/5,250 0.87 (0.62-1.23) 0.77 (0.53-1.11) 

   RS-II 16/1,601 0.84 (0.41-1.71) 0.90 (0.41- 1.98)a 

   RS-III 12/2,563 0.90 (0.48-1.68) 1.07 (0.47- 2.41)a 

    

Unhealthy pattern    

   RS-I 101/5,250 0.93 (0.72-1.19) 0.98 (0.76-1.27) 

   RS-II 16/1,601 1.15 (0.71-1.87) 1.20 (0.71-2.03)a 

   RS-III 12/2,563 0.94 (0.51-1.73) 0.92 (0.46-1.85)a 

    

Traditional Dutch pattern    

   RS-I 101/5,250 1.13 (0.91-1.42) 0.97 (0.71-1.32) 

   RS-II 16/1,601 0.67 (0.37-1.23) 0.63 (0.29-1.36)a 

   RS-III 12/2,563 0.70 (0.34-1.46) 0.71 (0.23-2.23)a 

The hazard ratios (HR) and 95% confidence interval (CI), obtained using Cox Proportional Hazard models, are shown 

per standard deviation (SD) for the dietary patterns and scores. The basic model was adjusted for sex, age at 

baseline and Rotterdam Study cohort. The covariate model was adjusted for all items in the basic model and 

additionally for BMI, education, smoking behavior and energy intake. aDue to an overfitted model this covariate 

model was adjusted for all items in the basic model and additionally BMI and energy intake, but not for education 

and smoking behavior.  
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Supplementary table 4. Sex-stratified analyses for the association between dietary patterns and  Parkinson’s 

disease 

 No. of incident 

PD/No. of 

participants in cohort 

Basic model 

HR (95%CI) 

Covariate model 

HR (95% CI) 

Dutch diet score    

  Female 61/5,439 1.14 (0.88-1.49) 1.05  (0.81-1.38) 

  Male 68/3,975 0.82 (0.63-1.06) 0.80  (0.61-1.04) 

    

Mediterranean diet score 

 Female 61/5,439 1.02 (0.76-1.38) 0.93 (0.69-1.25) 

 Male 68/3,975 0.87 (0.69-1.10) 0.86 (0.67-1.09) 

    

Prudent pattern    

  Female 61/5,439 0.97 (0.65-1.44) 0.78 (0.50-1.22) 

  Male 68/3,975 0.81 (0.57-1.16) 0.83 (0.56-1.22) 

    

Traditional Dutch pattern 

  Female 61/5,439 0.85 (0.6-1.19) 0.94 (0.67-1.32) 

  Male 68/3,975 1.08 (0.83-1.39) 1.13 (0.86-1.49) 

    

Unhealthy pattern 

  Female 61/5,439 1.36 (1.01-1.84) 1.13 (0.73-1.74) 

  Male 68/3,975 0.83 (0.64-1.07) 0.80 (0.57-1.13) 

The hazard ratios (HR) and 95% confidence interval (CI), obtained using  Cox Proportional Hazard models, are 

shown per standard deviation (SD) for the dietary patterns and scores. The basic model was adjusted for sex, age 

at baseline and Rotterdam Study cohort. The covariate model was adjusted for all items in the basic model and 

additionally for BMI, education, smoking behavior and energy intake.  
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Supplementary table 5. Associations between dietary patterns and risk of parkinsonism  

Dietary pattern  No. of incident 

parkinsonisma 

Basic Model  

HR (95% CI) 

Covariate Model 

HR (95% CI) 

Dutch diet score  254 0.97 (0.85-1.10) 0.95 (0.83-1.08) 

Tertiles    

   Low (reference) 71 1 1 

   Medium 95 1.04 (0.76-1.42) 1.01 (0.74-1.39) 

   High 88 1.10 (0.80-1.53) 1.05 (0.75-1.46) 

    

Mediterranean diet score  254 0.88 (0.78-1.01) 0.86 (0.76-0.98) 

Tertiles    

  Low (reference) 89 1 1 

  Medium 102 1.06 (0.79-1.41) 1.03 (0.77-1,38) 

  High 63 0.71 (0.51-0.98) 0.67 (0.48-0.94) 

    

Prudent pattern 254 0.79 (0.64-0.96) 0.76 (0.61-0.95) 

Tertiles     

  Low (reference) 115 1 1 

  Medium 93 0.89 (0.67-1.18) 0.88 (0.66-1.17) 

  High 46 0.75 (0.52-1.08) 0.73 (0.50-1.08) 

    

Unhealthy pattern 254 1.00 (0.86-1.16) 1.04 (0.90-1.22) 

Tertiles     

  Low (reference) 80 1 1 

  Medium 102 1.26 (0.94-1.69) 1.32 (0.98-1.78) 

  High 72 1.07 (0.76-1.50) 1.17 (0.83-1.66) 

    

Traditional Dutch pattern 254 0.99 (0.86-1.13) 0.99 (0.82-1.20) 

Tertiles     

  Low (reference) 63 1 1 

  Medium 96 1.24 (0.89-1.71) 1.26 (0.90-1.77) 

  High 95 1.10 (0.77-1.55) 1.15 (0.76-1.73) 

The hazard ratios (HR) and 95% confidence interval (CI), obtained using Cox Proportional Hazard models, are per 

standard deviation (SD) for the dietary patterns and scores. The basic model was adjusted for sex, age at baseline 

and Rotterdam Study cohort. The covariate model was adjusted for all items in the basic model and additionally 

for BMI, education, smoking behavior and energy intake. aParkinsonism includes: PD, drug-induced parkinsonism, 

vascular parkinsonism, Lewy Body disease, parkinsonism with dementia other than Lewy Body disease, multi 

system atrophy, progressive supranuclear palsy, corticobasal degeneration or parkinsonism resulting from a 

tumor.



569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen
Processed on: 18-1-2022Processed on: 18-1-2022Processed on: 18-1-2022Processed on: 18-1-2022 PDF page: 46PDF page: 46PDF page: 46PDF page: 46

 

 

  



569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen
Processed on: 18-1-2022Processed on: 18-1-2022Processed on: 18-1-2022Processed on: 18-1-2022 PDF page: 47PDF page: 47PDF page: 47PDF page: 47

Chapter 2.2 
Peripheral Immunity 

 



569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen
Processed on: 18-1-2022Processed on: 18-1-2022Processed on: 18-1-2022Processed on: 18-1-2022 PDF page: 48PDF page: 48PDF page: 48PDF page: 48

48 
 

ABSTRACT  

Background The immune system is known to be involved in Parkinson’s disease (PD) 

pathogenesis, but the temporal relationship between peripheral immune responses and PD 

remains unknown.   

Objective We determined the association between peripheral immune cell numbers, C-

reactive protein (CRP) and prevalent as well as incident PD. 

Methods This study was embedded in the population-based setting of the Rotterdam Study. 

We repeatedly measured peripheral immune cell numbers (differential leukocyte count and 

platelet count, granulocyte-to-lymphocyte ratio [GLR], platelet-to-lymphocyte ratio [PLR] 

and adapted systemic immune-inflammation index [adapted SII]) and CRP between 1990 

and 2016. Participants were continuously followed-up for PD until 2018. We estimated the 

association of the markers with prevalent and incident PD using logistic regression models 

and joint models, respectively. Models were adjusted for age, sex, smoking, body mass 

index and medication use. Odds ratios (OR) and hazard ratios (HR) are shown per doubling 

of the marker. 

Results A total of 12,642 participants were included in this study. The mean age (standard 

deviation) was 65.1 (9.8) years and 57.5% were women. Participants with a higher 

lymphocyte count were less likely to have prevalent PD (adjusted OR: 0.34, 95% CI 0.17-

0.68). Participants with a higher GLR, PLR and adapted SII were more likely to have prevalent 

PD, but these effects were explained by the lymphocyte count. The peripheral immune cell 

numbers and CRP were not significantly associated with the risk of incident PD.  

Conclusion We found participants with a higher lymphocyte count to be less likely to have 

prevalent PD, but we did not find an association between peripheral immune cell numbers 

nor CRP and the risk of incident PD.  
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INTRODUCTION  

Parkinson’s disease (PD) is a complex neurodegenerative disease that is characterized by a 

combination of motor and non-motor symptoms (1). These symptoms are predominantly 

caused by a lack of dopamine due to neuronal death in the substantia nigra (1-3). However, 

the pathology of PD is known to be more widespread and may even initiate outside of the 

brain (4-6). Recent studies have suggested an essential role of the immune system in the 

pathophysiology of PD (1-3, 7-9).  

Evidence for both central and peripheral immune responses in the pathogenesis of PD is 

extensive (8, 9). In clinical PD, alterations in the gut microbiome have been shown to induce 

systemic inflammatory responses (8, 10, 11) and impaired humoral as well as cellular 

immune responses have been found (2, 8, 12). At an earlier stage of pathogenesis, infectious 

agents have been suggested to act as a trigger of auto-immune responses against 

dopaminergic neurons (13). Indeed, alterations in differential leukocyte counts and cytokine 

levels have already been described before the onset of clinical PD (14-17).  

Despite the emerging evidence of the involvement of the peripheral immune system in 

PD pathophysiology, it remains largely unclear how peripheral immune or inflammation 

markers change during the prediagnostic phase of the disease as well as after the diagnosis 

(8). The objective of this study was to investigate the temporal relation of peripheral 

immune cell numbers and C-Reactive protein (CRP) with PD. Hereto, we studied the 

association of these markers with prevalent and incident PD.  

 

METHODS 

Study population 

This study was embedded in the Rotterdam Study, a large population-based cohort study in 

the district Ommoord of the Dutch city Rotterdam. Details about the design of the 

Rotterdam Study have been described previously (18). In short, the Rotterdam Study was 

initiated in 1990 with the inclusion of 7,983 residents of 55 years and over (RS-I). In 2000 

the cohort was extended with 3,011 residents of 55 years and over (RS-II) and in 2006 the 

cohort was further extended with 3,932 residents of 45 years and over (RS-III). The response 

rate over the three cohorts was 72%. At baseline and on average every four years, 

participants underwent a home interview and examinations at the research center. 

The Rotterdam Study has been approved by the Medical Ethics Committee of the Erasmus 

Medical Center (registration number MEC 02.1015) and by the review board of the Ministry 

of Health, Welfare, and Sports of the Netherlands (Population Screening Act WBO, license 

number 1071272-159521-PG). All participants provided written informed consent to 

participate in the study and to have their information obtained from treating physicians. 
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Figure 1. Study measurements and number of participants. Abbreviations: CRP = C-reactive protein. Numbers in 

the boxes represent the number of individuals who participated in the shown study round. Numbers in orange are 

participants who undertook CRP measurements and numbers in green participants who undertook measurements 

of peripheral immune cell numbers. In RS-I-4 and RS-II-2 CRP was only measured in a random subset, by taking into 

account sex and age representation. The last measurement of each of the markers (shown in shaded orange or 

green) was used for the analyses of prevalent PD, if the last measurement was missing, the previous measurement 

was used (n prevalent PD for analyses CRP =  105, n prevalent PD for analyses peripheral immune cell numbers = 

34). For the peripheral immune cell numbers the total number of individuals with any of the markers available is 

shown, the numbers in the analyses might differ because the specific measurement is missing. 

Assessment of peripheral immune cell numbers and CRP 

Participants underwent a maximum number of three venous blood samples at the research 

center after overnight fasting. Differential blood counts included leukocytes, monocytes, 

lymphocytes, granulocytes and platelets in 109 per liter, which were assessed directly 

following the blood draw using the COULTER AcT diff2 Hematology Analyzer (Beckman 

Coulter, San Diego, CA, USA) or the Sysmex XS-800 Hematology analyzer (Sysmex, 

Norderstedt, Germany) for the latest measurement. These peripheral immune cell numbers 

were measured between 2002 and 2016: At three subsequent visits from the fourth visit of 

RS-I, at three subsequent visits from the second visit of RS-II and at two subsequent visits 

from the first visit of RS-III. High-sensitivity CRP was determined in serum which was stored 

at -20°C until performance of the measurements using Rate Near Infrared Particle 

Immunoassay (Immage Immunochemistry System, Beckman Coulter, Fullerton, CA). CRP 
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was determined in several study rounds between 1990 and 2008: At the first, third and 

fourth visit of RS-I, at the first and second visit of RS-II and at the first visit of RS-III. The 

measurements and number of participants in each study round are shown in Figure 1. 

Because neutrophil counts were not available, we used granulocyte counts to calculate 

the granulocyte-to-lymphocyte ratio (GLR) as a proxy for the neutrophil-to-lymphocyte ratio 

(NLR). The GLR was calculated as the granulocyte count divided by the lymphocyte count. 

The platelet-to-lymphocyte ratio (PLR) was calculated as the platelet count divided by the 

lymphocyte count (19). The systemic immune-inflammation index (SII) is usually calculated 

as the NLR times the platelet count (20). Because of the absence of neutrophil counts in our 

study, we calculated an adapted SII as the GLR times the platelet count (19).  

Assessment of Parkinson’s disease 

Parkinsonism was defined either as the presence of hypo- or bradykinesia with resting 

tremor, rigidity, and/or postural imbalance as observed by any physician, or a clinical 

diagnosis of parkinsonism by a neurologist or geriatrician. PD entailed the criteria of 

parkinsonism, a clinical history suggestive of PD, and at least one of the following: (a) a 

clinical PD diagnosis by a neurologist or geriatrician; (b) a positive response to dopaminergic 

treatment; (c) or dopamine transporter scan findings consistent with PD.  

We identified participants with parkinsonism at baseline using a two-phase design, which 

has been previously described in more detail (21). First, participants were screened for self-

reported parkinsonism, anti-parkinsonian drugs use and signs of parkinsonism at neurologic 

screening. Second, screen-positive participants were invited for a structured clinical 

examination to establish parkinsonism by a research physician with expertise in 

neurological disorders. This examination included neurological evaluation, medical history 

taking and assessment of additional information from medical records of general 

practitioners and specialists. 

During follow-up, four overlapping modalities were used to detect parkinsonism: 

continuous monitoring of clinical records, continuous monitoring of anti-parkinsonian 

medication use, self-reporting of PD and in-person screening at the research center. 

Medical records of screen-positives were studied and case reports were evaluated by a 

panel led by an experienced neurologist. Medical records of all incident events continued 

to be evaluated for new information until the end of the study period. The time at risk for 

PD in this study ended at the first of the following: diagnosis of incident parkinsonism, loss 

to follow-up, death, or January 1st, 2018. 

Assessment of covariables 

Cigarette smoking was assessed during home interviews and categorized into current and 

non-smokers. Body mass index (BMI) was calculated by dividing weight over height squared, 

both obtained during research center visits. Medication use was assessed during home 
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interviews. The following drugs were considered immune system influencing drugs: 

corticosteroids for systemic use (Anatomical Therapeutical Chemical [ATC] code H02), 

immune-suppressants (L04), immune-stimulants (L03), anti-inflammatory and anti-

rheumatic products (M01), HMG CoA reductase inhibitors (C10AA) and chemotherapeutics 

(L01). ATC code N04 was used to determine anti-parkinsonian drugs use. 

Statistical analyses 

Participants with at least one blood measurement were taken into account in the analyses. 

To normalize the skewed distribution of the blood markers, we used a natural log 

transformation. Multiple imputation was performed to impute missing covariables based 

on peripheral immune cell numbers and CRP, the outcomes and other covariables. R version 

4.0.3. was used for all analyses (22) and results were visualized using the Ggplot2 package, 

version 3.3.2 (23). 

To quantify the association between the peripheral immune cell numbers, CRP and 

prevalent PD, we constructed logistic regression models with the markers as the 

determinant and prevalent PD as the outcome. We repeatedly measured peripheral 

immune cell numbers and CRP and included each participant’s last measurement of these 

markers as the determinant (see Figure 1) because of the low prevalence of PD at earlier 

measurements. Model 1 was adjusted for baseline age and sex, model 2 was additionally 

adjusted for BMI, smoking status and immune system influencing drugs and model 3, 

specifically for the GLR, PLR and adapted SII, was additionally adjusted for the lymphocyte 

count to determine whether these associations were driven by lymphocytes. For each 

marker, we also determined the interaction effect with sex. Because of the natural log 

transformation of the peripheral immune cell numbers and CRP, betas of the logistic 

regression models were multiplied with ln(2) to obtain odds ratios (ORs) for doubling of 

markers. 

To determine the association between repeatedly measured peripheral immune cell 

numbers and CRP and the risk of incident PD, we used joint models for longitudinal and 

survival data (24), package JM version 1.4.8 (25). These models account for the correlations 

in the repeated measurements of individuals and their endogenous nature (26). The 

timescale in the joint models was follow-up time, which started at the first blood draw. 

Model 1 was adjusted for baseline age and sex, model 2 was additionally adjusted for BMI, 

smoking status and immune system influencing drugs and model 3, specifically for the GLR, 

PLR and adapted SII, was additionally adjusted for the lymphocyte count. For each marker, 

we also tested the interaction effect with sex. We used the Akaike information criterion 

(AIC) to determine the number of degrees of freedom for the splines of follow-up time and 

age. In addition, the AIC was used to assess whether to include random slopes or intercepts 

only. This resulted in a linear mixed model including splines with three degrees of freedom 

for follow-up time and age, and random slopes; and a Cox model with the estimated 
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underlying value of the marker, sex and the linear effect of age. Betas of the models were 

multiplied with ln(2) to provide hazard ratios (HRs) for a doubling of the peripheral immune 

cell numbers and CRP.  

Nested case-control analyses 

For the lymphocyte count, a marker previously shown to be associated with the risk of 

incident PD (14, 15), we analyzed the temporal average evolution in people with versus 

without PD using a nested case-control design. The aim of this analysis was to determine at 

which point in time the lymphocyte count in people with PD starts deviating from controls. 

Participants who were diagnosed with PD during follow-up (case) and had at least one 

measurement of the lymphocyte count before or after diagnosis were matched with three 

randomly selected participants who were free of PD (control) at the date of PD diagnosis of 

the case. Controls were matched on sex, birth year and cohort, ensuring that time zero was 

the exact same date for cases and controls. For controls who developed parkinsonism after 

the event date of the case, all measurements from the parkinsonism diagnosis were 

censored.  

Linear mixed models were constructed to analyze the evolution of the natural log 

transformed lymphocyte count in participants with and without PD ten years before and 

after the diagnosis. In this analysis, the R package JointAI (version 1.0.2.9000) (27) was used 

to perform a combined imputation and analysis using a full Bayesian approach (26). Hence, 

the imputations took into account the entire trajectory of the longitudinal outcome in the 

imputation of missing covariables (26). The model was adjusted for BMI and immune system 

influencing drugs. The AIC (of a preliminary analysis including only complete cases) was 

lowest for a model including splines with two degrees of freedom for follow-up time and 

linear random slopes. The exponent of the predicted values was calculated to transform the 

lymphocyte count back to the original scale.   

Sensitivity analysis 

As a first sensitivity analysis, we additionally adjusted the logistic regression models for anti-

parkinsonian drugs. Second, we excluded measurements of participants with cancer, heart 

failure, chronic obstructive pulmonary disease (COPD) and asthma and we repeated the 

analyses for prevalent and incident PD in this subset. Third, because of our relatively small 

number of prevalent and incident cases of PD, we repeated the logistic regression and joint 

model analyses for the broader event definition of all-cause parkinsonism (PD, parkinsonism 

associated with pre-existent dementia, parkinsonism associated with use of anti-

dopaminergic drugs, parkinsonism associated with cerebrovascular disease, multiple 

system atrophy, progressive supranuclear palsy, and other rare causes). Fourth, to assess 

whether analyzing the last instead of the first measurement of peripheral immune cell 

numbers and CRP influenced our results for prevalent PD, we repeated the logistic 
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regression analyses with the first measurement of the markers (see Figure 1). Finally, to 

allow better comparison of our results to previous studies, we repeated the longitudinal 

analyses by including only the first measurement of peripheral immune cell numbers and 

CRP (standardized on their original scale) and analyzing the association with incident PD 

using Cox proportional hazards models.   

RESULTS 

Table 1 shows the baseline characteristics of the study population, including participants 

with at least one measurement of the peripheral immune cell numbers or CRP. The mean 

(standard deviation, SD) age of our sample was 65.1 (9.8) years and 57.5% were women. 

Current smokers included 21.0% of the total population and the average BMI was 26.9 (4.1) 

kg/m2. Immune system influencing drugs were used by 11.4% of the population. The median 

[interquartile range, IQR] number of CRP measurements was 1 [1-2] and the median [IQR] 

number of measurements for the other markers was 2 [1-2]. 

We included 34 participants with prevalent PD (mean (SD) age 76.6 (7.8) years, 52.9% 

women) in the logistic regression models of the association between peripheral immune 

cell numbers and ratios and prevalent PD. Figure 2 shows the results of the analyses for 

prevalent PD per doubling of the markers, model 1 and model 2 showed comparable results. 

Participants with a higher lymphocyte count were less likely to have prevalent PD (odds 

ratio (OR) model 2: 0.34, 95% CI 0.17-0.68). Participants with a higher GLR, PLR and adapted 

SII were more likely to have prevalent PD, however, these effects disappeared after 

subsequent adjustment for the lymphocyte count (OR GLR model 3: 1.40, 95% CI 0.68-2.87, 

OR PLR model 3: 0.98, 95% CI 0.41-2.35, OR adapted SII model 3: 1.16, 95% CI 0.71-1.91). 

At the last measurement of CRP, 105 participants (mean (SD) age 78.4 (8.5) years, 61% 

women) had prevalent PD. CRP was not associated with prevalent PD. We subsequently 

tested the interaction effects of sex with the peripheral immune cell numbers and CRP, 

which were non-significant in all analyses of prevalent PD.  

In the analyses of the peripheral immune cell numbers, during a median [IQR] follow-up 

of 14.4 years [10.0-19.0], 73 participants developed incident PD and 2,354 participants died. 

The mean (SD) age at diagnosis of these incident PD events was 76.6 (8.9) years and 47.1% 

were women. The hazard ratios of the joint models for higher leukocytes, lymphocytes, 

platelets, PLR and adapted SII were suggestive of a decreased risk of incident PD and higher 

monocytes of an increased risk of incident PD (Table 2). However, confidence intervals were 

wide and none of these results were statistically significant. In the analyses of CRP, during 

a median [IQR] follow-up of 11.8 years [9.1-17.7], 160 participants developed incident PD 

and 5,735 participants died. The mean (SD) age at PD diagnosis was 77.4 (7.9) years and 

47.5% were women. There was no evidence for an association of CRP with the risk of PD. 

Subsequent analyses of the interaction between sex and the peripheral immune cell 

numbers and CRP in the joint models revealed no significant results. 
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Table 1. Baseline characteristics  

Characteristic 

 

Total  

(n = 12,642) 

Prevalent PD 

(n = 85) 

Incident PD 

(n =  162) 

Age, year  65.1 (9.8) 77.1 (9.2) 68.6 (8.8) 

Women, n (%) 7,274 (57.5) 55 (64.7) 76 (46.9) 

Educationa, n (%)    

Primary 2,123 (17.0) 17 (22.1) 33 (20.6) 

Lower 5,008 (40.2) 32 (41.6) 61 (38.1) 

Intermediate 3,413 (27.4) 23 (29.9) 48 (30.0) 

Higher 1,916 (15.4) 5 (6.5) 18 (11.2) 

Smokinga, n (%) 2,613 (21.0) 7 (9.1) 16 (10.1) 

BMIa, kg/m2 26.9 (4.1) 25.0 (3.7) 26.6 (3.5) 

Drugsa,b, n (%) 1,432 (11.4) 7 (8.3) 16 (9.9) 

Blood cell counts, 109/L 

Leukocytes 6.5 [5.5-7.7] 6.4 [5.8-7.2]c 6.4 [5.6-7.3]e 

Monocytes 0.4 [0.3-0.5] 0.4 [0.3-0.5]c 0.4 [0.4-0.6]e 

Lymphocytes 2.2 [1.8-2.6] 1.8 [1.5-2.2]c 2.0 [1.8-2.4]e 

Granulocytes 3.8 (3.1-4.8] 4.1 [3.5-4.6]c 3.7 [3.1-4.7]e 

Platelets 264.0 [223.0-308.0] 237.5 [209.2-265.8]c 239.0 [209.0-278.0]e 

Blood cell-based ratios 

GLR 1.7 [1.4-2.3] 2.2 [1.8-2.6]c 1.9 [1.5-2.3]e 

PLR 120.0 [96.3-105.8] 130.7 [109.0-145.5]c 116.8 [92.2-143.6]e 

SII 456.7 [339.5-620.0] 567.9 [364.5-715.9]c 447.9 [315.0-611.6]e 

CRP 1.6 [0.7-3.3] 1.7 [0.7-5.2]d 1.6 [0.8-3.6]f 

Abbreviations: GRL =  granulocyte-to-lymphocyte ratio, PLR = platelet-to-lymphocyte ratio, SII = adapted systemic 

immune-inflammation index, CRP = C-reactive protein. Numbers are mean (standard deviation) or median 

[interquartile range] for continuous variables and number (percentage) for categorical variables. The first 

measurement is shown for each peripheral inflammation marker: for prevalent PD the characteristics of 

participants with prevalent PD at the first measurement of the markers are shown and for incident PD the 

characteristics of participants who developed PD during follow-up at the first measurement of the markers are 

shown. In the total sample: n =  8,553 for leukocytes, n = 8,550 for monocytes, n = 8,550 for lymphocytes, n = 8,551 

for granulocytes, n =  8,552 for platelets, n = 8,550 for GLR, n = 8,548 for PLR, n = 8,548 for adapted SII, n = 12,426 

for CRP. aEducation was missing in 1.4%, smoking in 1.5%, BMI in 1.6% and immune system influencing drugs in 

0.4%. bAnatomical Therapeutical Chemical codes H02, L04, L03, M01, C10AA and L01. c22 participants had 

prevalent PD.  d84 participants had prevalent PD. e73 participants had incident PD. f160 participants had incident 

PD.   
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Figure 2. Association between peripheral immune cell numbers, CRP and prevalent Parkinson’s disease. 

Abbreviations: GRL = granulocyte-to-lymphocyte ratio, PLR = platelet-to-lymphocyte ratio, SII = adapted systemic 

immune-inflammation index, CRP = C-reactive protein. Odds ratios are shown per doubling of the marker. Model 

1 was adjusted for age and sex. Model 2 was adjusted for age, sex, BMI, smoking and immune system influencing 

drugs. Model 3 was adjusted for age, sex, BMI, smoking, immune system influencing drugs and lymphocytes. A 

total of 8,553 participants were included in the analyses with leukocytes, 8,550 in analyses with monocytes and 

lymphocytes, 8,551 in analyses with granulocytes, 8,552 in analyses with platelets, 8,550 in analyses with GLR, 

8,548 in analyses with PLR and adapted SII, and 12,426 in analyses with CRP. Prevalent Parkinson’s disease was 

found in 34 participants for all analyses except for analyses with CRP, which included 105 participants with 

prevalent Parkinson’s disease. P-values model 1: Leukocytes: 0.22, Monocytes: 0.28, Lymphocytes: 0.001, 

Granulocytes: 0.74, Platelets: 0.51, GLR: 0.003, PLR: 0.01, Adapted SII: 0.04, CRP: 0.70. P-values model 2: 

Leukocytes: 0.46, Monocytes: 0.32, Lymphocytes: 0.002, Granulocytes: 0.42, Platelets: 0.55, GLR: 0.003, PLR: 0.03, 

Adapted SII: 0.04, CRP: 0.62. P-values model 3: GLR: 0.36, PLR: 0.97, Adapted SII: 0.04. 

Nested case-control analyses 

For the nested case-control analyses, two cases could not be matched to the minimum 

number of three controls and were excluded. Figure 3 visualizes the estimated temporal 

evolution of the lymphocyte count for participants with incident PD (n = 85) and matched 

controls (n = 255) using linear mixed models. This figure suggests that the lymphocyte count 

starts deviating in PD cases compared to controls at the time of disease diagnosis.  
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Table 2. Association between peripheral immune cell numbers, CRP and the risk of incident Parkinson’s disease 

 Incident Parkinson’s disease  

 n/N HR (95% CI) 
Model 1 

P-
value 

HR (95% CI) 
Model 2 

P-
value 

HR (95% CI) 
Model 3 

P-
value 

Blood cell types      
Leukocytes 73/8.435 0.66 (0.27-1.65) 0.38 0.84 (0.33-2.12) 0.72 - - 
Monocytes 73/8.432 1.87 (0.60-5.86)a 0.28 2.06 (0.66-6.50)b 0.22 - - 
Lymphocytes 73/8.432 0.89 (0.46-1.71) 0.72 0.90 (0.47-1.75) 0.76 - - 
Granulocytes 73/8.433 0.82 (0.38-1.79) 0.62 0.99 (0.45-2.22) 0.99 - - 
Platelets 73/8.435 0.75 (0.37-1.54) 0.44 0.74 (0.32-1.71)b 0.48 - - 

Blood cell-based ratios     
GLR  73/8.432 1.02 (0.58-1.81) 0.94 1.07 (0.61-1.90) 0.81 0.90 (0.40-2.01) 0.79 
PLR 73/8.431 0.83 (0.51-1.36) 0.47 0.81 (0.49-1.32) 0.40 0.73 (0.35-1.49) 0.38 
SII 73/8.431 0.78 (0.51-1.19) 0.25 0.81 (0.49-1.32) 0.33 0.72 (0.43-1.22) 0.22 

CRP 160/12.132 1.03 (0.88-1.22) 0.71 1.06 (0.88-1.26)b 0.54 - - 

Abbreviations: n = number of PD, N = total number, GRL = granulocyte-to-lymphocyte ratio, PLR = platelet-to-

lymphocyte ratio, SII = adapted systemic immune-inflammation index, CRP = C-reactive protein. Hazard ratios are 

shown per doubling of the inflammation marker, confidence intervals are shown in the parentheses. Model 1 was 

adjusted for age and sex. Model 2 was adjusted for age, sex, BMI, smoking and immune system influencing drugs. 

Model 3 was adjusted for age, sex, BMI, smoking, immune system influencing drugs and lymphocytes. aModel with 

diagonal covariance matrix and only random intercepts was fitted because of convergence issues.  bModel with 

diagonal covariance matrix was fitted because of convergence issues. 

 
Figure 3. Visualization of the association between lymphocyte count and Parkinson’s disease. The lines show the 

predicted lymphocyte count for participants with an average BMI (26.4) who do not use immune system 

influencing drugs. The shaded areas represent the corresponding 95% credible intervals. Of the 87 incident 

Parkinson’s disease events, 85 events could be matched with three controls and were included in the analysis. 

Matching was performed on birth year, sex, cohort, and the model was adjusted for BMI and immune system 

influencing drugs. Adjustment for smoking status was not possible because of the small number of smoking 

participants. 
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Sensitivity analyses 

As a first sensitivity analysis, we additionally adjusted the models of prevalent PD for anti-

parkinsonian drugs. These analyses modestly attenuated the results of the lymphocyte 

count, GLR, PLR and adapted SII (Supplementary figure 1). Second, we excluded 

measurements of participants with comorbidities, results are shown in Supplementary 

figure 2 and Supplementary table 1. Results were comparable to those in the entire sample, 

although confidence intervals were wider because of smaller numbers. Third, we repeated 

the analyses for prevalent and incident parkinsonism as an outcome instead of PD. These 

analyses gave largely similar results (Supplementary figure 3 and Supplementary table 2). 

However, in contrast to the results for prevalent PD, the analyses for prevalent 

parkinsonism suggested participants with a higher monocyte count to be less likely to have 

parkinsonism and participants with a higher granulocyte count to be more likely to have 

parkinsonism, although these results were not statistically significant. Fourth, 

Supplementary figure 4 shows the association between the first measurement of the 

peripheral immune cell numbers, CRP and prevalent PD. At the first measurement of the 

peripheral immune cell numbers, 22 participants (mean (SD) age 74.5 (9.0) years, 50.0% 

women) had prevalent PD and at the first measurement of CRP, 84 participants (mean (SD) 

age 77.0 (9.2) years, 64.3% women) had prevalent PD. Effect sizes were similar compared 

to using the last measurement, although confidence intervals were wider because of a 

smaller sample of people with prevalent PD. Finally, we repeated the longitudinal analyses 

by only including the first measurement of the peripheral cell numbers and CRP 

(Supplementary table 3) and the direction of the effects was comparable to the analyses 

with repeated measurements.  

DISCUSSION 

In this population-based study, we found a lower lymphocyte count in people with clinical 

Parkinson’s disease. Although the GLR, PLR and adapted SII were also associated with 

prevalent PD, these effects were driven by the lymphocyte count. Contrary to previous 

studies, we found no association between markers of immunity or inflammation and 

incident PD.  

Both the innate and adaptive immune system have been shown to be involved in the 

pathogenesis of PD (2, 3, 9). However, whether immune system alterations trigger α-

synuclein aggregation or act merely as a response thereof continues to be a source of 

debate (3, 8). Studies have shown that α-synuclein can activate immune responses (3, 9, 

28), but also that peripheral lymphocytes may infiltrate in the central nervous system, 

initiate α-synuclein aggregation and stimulate uptake of α-synuclein in the brain (3, 7, 28, 

29). Our results support the hypothesis that peripheral immune system alterations act as a 

response to already ongoing pathogenesis and neurodegeneration.  
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Our finding that participants with a higher lymphocyte count were less likely to have 

prevalent PD corroborates previous findings of lower levels of circulating lymphocytes in 

patients with prevalent PD (30-36). This decrease has been shown to occur predominantly 

because of reduced numbers of CD4+ and CD3+ lymphocytes (37, 38). Interestingly, our 

observed association between lymphocytes and prevalent PD was attenuated after 

adjustment for anti-parkinsonian drugs. Emerging evidence indicates that dopamine 

importantly connects the nervous system with the immune system (39-41). Although 

lymphocytes express dopaminergic receptors and dopaminergic agents might thus act 

directly on peripheral immune cells (40), recent studies found no or only small effects of 

anti-parkinsonian drugs on peripheral immune cells (30, 41). The influence of anti-

parkinsonian drugs on the association between lymphocytes and PD is thus of interest for 

future research. 

In addition to the effect of lymphocytes, we found that participants with a higher GLR, 

PLR and adapted SII (19, 42) were more likely to have prevalent PD. However, this effect 

was driven by the lymphocyte count. A few cross-sectional studies have previously studied 

the relation between the NLR and prevalent PD. Two studies found statistically significant 

higher mean NLR in patients with PD compared to controls (adjusted OR Liu et al.: 1.7, 95% 

CI 1.0-2.9) (43, 44), whereas three other studies reported largely similar NLR between cases 

and controls (36, 45, 46). None of these previous studies adjusted their analysis for the 

lymphocyte count.  

We also studied the relation between CRP and prevalent PD and, in contrast to a 2019 

meta-analysis which found a standardized mean difference of 1.1  of patients with PD 

compared to controls (12), we did not find an association between this acute-phase protein 

and prevalent PD. The difference with the recent meta-analysis (12) might be partially 

explained by publication bias, as the meta-analysis included multiple small studies with 

large effect sizes.  

Only a few previous studies have determined the association between leukocyte counts 

and the risk of incident PD (14, 15). Ton et al. studied the association between leukocyte 

count and the risk of PD in 5,828 participants of the Cardiovascular Health Study (47). They 

reported a higher risk of incident PD with an increased leukocyte count, although this effect 

was not statistically significant (47). In addition, Yazdani et al. repeatedly measured blood 

immune and inflammation markers in a longitudinal cohort study of 812,073 participants 

and followed the participants for the occurrence of PD (15). In contrast to Ton et al., they 

found that an increased baseline leukocyte count (HR per SD increase: 0.86, 95% CI 0.80-

0.93), driven by lymphocytes (HR per SD increase: 0.74, 95% CI 0.59-0.94), was associated 

with a decreased risk of PD. Finally, Jensen et al. studied differential leukocyte counts and 

the risk of incident PD in 312,590 participants of the UK biobank (14). They showed that a 

lower lymphocyte count was associated with an increased risk of incident PD (OR per SD 

reduction: 1.18, 95% CI 1.07-1.32), which was also confirmed by their subsequent 
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Mendelian randomization analyses. Jensen et al. also described a higher risk of PD with 

decreased eosinophil count, monocyte count and CRP, although these findings were not 

robust to sensitivity analyses.  

Although our effect estimates of the association between repeatedly measured 

lymphocyte counts and PD risk might suggest a protective effect of a higher lymphocyte 

count, these findings were not statistically significant, were not reproduced in the subset 

without comorbidities and are in contrast with our nested case-control analyses suggesting 

that the lymphocyte count starts to deviate from the expected average after PD diagnosis. 

For the monocyte count, a previous study in people with REM-sleep behavior (RBD), which 

is considered a prodromal state of PD, found no difference between the percentage of total 

monocytes, but an increase in percentage of classical monocytes compared to controls (48). 

In addition, Jensen et al. found some evidence of an increased risk of PD with reduced 

monocyte count and the study of Yazdani et al. found no association between monocytes 

and the risk of PD (14, 15). Because of these conflicting previous findings and the wide 

confidence intervals around our estimates, the association between monocyte count and 

PD warrants further investigation.  

Differences between our study and the studies by Yazdani et al. and Jensen et al. (14, 15) 

which reported lower lymphocyte count to be associated with an increased risk of incident 

PD, could be explained by several factors. First, these two previous studies (14, 15) used 

hospital discharge international classification of diseases (ICD) codes or self-reported PD to 

define incident events. Both studies reported a significant delay of multiple years between 

the first symptom onset and the date of incident PD recorded in the study (14, 15, 49). We 

defined the date of diagnosis as the first moment the criteria for PD were met based on 

continuous follow-up of clinical records of general practitioners, nursing homes and 

hospitals, which has probably led to an earlier and more accurate event date of PD. 

However, exclusion of follow-up time several years before diagnosis did not substantially 

alter the results of the previous studies, suggesting that this discrepancy does not fully 

explain the different results. Second, selection bias may have played a role in the previous 

studies as the study of Yazdani et al. included blood samples from general health check-ups 

or referrals from outpatient visits and the study of Jensen et al. analyzed a subset of the 

already selected UK biobank cohort. Finally and perhaps most importantly, our study only 

included 73 events of incident PD, thus giving rise to uncertainty about the estimated 

effects. 

Strengths of this study include the representative population-based design with 

continuous follow-up for the occurrence of PD, which ensures timely and standardized 

diagnosis of PD events. Furthermore, we performed structural and repeated measurements 

of peripheral immune cell numbers and CRP, not relying on measurements performed as 

part of the clinical assessment of a patient.  
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The main limitation of the current study includes the small number of PD events. Although 

the incidence of PD in our study was similar to other population-based studies (50), the 

number of events remained small for the analyses of interest. The small number of events 

led to wide confidence intervals around the estimated effects and prohibited us from 

performing further stratifications to take into account the heterogeneity of PD. In addition, 

given the previously described association between peripheral immune cell numbers, CRP 

and mortality (42, 51, 52), death could be considered a competing event in our analyses 

which could have biased the results. Furthermore, the joint and linear mixed models we 

used depend on the correct specification of fixed and random effects to estimate the 

underlying value of the marker, misspecification of these models could have impacted our 

findings. Finally, we did not measure lymphocyte subtypes and did not assess whether 

cytokines, which could have pro- or anti-inflammatory properties, were associated with 

prevalent or incident PD. A 2016 meta-analysis and several subsequent studies showed 

altered concentrations of peripheral pro- and anti-inflammatory cytokine levels in people 

with PD (53-56) and in people with REM-sleep behavior disorder (57) compared to controls, 

but the association with incident PD remains largely unknown (16, 17).  

In conclusion, we found that participants with a higher lymphocyte count were less likely 

to have prevalent PD. In contrast to previous studies, however, we did not find an 

association between peripheral immune cell numbers nor CRP and the risk of incident PD. 

The longitudinal relation between the number of circulating immune cells, biomarkers of 

inflammation and the risk of PD warrants further investigation by large population-based 

studies.  
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SUPPLEMENTARY MATERIAL 

 
Supplementary figure 1. Association between peripheral immune cell numbers, CRP and prevalent Parkinson’s 

disease adjusted for anti-parkinsonian drugs. Abbreviations: GRL = granulocyte-to-lymphocyte ratio, PLR = platelet-

to-lymphocyte ratio, SII = adapted systemic immune-inflammation index, CRP = C-reactive protein. Odds ratios are 

shown per doubling of the marker. Model 1 was adjusted for age and sex. Model 2 was adjusted for age, sex, BMI, 

smoking and immune system influencing drugs. Model 3 was adjusted for age, sex, BMI, smoking, immune system 

influencing drugs and anti-parkinsonian drugs. A total of 8,553 participants were included in the analyses with 

leukocytes, 8,550 in analyses with monocytes and lymphocytes, 8,551 in analyses with granulocytes, 8,552 in 

analyses with platelets, 8,550 in analyses with GLR, 8,548 in analyses with PLR and adapted SII, and 12,426 in 

analyses with CRP. Prevalent Parkinson’s disease was found in 34 participants for all analyses except for analyses 

with CRP, which included 105 participants with prevalent Parkinson’s disease. P-values model 1: Leukocytes: 0.22, 

Monocytes: 0.28, Lymphocytes: 0.001, Granulocytes: 0.74, Platelets: 0.51, GLR: 0.003, PLR: 0.01, Adapted SII: 0.04, 

CRP: 0.70. P-values model 2: Leukocytes: 0.46, Monocytes: 0.32, Lymphocytes: 0.002, Granulocytes: 0.42, Platelets: 

0.55, GLR: 0.003, PLR: 0.03, Adapted SII: 0.04, CRP: 0.62. P-values model 3: Leukocytes: 0.28, Monocytes: 0.33, 

Lymphocytes: 0.01, Granulocytes: 0.79, Platelets: 0.50, GLR: 0.03, PLR: 0.09, Adapted SII: 0.15, CRP: 0.66.  
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Supplementary figure 2. Association between peripheral immune cell numbers, CRP and prevalent Parkinson’s 

disease in subset without comorbidities. Abbreviations: GRL = granulocyte-to-lymphocyte ratio, PLR = platelet-to-

lymphocyte ratio, SII = adapted systemic immune-inflammation index, CRP = C-reactive protein. Measurements of 

participants with cancer, heart failure, COPD and asthma at the time of the measurement were excluded. Odds 

ratios are shown per doubling of the marker. Model 1 was adjusted for age and sex. Model 2 was adjusted for age, 

sex, BMI, smoking and immune system influencing drugs. Model 3 was adjusted for age, sex, BMI, smoking, 

immune system influencing drugs and lymphocytes. A total of 5,550 participants were included in the analyses 

with leukocytes, 5,548 in analyses with monocytes, granulocytes and platelets, 5,547 in analyses with lymphocytes 

and GLR, 5,545 in analyses with PLR and adapted SII, and 9,822 in analyses with CRP. Prevalent Parkinson’s disease 

was found in 22 participants for all analyses except for analyses with CRP, which included 83 participants with 

prevalent Parkinson’s disease. P-values model 1: Leukocytes: 0.83, Monocytes: 0.89, Lymphocytes: 0.09, 

Granulocytes: 0.48, Platelets: 0.82, GLR: 0.06, PLR: 0.20, Adapted SII: 0.15, CRP: 0.85. P-values model 2: Leukocytes: 

0.90, Monocytes: 0.94, Lymphocytes: 0.14, Granulocytes: 0.29, Platelets: 0.89, GLR: 0.05, PLR: 0.25, Adapted SII: 

0.13, CRP: 0.56. P-values model 3: GLR: 0.30, PLR: 0.93, Adapted SII: 0.33.  
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Supplementary table 1. Association between peripheral immune cell numbers, CRP and the risk of incident 

Parkinson’s disease in subset without comorbidities 

 Incident Parkinson’s disease   

Laboratory 

Assessment 

n/N HR (95% CI) 

Model 1 
P-value 

HR (95% CI) 

Model 2 
P-value 

Blood cell types 

Leukocytes 62/6,484 1.00 (0.37-2.67) 1.00 1.24 (0.46-3.36) 0.67 

Monocytes 62/6,483 2.21 (0.60-8.13)a 0.23 2.46 (0.66-9.24)b 0.18 

Lymphocytes 62/6,482 1.06 (0.52-2.17) 0.87 1.08 (0.52-2.23)b 0.84 

Granulocytes 62/6,483 1.18 (0.50-2.79) 0.71 1.30 (0.54-3.14) 0.56 

Platelets 62/6,484 0.58 (0.24-1.41) 0.23 0.59 (0.24-1.44)b 0.25 

Blood cell-based ratios 

GLR  62/6,482 1.09 (0.57-2.09) 0.80 1.11 (0.58-2.13) 0.76 

PLR 62/6,481 0.70 (0.40-1.19) 0.19 0.69 (0.40-1.20) 0.19 

SII 62/6,481 0.75 (0.46-1.24) 0.26 0.77 (0.47-1.28)b 0.32 

CRP 147/10.464 1.06 (0.90-1.26) 0.49 1.10 (0.91-1.33) 0.33 

Abbreviations: n = number of PD, N = total number, GRL = granulocyte-to-lymphocyte ratio, PLR = platelet-to-

lymphocyte ratio, SII = adapted systemic immune-inflammation index, CRP = C-reactive protein. Measurements of 

participants with cancer, heart failure, COPD and asthma at the time of the measurement were excluded. Hazard 

ratios are shown per doubling of the inflammation marker, confidence intervals are shown in the parentheses. 

Model 1 was adjusted for age and sex. Model 2 was adjusted for age, sex, BMI, smoking and immune system 

influencing drugs. aModel with diagonal covariance matrix and only random intercepts was fitted because of 

convergence issues.  bModel with diagonal covariance matrix was fitted because of convergence issues.    
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Supplementary figure 3. Association between peripheral immune cell numbers, CRP and prevalent parkinsonism. 

Abbreviations: GRL =  granulocyte-to-lymphocyte ratio, PLR = platelet-to-lymphocyte ratio, SII = adapted systemic 

immune-inflammation index, CRP = C-reactive protein. Odds ratios are shown per doubling of the marker. Model 

1 was adjusted for age and sex. Model 2 was adjusted for age, sex, BMI, smoking and immune system influencing 

drugs. Model 3 was adjusted for age, sex, BMI, smoking, immune system influencing drugs and lymphocytes. A 

total of 8,553 participants were included in the analyses with leukocytes, 8,550 in analyses with monocytes and 

lymphocytes, 8,551 in analyses with granulocytes, 8,552 in analyses with platelets, 8,550 in analyses with GLR, 

8,548 in analyses with PLR and adapted SII and 12,426 in analyses with CRP. Prevalent parkinsonism was found in 

69 participants for the analyses with leukocytes, monocytes, lymphocytes, granulocytes and GLR, 68 for analyses 

with platelets, PLR and adapted SII and 174 for analysis with CRP. P-values model 1: Leukocytes: 0.86, Monocytes: 

0.10, Lymphocytes: 0.03, Granulocytes: 0.11, Platelets: 0.74, GLR: 0.003, PLR: 0.04, Adapted SII: 0.02, CRP: 0.66. P-

values model 2: Leukocytes: 0.61, Monocytes: 0.11, Lymphocytes: 0.05, Granulocytes: 0.05, Platelets: 0.74, GLR: 

0.002, PLR: 0.06, Adapted SII: 0.01, CRP: 0.22. P-values model 3: GLR: 0.05, PLR: 0.48, Adapted SII: 0.11. 
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Supplementary table 2. Association between peripheral immune cell numbers, CRP and the risk of incident 

parkinsonism   

 Incident Parkinson’s disease   

Laboratory 

Assessment 

n/N HR (95% CI) 

Model 1 
P-value 

HR (95% CI) 

Model 2 
P-value 

Blood cell types 

Leukocytes 138/8.435 0.75 (0.39-1.45) 0.39 0.90 (0.46-1.75) 0.76 

Monocytes 138/8.432 1.63 (0.73-3.68)a 0.24 1.74 (0.77-3.92)a 0.18 

Lymphocytes 138/8.432 0.96 (0.61-1.53) 0.88 0.94 (0.59-1.50) 0.80 

Granulocytes 138/8.433 0.87 (0.49-1.55) 0.80 0.95 (0.53-1.71) 0.87 

Platelets 138/8.435 0.71 (0.43-1.19) 0.20 0.68 (0.38-1.22)b 0.20 

Blood cell-based ratios 

GLR  138/8.432 1.01 (0.68-1.52) 0.95 1.03 (0.68-1.55) 0.89 

PLR 138/8.431 0.80 (0.57-1.12) 0.19 0.77 (0.55-1.07) 0.12 

SII 138/8.431 0.78 (0.58-1.06) 0.11 0.79 (0.58-1.07) 0.13 

CRP 322/12.132 0.92 (0.82-1.04) 0.17 0.94 (0.83-1.07)b 0.33 

Abbreviations: n = number of PD, N = total number, GRL = granulocyte-to-lymphocyte ratio, PLR = platelet-to-

lymphocyte ratio, SII = adapted systemic immune-inflammation index, CRP = C-reactive protein. Hazard ratios are 

shown per doubling of the inflammation marker, confidence intervals are shown in the parentheses. Model 1 was 

adjusted for age and sex. Model 2 was adjusted for age, sex, BMI, smoking and immune system influencing drugs. 
aModel with diagonal covariance matrix and only random intercepts was fitted because of convergence issues.  
bModel with diagonal covariance matrix was fitted because of convergence issues.   
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Supplementary figure 4. Association between the first measurement of peripheral immune cell numbers and CRP 

and prevalent Parkinson’s disease. Abbreviations: GRL = granulocyte-to-lymphocyte ratio, PLR = platelet-to-

lymphocyte ratio, SII = adapted systemic immune-inflammation index, CRP = C-reactive protein. Odds ratios are 

shown per doubling of the marker. Model 1 was adjusted for age and sex. Model 2 was adjusted for age, sex, BMI, 

smoking and immune system influencing drugs. Model 3 was adjusted for age, sex, BMI, smoking, immune system 

influencing drugs and lymphocytes. A total of 8,553 participants were included in the analyses with leukocytes, 

8,550 in analyses with monocytes and lymphocytes, 8,551 in analyses with granulocytes, 8,552 in analyses with 

platelets, 8,550 in analyses with GLR, 8,548 in analyses with PLR and adapted SII and 12,426 in analyses with CRP. 

Prevalent Parkinson’s disease was found in 22 participants for all analyses except for analyses with CRP, which 

included 84 participants with prevalent Parkinson’s disease. P-values model 1: Leukocytes: 0.43, Monocytes: 0.29, 

Lymphocytes: 0.02, Granulocytes: 0.75, Platelets: 0.22, GLR: 0.03, PLR: 0.25, Adapted SII: 0.28, CRP: 0.50. P-values 

model 2: Leukocytes: 0.91, Monocytes: 0.39, Lymphocytes: 0.07, Granulocytes: 0.35, Platelets: 0.21, GLR: 0.03, 

PLR: 0.52, Adapted SII: 0.28, CRP: 0.82. P-values model 3: GLR: 0.43, PLR: 0.43, Adapted SII: 0.92. 
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Supplementary table 3. Association between first measurement of peripheral immune cell numbers and CRP and 

the risk of incident Parkinson’s disease 

 Incident Parkinson’s disease   

Laboratory 

Assessment 

n/N HR (95% CI) 

Model 1 
P-value 

HR (95% CI) 

Model 2 
P-value 

Blood cell types 

Leukocytes 73/8.435 0.93 (0.69-1.26) 0.64 0.97 (0.73-1.29) 0.91 

Monocytes 73/8.432 1.06 (0.93-1.22) 0.39 1.06 (0.93-1.21) 0.36 

Lymphocytes 73/8.432 0.90 (0.61-1.34) 0.61 0.93 (0.64-1.34) 0.74 

Granulocytes 73/8.433 0.94 (0.72-1.23) 0.66 0.98 (0.75-1.28) 0.99 

Platelets 73/8.435 0.86 (0.66-1.12) 0.25 0.87 (0.66-1.14) 0.29 

Blood cell-based ratios 

GLR  73/8.432 0.98 (0.77-1.26) 0.89 1.00 (0.78-1.28) 0.97 

PLR 73/8.431 0.94 (0.74-1.21) 0.64 0.94 (0.73-1.20) 0.52 

SII 73/8.431 0.96 (0.74-1.24) 0.76 0.98 (0.76-1.26) 0.85 

CRP 160/12.132 0.95 (0.76-1.19) 0.65 0.97 (0.78-1.20) 0.81 

Abbreviations: n = number of PD, N = total number, GRL = granulocyte-to-lymphocyte ratio, PLR = platelet-to-

lymphocyte ratio, SII = adapted systemic immune-inflammation index, CRP = C-reactive protein. Hazard ratios are 

shown per SD increase of the inflammation marker, confidence intervals are shown in the parentheses. Model 1 

was adjusted for age and sex. Model 2 was adjusted for age, sex, BMI, smoking and immune system influencing 

drugs.  
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ABSTRACT  

Background Gait speed is a simple, inexpensive and clinically useful marker of physical 

function in older adults. We aimed to establish gait speed reference values for community-

dwelling older adults. To this end, we further explored the association of age, sex and height 

with gait speed. 

Methods This study included community-dwelling participants aged 50 years and over 

enrolled in the Rotterdam Study. Participants completed the gait protocol between 2009 

and 2016. The mean gait speed was calculated for age and height groups, stratified by sex. 

Reference values for gait speed were calculated using a quantile regression model adjusted 

for sex, the non-linear effects of age and height, as well as the interaction between age and 

sex plus the interaction between age and height. 

Results The study population included 4,656 Dutch participants with a mean (standard 

deviation) age of 67.7 (9.5) years, comprising 2,569 (55.2%) women. The mean height of the 

participants was 1.69 (0.10) meters and the mean gait speed was 1.20 (0.20) m/s. Gait speed 

was lower with older age and greater with taller stature, but the effect of height 

disappeared above the age of 80 years. Sex did not affect gait speed after accounting for 

age and height. Age- , sex-, and height-specific reference values for gait speed are available 

for use at https://emcbiostatistics.shinyapps.io/GaitSpeedReferenceValues.  

Conclusion We found that height explains the commonly noted difference in usual gait 

speed between sexes and that neither height nor sex impacts gait speed in the very oldest 

adults. We developed reference values for usual gait speed in Western European 

community-dwelling older adults.  

https://emcbiostatistics.shinyapps.io/GaitSpeedReferenceValues.
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INTRODUCTION 

Gait speed is a simple, inexpensive and clinically useful measure of physical performance in 

older adults (1). In this demographic, gait speed is also a reliable predictor of adverse 

outcomes, including hospitalization (2), post-operative outcomes (3) and all-cause mortality 

(4). In addition, gait speed is used as a specific diagnostic criterion for both sarcopenia (5) 

and frailty (6). Gait speed is therefore an important part of the assessment of the older 

patient. 

A fixed cut-off of 0.8 m/s is oftentimes used to define slow gait speed (5, 7, 8). However, 

using this crude cut-off in the geriatric assessment is insufficient to determine how an older 

patient performs compared to their peers. More elaborate information on gait speed 

reference values is needed.  

Most currently available reference values for gait speed are age- and sex-specific (9). 

Height, which is also a significant contributor to gait speed, is not considered in most 

reference values (9, 10). Taking into account height is necessary for the appropriate 

interpretation of gait speed reference values and improves generalizability to other 

populations (11). However, the current literature lacks general population height-adjusted 

gait speed reference values covering a broad age spectrum. 

The objective of this study was to determine the influence of age, sex and height on gait 

speed in order to establish reference values for gait speed in a large Dutch population-based 

cohort study. To encourage the clinical use of the gait speed reference values, we built a 

simple interactive application that visually compares the gait speed of a patient to the 

established reference values.  

METHODS 

Study population 

This cross-sectional descriptive study was embedded within the Rotterdam Study, a large, 

ongoing, population-based cohort study in the Netherlands. Details of the Rotterdam Study 

have been described previously (12). The inclusion of participants started in 1990, when 

7,983 inhabitants of the district Ommoord aged 55 years and over were included. In 2000, 

the cohort was extended with 3,011 inhabitants who had become 55 years and over or who 

moved into Ommoord. In 2006, the cohort was further extended with 3,932 participants 

aged 45 years and over. The response rate over the three cohorts was 72%. At baseline and 

at the follow-up visits, participants underwent a home interview and examinations at the 

research center. 
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Figure 1. Flow diagram. 

Inclusion criteria 

Gait assessments have been included in the Rotterdam Study protocol as part of a third 

research center visit since March 2009. The current study includes gait speed assessments 

performed until November 2016. Figure 1 shows the flow diagram of participants included 

in the current study. At the time of the gait measurement, 9,692 participants of the baseline 

assessment of the Rotterdam Study were still alive. Participants who visited the research 

center for the first two regular visits were asked to participate in a third research center 

visit which included the gait assessment. All participants of the third research center visit 

who were willing to perform the walking protocol and could walk without use of a walking 

aid were eligible for gait assessment. In this study we included 4,656 participants of 50 years 

and older who underwent a gait assessment. The 5,036 participants of the Rotterdam Study 

who were alive but did not visit the research center during the third round were older at 

Rotterdam Study baseline (mean (standard deviation, SD) age 63.4 (8.0) years compared to 

58.5 (5.9) years) and included relatively more women (64.1% versus 55.2%). 

Demographic and clinical characteristics 

Educational attainment and smoking status were assessed with questionnaires during the 

home interview. Education was categorized into four levels: primary education, 

lower/intermediate general education or lower vocational education, intermediate 

vocational education or higher general education, and higher vocational education or 

university. Smoking status was categorized into ‘former’, ‘current’ or ‘never’ cigarette 

smokers. Ethnicity was based on genome-wide association studies (GWAS) data and 

estimated using Admixture. Height and weight were obtained during a research center visit 



569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen
Processed on: 18-1-2022Processed on: 18-1-2022Processed on: 18-1-2022Processed on: 18-1-2022 PDF page: 77PDF page: 77PDF page: 77PDF page: 77

 Reference Values Gait Speed 

77 
 

and body mass index (BMI) was calculated by dividing weight over height squared. Blood 

pressure was measured twice with a random-zero sphygmomanometer at the right brachial 

artery with the participant in sitting position, the mean of the two measurements was used. 

Hypertension was defined as a resting blood pressure exceeding 140/90 mm Hg or the use 

of blood pressure-lowering medication (Anatomical Therapeutic Chemical codes C02, C03, 

C07, C08 and C09). Diagnoses of diabetes, chronic obstructive pulmonary disease (COPD), 

heart failure, coronary heart disease, cancer, stroke and parkinsonism were based on 

repeated screening and review of medical records, which was previously described in more 

detail (12). In addition to the review of medical records, diagnoses of diabetes and COPD 

involved fasting glucose levels and spirometry, respectively. Depression was defined as a 

Centre for Epidemiologic Studies Depression scale (CES-D) score above 16. Diagnoses of hip 

and knee osteoarthritis were based on radiological signs of arthritis and defined as a 

Kellgren and Lawrence grade of two or higher.  

Gait speed assessment 

Gait was assessed using a 5.8 m long walkway (GAITRite Platinum; CIR systems, Sparta, NJ: 

4.9 m active area; 120-Hz sampling rate), a reliable and valid device for the evaluation of 

gait (intra-class correlation coefficients gait speed between 0.91 and 0.99) (13, 14). A 

standardized gait protocol was used for the assessment of usual gait speed. Participants 

initiated walking about one meter in front of the walkway, walked across the walkway and 

ended the walk at the other side of the walkway. This first walk was considered a practice 

or initiation walk. Then, the participants turned outside of the walkway and walked back 

across the walkway to their starting position. This back and forth walk was repeated three 

more times. Because the walking protocol started and ended outside of the walkway, the 

initial and final steps were not included in the gait speed assessment. All recordings were 

visually inspected, after which the average gait speed of each of the seven walks, as well as 

the average gait speed over the seven walks was calculated.  

Statistical analysis 

R version 4.03 was used for all statistical analyses (15). Mean gait speed values by age, 

height, BMI and education were calculated, stratified for sex. Subsequently, quantile 

regression models were fitted for the association of age, sex and height with gait speed. 

First, we assessed the separate effects of age, sex and height. Second, we tested the 

interaction effects between age and sex and age and height. Third, we assessed whether 

natural cubic splines of the continuous predictors improved the model fit. Decisions 

regarding the inclusion of interactions and splines were based on the Akaike Information 

Criterion (AIC). The AIC’s of the models can be found in Supplementary Table 1. The final 

model included a spline of age with two degrees of freedom, a spline of height with two 
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degrees of freedom, sex, the interaction between age and sex and the interaction between 

age and height.  

To determine effect modification by age in the association between sex and gait speed, 

we plotted the predicted sex-specific median values of gait speed over age for the 

population-median height. To determine effect modification by age in the association 

between height and gait speed, we plotted the predicted median values of gait speed over 

age for the 10th and 90th percentiles of height, stratified by sex. We visualized the final 

reference values of gait speed by plotting the 10th, 25th, 50th, 75th, and 90th percentile values 

of gait speed over age for the sex-specific median height. All figures include only the results 

for ages between 50 and 90 years because the current study sample included no 

participants below 50 years old and only a limited number of participants above 90 years 

old. The R Shiny package version 1.6.0 was used to visualize the reference values in an 

interactive application (16). 

RESULTS 

Characteristics of the study population are presented in Table 1. The mean (SD) age of the 

participants was 67.7 (9.5) years and 55.2% were women. Almost all participants were of 

European ethnic origin (98.1% of men and 96.9% of women). Most men had an intermediate 

or higher education level (68.2%) and almost half of women had a lower education level 

(48.2%). The mean (SD) height of the participants was 1.77 (0.07) meters in men and 1.63 

(0.07) in women. The most frequent comorbidity was hypertension (73.9% in men and 

66.9% in women). Hypertension, diabetes, chronic obstructive pulmonary disease and 

coronary heart disease were more prevalent in men, whilst depression and knee 

osteoarthritis were more prevalent in women.   

The mean (SD) gait speed of the study population during the seven walks was 1.20 (0.20) 

m/s. The gait speed increased over the seven walks from 1.15 (0.21) m/s at the first walk to 

1.23 (0.20) m/s at the seventh walk. The average gait speed of all separate walks can be 

found in Table 2. 

The average gait speed was higher in men than in women (mean (SD) 1.23 (0.20) m/s 

versus 1.17 (0.20) m/s). Table 3 shows the mean sex-specific gait speed for different age, 

height, BMI and education groups. Gait speed decreased with increasing age, from 1.31 

(0.16) m/s in men and 1.26 (0.17) m/s in women aged 50 to 60 years to 0.91 (0.17) m/s in 

men and 0.76 (0.21) m/s in women aged 90 years and over. Gait speed was greater with 

taller stature and was highest in the normal BMI group. In addition, gait speed increased 

with higher education. A comparison between our average age- and sex-specific gait speed 

and the 2017 study of Beauchet et al. (17) can be found in Supplementary table 2. 
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Table 1. Characteristics of the study population 

Characteristic Men (n = 2,087) Women (n = 2,569) P-value 

Demographics    
Age, years 67.75 (±9.46) 67.63 (±9.54) 0.67 
European a 1,816 (98.1%) 2,200 (96.9%) <0.05 
Education a    <0.05 
   Primary  143 (6.9%) 235 (9.3%)  
   Lower                  515 (24.9%) 1224 (48.2%)  
   Intermediate  776 (37.5%) 637 (25.1%)  
   Higher 635 (30.7%) 443 (17.4%)  
Smoking    <0.05 
   Current 252 (12.4%) 308 (12.4%)  
   Former 1,226 (60.4%) 1,166 (46.9%)  
   Never 551 (27.2%) 1,012 (40.7%)  
Height, m 1.77 (±0.07) 1.63 (±0.07) <0.05 
BMI, kg/m² 27.33 (±3.50) 27.28 (±4.59) 0.68 
 

   
Comorbidities    
Hypertension  1,490 (73.9%) 1,642 (66.9%) <0.05 
Diabetes  347 (17.5%) 297 (12.5%) <0.05 

COPD  268 (13.2%) 201 (8.1%) <0.05 
Heart failure  43 (2.1%) 55 (2.2%) 0.91 
CHD 199 (9.8%) 68 (2.7%) <0.05 
Cancer 221 (10.6%) 240 (9.3%) 0.17 
Stroke  84 (4.0%) 71 (2.8%) 0.02 
Parkinsonism  7 (0.4%) 7 (0.3%) 0.90 
Depression 96 (4.7%) 295 (11.9%) <0.05 
Hip osteoarthritis  248 (15.5%) 289 (15.2%) 0.81 
Knee osteoarthritis  275 (17.2%) 469 (24.5%) <0.05 

Note. Values are numbers (percentage) or mean (±standard deviation). m: meters, BMI: body mass index, kg: 

kilogram, COPD: chronic obstructive pulmonary disease, CHD: coronary heart disease. Data on population 

characteristics were incomplete for some variables, percentages represent those with complete information. 
aEducation was categorized as follows: primary education, lower/intermediate general education or lower 

vocational education, intermediate vocational education or higher general education, and higher vocational 

education or university. P-values were calculated using the Chi square test for categorical variables and the t-test 

for continuous variables. 

Figure 2 shows the effect of sex and height on gait speed over age. Gait speed did not 

differ between men and women after correction for height (Figure 2, panel A). The median 

gait speed differed significantly between the population’s 10th (1.57 meters) and 90th (1.82 

meters) percentile of height at the age of 50 years for both men (1.17 m/s (95% confidence 

interval 1.09-1.25) m/s versus 1.31 m/s (95% CI 1.28-1.34)) and women (1.20 m/s (95% CI 

1.14-1.25) versus 1.34 m/s (95% CI 1.29-1.39)) (Figure 2, panel B). This difference between 

the two height groups diminished with age. At the age of 70 years, the median gait speed 

was 1.18 m/s (95% CI 1.15-1.21) in men of 1.57 meters versus 1.25 m/s (95% CI 1.24-1.27) 

in men of 1.82 meters. In women this was 1.17 m/s (95% CI 1.15-1.18) versus 1.24 m/s (95% 

CI 1.21-1.26). At the age of 90 years, the median gait speed of the two height groups highly 

overlapped for both men (0.91 m/s (95% CI 0.82-0.99) versus 0.90 m/s (95% CI 0.82-0.99)) 

and women (0.89 m/s (95% CI 0.83-0.95) versus 0.89 m/s (95% CI 0.75-1.02)).  
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Table 2. Average gait speed separated by walk 

Trial N Gait speed (m/s) 

First walk 4656 1.15 (0.21) 

Second walk 4651 1.17 (0.20) 

Third walk 4649 1.20 (0.20) 

Fourth walk 4625 1.20 (0.20) 

Fifth walk 4599 1.22 (0.20) 

Sixth walk 4506 1.22 (0.20) 

Seventh walk 4116 1.23 (0.20) 

Note. N: number of participants for each walk, m: meters, s: seconds. Mean (SD) gait speed values are presented.  

Table 3. Mean gait speed by categories of age, height, BMI and education, stratified by sex 

Group Men Women 

 N Gait speed (m/s) N Gait speed (m/s) 

Age (years)     

50-59 501 1.31 (0.16) 651 1.26 (0.17) 

60-69 739 1.27 (0.17) 871 1.22 (0.16) 

70-79 604 1.18 (0.20) 750 1.12 (0.20) 

80-89 231 1.02 (0.20) 282 0.98 (0.21) 

≥90 12 0.91 (0.17) 15 0.76 (0.21) 

P-value  <0.05  <0.05 
     

Height (m)     

<1.60 13 1.08 (0.13) 764 1.09 (0.20) 

1.60-1.69 302 1.16 (0.21) 1,401 1.19 (0.19) 

1.70-1.79 1,120 1.21 (0.19) 392 1.25 (0.17) 

1.80-1.89 578 1.28 (0.18) 12 1.24 (0.25) 

≥1.90 74 1.33 (0.18) 0 - 

P-value  <0.05  <0.05 
     

BMI      

Underweight  3 1.25 (0.14) 24 1.21 (0.25) 

Normal  500 1.24 (0.21) 799 1.22 (0.21) 

Overweight  1,105 1.23 (0.20) 1,026 1.18 (0.18) 

Obese  341 1.20 (0.19) 436 1.11 (0.20) 

Severely Obese 53 1.15 (0.18) 150 1.06 (0.20) 

P-value  <0.05  <0.05 
     

Education     

Primary  143 1.13 (0.18) 235 1.08 (0.22) 

Lower                  515 1.19 (0.20) 1,224 1.16 (0.20) 
Intermediate  776 1.23 (0.20) 637 1.17 (0.19) 
Higher 635 1.27 (0.19) 443 1.26 (0.19) 
P-value  <0.05  <0.05 

Note. N = number of participants per group, m: meters, s: seconds, BMI: body mass index. Mean (SD) gait speed 

values averaged over the seven walks are presented. BMI was categorized as: Underweight (<18.5), Normal (18.5-

24.9), Overweight (25-29.9), Obese (30-34.9), Severely Obese (≥35). P-values were calculated using the ANOVA 

test to compare the mean gait speed between the groups. 
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Age-, sex- and height-specific gait speed reference values averaged over the seven walks 

are shown in Figure 3. This figure specifically shows the reference values for the sex-specific 

median height of our population (1.76 meters for men and 1.63 meters for women). For 

men of 50 years old and of median height, the median gait speed was 1.28 m/s (95% CI 1.24-

1.32) and for women this was 1.24 m/s (95% CI 1.20-1.27). At 70 years old, the median gait 

speed for men was 1.25 m/s (95% CI 1.23-1.26) and for women this was 1.20 m/s (95% CI 

1.19-1.21). At 90 years old, the median gait speed for men was 0.92 m/s (95% CI 0.87-0.98) 

and the median gait speed for women 0.91 m/s (95% CI 0.84-0.97).  

The gait speed reference values shown in Figure 3 and additional reference values for the 

first walk are available through: https://emcbiostatistics.shinyapps.io/GaitSpeedReference 

Values, which allows numerical and visual comparison of the gait speed of an individual 

patient with these reference values. 

DISCUSSION 

In this study, we have provided clinically valuable height-adjusted gait speed reference 

values for Western European community-dwelling adults between 50 and 90 years of age. 

Our study suggests that after accounting for age and height, sex does not have a significant 

impact on usual gait speed. Additionally, as age increases, height becomes a less significant 

contributor to gait speed, with the effect of height disappearing above the age of 80. These 

results indicate that gait speed is independent of height in the very oldest adults.  

Gait speed reference values for older adults reported by previous studies are highly 

diverse because of differences in gait speed assessment methods, inclusion criteria, and 

anthropometrics between studies (11, 17-20). We showed that the average gait speed 

increased over the seven walks: gait speed increased most over the first three walks and 

flattened afterwards. This increase in gait speed is in line with previous studies showing an 

association between walking distance and walking speed (21, 22). The number of walks 

should thus be taken into account when comparing reference values for gait speed across 

studies. As expected, the age- and sex-specific mean gait speed in our study was lower than 

in most studies excluding individuals with comorbidities (11, 17, 19, 20). However, exclusion 

of all individuals with comorbidities leads to a highly selected and non-representative 

population of older individuals. We thus think that excluding individuals with comorbidities 

does not provide relevant reference values for general practitioners and geriatricians. 

Compared with the 2017 study of Beauchet et al. (17), which utilized stricter exclusion 

criteria and therefore would be expected to represent a healthier population, our study 

demonstrated slightly slower gait speed values in the population aged 65 to 84, although 

slightly faster gait speed in the population above 85 years (Supplementary table 2). 

Similarly, compared to the 2015 systematic review of Salbach et al. (22), describing gait 

speed in disease-free individuals aged 50 to 79, our average gait speed was lower in adults 

aged 50 to 59 years, but largely comparable thereafter.   

https://emcbiostatistics.shinyapps.io/GaitSpeedReference
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Figure 3. Sex- and age- specific reference values for gait speed. The panels show the reference values for gait speed 

averaged over the seven walks for men of median height (1.76 meters) and women of median height (1.63 meters). 

The shaded areas present the 95% confidence intervals.  

Locomotion is a complex multi-system activity which is influenced by physiological, 

psychological and environmental factors (23, 24).  Age, sex, height, weight and education 

are all factors influencing gait speed which could be obtained in a clinical setting. These 

factors should thus be considered when creating reference values for gait speed.  

Starting with age, the mechanism behind slowing of gait speed with age is multi-faceted, 

with studies suggesting musculoskeletal (25), aerobic capacity (26, 27) and psychological 

factors (28) all play a role. Our study confirms the well-established reduction in gait speed 

with increasing age. We show a relatively stable or slow decline in gait speed between the 

sixth and eighth decades and a subsequent more rapid decline in the ninth and tenth 

decades. 

Our results indicate that height explains sex differences in gait speed, which is in line with 

several previous studies (20, 29). However, a recent Dutch study using repeated 

measurements of gait speed showed that men continued to have faster gait speed than 

women after adjustment for baseline height (30). This difference in findings could possibly 

be explained by the non-linear effects of height and the interaction effect between age and 

height. There are two main disadvantages to categorizing gait speed reference values by 

sex. First, interpretation will be inaccurate for men and women who fall outside of ‘normal’ 

heights, i.e. taller women and shorter men. Second, comparison of gait speed between 

different populations becomes more complex if results are published in sex-specific form 

without data on height. We have presented our height-adjusted gait speed reference values 

stratified by sex to allow easier comparison with similar studies. Of note, we found 
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comorbidities which are known to negatively impact gait speed to affect men and women 

unequally. This difference in prevalence of comorbidities, however, did not result in 

differences in the mean or median gait speed between men and women after adjustment 

for height.  

Several studies have indicated that taller individuals walk faster than shorter individuals 

(19, 31). However, a recent study showed that this height advantage is lost with age (32). 

Elbaz et al. demonstrated that gait speed of taller individuals declines faster with increasing 

age than gait speed of shorter individuals and that the advantage of taller statue is lost 

around the age of 80 (32). Our results support these previous observations. Height loss 

alone cannot explain the lesser advantage of taller stature with age (32). The advantage of 

height is expected to be caused by leg length, whereas height loss with ageing is related to 

changes in bone, muscles, and joints and mainly affects truncal height (33, 34). Several 

studies have shown that slower gait speed in older adults may result from a higher energy 

expenditure of walking associated with aging (35, 36). Subsequently, older individuals might 

develop their own ‘basal’ gait speed designed to minimize energy expenditure, as 

hypothesized by Elbaz et al. (32). 

Weight affects gait speed in an inverse U-shaped manner, with extremes of high and low 

weight or BMI being associated with a reduction in gait speed (37). Although our findings 

also show an association between BMI and gait speed, we decided not to create BMI-

specific reference values for gait speed. By accounting for the lower gait speed values seen 

at the extremes of BMI, we may falsely find these patients’ gait speed to be nearer to the 

median for their age than they actually are. Moreover, weight can vary with time and 

previous studies have shown that loss of weight in the severely obese leads to a 

proportional increase in gait speed (38). 

Higher levels of education are also known to be associated with faster gait speed at older 

age (39). This association is likely to be multifactorial, with chronic medical conditions, 

lifestyle factors and physical demands whilst working all contributing (39). We have not 

accounted for educational differences between individuals in our model as this information 

is less easy to standardize across time periods and nationalities than simple measures such 

as height.  

Our study has a number of strengths. Firstly, the method we used to assess gait speed has 

been shown to be both valid and reproducible (40, 41). The GAITRite walkway itself is not 

available in routine clinical practice, however, the measurement of gait speed correlates 

well with more widely available stopwatch methods (42). Secondly, the number of 

participants in our study is much larger than most equivalent gait speed reference values 

studies, providing more reliable estimates of usual gait speed. Thirdly, our statistical models 

allowed for non-linear effects of age and height, as well as interactions between the 

variables, which represented the data better than often-used simple linear models. 

Fourthly, we developed an online application that facilitates the comparison of a patient’s 
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gait speed to the established reference values. A comparable gait calculator was previously 

created by Moe-Nilssen et al. (11). However, their calculator focused on a more holistic gait 

assessment, requiring measurements of stride length and stride time to calculate gait 

speed. In clinical practice, such an approach is not yet routinely applied and thus the simple 

calculation of gait speed as distance divided by time is of greater clinical relevance.  

There are a number of limitations to our study. Firstly, the presented reference values 

were created in a Dutch population and the generalizability of our findings to populations 

with other demographic characteristics thus warrants further investigation. Previous 

studies have shown, for example, that ethnicity can impact on gait speed (43) and our 

population was predominantly of Western European origin. Therefore, despite the use of 

height-adjustment, our reference ranges may not be generalizable to other populations. 

Furthermore, our protocol excluded participants requiring walking aids or assistance with 

mobilizing, both groups who would be expected to have a slower gait speed. As a result of 

the absence of these groups in our sample, our reference values might provide an over-

estimation of gait speed in this population. Finally, as can be observed in table 2, not all 

participants completed the seven normal walks of our gait protocol. Reasons for a lower 

number of walks include technical and instructional errors, which were not systematically 

recorded. 

Gait speed cut-off values, such as the 0.8 m/s as an indicator of sarcopenia and increased 

mortality risk (4, 5), may be of benefit to identifying the most at-risk groups across a 

population. However, the use of a gait speed cut-off has two main limitations. Firstly, very 

few community-dwelling older adults will have gait speed values below 0.8 m/s, only 4% in 

our population, indicating that little information is gained from the use of this cut-off in 

clinical practice. Secondly, cut-off points are currently not age- and height-specific, which 

impedes their clinical value and generalizability across populations. As an alternative, 

reference values can be used in a clinical setting to allow a more elaborate comparison of 

an individual’s gait speed relative to their peers. As part of a holistic assessment, this would, 

for example, facilitate the identification of patients who are at higher risk of complications 

from an operation. Further work is needed to determine the predictive ability of gait speed 

percentiles or age- and height- specific gait speed cut-offs for clinical outcomes. 

Furthermore, more research is needed into gait speed in the over 90 year olds, as this group 

was under-represented in our study. 

CONCLUSION 

We present clinically valuable and easy-to-use reference values for usual gait speed in 

community-dwelling older Dutch adults. We show that height explains the commonly noted 

difference in usual gait speed between sexes. Additionally, our results suggest that in the 

very oldest adults, neither height nor sex impacts gait speed.  
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SUPPLEMENTARY MATERIAL 

Supplementary table 1. Model selection 

Model  Variables  AIC P-value 

Model 1 Age -2517.252 - 

Model 2 Age, height -2700.544 < 0.05 

Model 3 Age, height, sex -2699.459 0.31 

Model 4 Age, height, sex, interaction age and height  -2708.358 < 0.05 

Model 5 Age, height, sex, interaction age and height, interaction age and 

sex 

-2712.546 < 0.05 

Model 6 Model 5 including splines for age with 2 degrees of freedom -2884.019 - 

Model 7 Model 5 including splines for age with 3 degrees of freedom -2882.12 - 

Model 8 Model 6 including splines for height with 2 degrees of freedom -2897.612 - 

Model 9 Model 6 including splines for height with 3 degrees of freedom -2895.709 - 

Final model Age, height, sex, interaction age and height, interaction age and 

sex, splines for age and height with 2 degrees of freedom.  

-2897.612  

Note. P-value represents the p-value of the ANOVA test comparing the model with the model on the previous row.  
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Supplementary table 2. Comparison of average gait speed with study of Beauchet et al. [17] 

 Beauchet et al.  This study 

Age group 

(years) 

Men Women  Men Women 

 N Gait speed 

(m/s) 

N Gait speed 

(m/s) 

N  Gait speed 

(m/s) 

N  Gait speed 

(m/s) 

65-74 399 1.25 (0.22) 312 1.26 (0.22) 675 1.23 (0.18) 813 1.19 (0.17) 

75-84 106 1.18 (0.25) 101 1.10 (0.21) 445  1.11 (0.20) 530 1.04 (0.21) 

> 85 12 0.89 (0.15) 24 0.88 (0.19) 72 0.96 (0.20) 97 0.91 (0.22) 

Note. N = number of participants per group. Mean gait speed values (SD) are presented.
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ABSTRACT 

Clinical studies have shown that up to 90% of patients with idiopathic rapid eye movement 

sleep behavior disorder (RBD) will eventually be diagnosed with a clinical alpha-

synucleinopathy. Because of this high conversion rate, screening for RBD is often performed 

to identify eligible participants for studies aimed at elucidating the prodromal phase of 

alpha-synucleinopathies. However, screening for RBD, especially in the general population, 

raises many ethical dilemmas. In light of the existing ethical literature and our experience 

in establishing a screening approach for RBD in the Rotterdam Study, we discuss ethical 

dilemmas when screening for RBD in population-based studies. We conclude that informing 

study participants about the reason for invitation and the possible trajectory that lies ahead 

when participating is essential. However, participants should not be troubled unnecessarily 

by giving them detailed information about possible diagnoses or associated disease risks.  
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INTRODUCTION 

Rapid eye movement sleep behavior disorder (RBD) is a parasomnia characterized by an 

excessive muscle tone during rapid eye movement (REM) sleep (1). Clinical symptoms of 

RBD involve complex motor behaviors and vocalizations during the REM sleep, often related 

to dream content (2). This dream-enactment behavior may cause harm to the patient or 

bedpartner (1). 

RBD is a well-known and strong prodromal marker of neurodegenerative diseases. Clinical 

studies have shown that up to 90% of patients with idiopathic RBD will eventually be 

diagnosed with a clinical alpha-synucleinopathy, most often Parkinson’s disease (3-7). The 

time lag between the onset of RBD and the diagnosis of an alpha-synucleinopathy may be 

many years; the median latency period has previously been described to range from 12 to 

14 years (8).  

Currently, screening for RBD is often used to recruit participants for studies aiming to 

better understand the prodromal phase of alpha-synucleinopathies (9). However, screening 

for RBD, particularly in the general population, raises many ethical dilemmas. For instance, 

how should participants be informed if they screen positive for RBD? Furthermore, should 

participants with a polysomnography suggestive of RBD be provided with information about 

the risk of alpha-synucleinopathies?  

In this paper, we explore two ethical dilemmas in screening for RBD in population-based 

studies: informed consent and risk disclosure. We provide recommendations for future 

studies screening for prodromal markers of alpha-synucleinopathies in light of the existing 

ethical literature (see Supplementary material for search terms literature) and our 

experiences in establishing a screening approach for RBD in the Rotterdam Study (10), a 

population-based cohort of middle-aged and elderly persons.  

RBD screening in population-based studies  

A definitive diagnosis of RBD requires polysomnography (1, 2). Yet, only a few studies 

performed polysomnography measurements in a random sample of the population (11, 12), 

as it is burdensome and inefficient with an estimated RBD prevalence of around one percent 

in the general population (11-13). Most population-based studies used questionnaires to 

screen for RBD (14-20). These studies reported a much higher RBD prevalence than studies 

using polysomnography because of high false-positive rates due to RBD mimics, such as 

obstructive sleep apnea, non-REM parasomnias, sleepwalking, and periodic limb movement 

disorder (1). 

Many recent studies have used a multi-step approach including questionnaires and 

polysomnography to detect RBD (13, 21-23). Although multi-step screening for RBD could 

lead to false-negatives if participants are not aware of their RBD symptoms (1), this 

approach reduces the number of required polysomnographies while it increases the validity 

of the diagnosis as compared to questionnaires only. Studies using a stepwise approach 
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have shown a highly similar RBD prevalence to polysomnography studies in a random 

sample, supporting the accuracy of this approach (1).  

Ethical considerations 

Informed consent 

A stepwise screening for RBD is an efficient approach to detect RBD in population-based 

studies, but it also raises ethical concerns in relation to participant enrollment and informed 

consent. Current ethical guidelines require researchers to be transparent in the enrollment 

process about the reasons for invitation in the study (24). When inviting participants for an 

add-on polysomnography study based on a positive response to an RBD screening 

questionnaire, participants must thus be informed that they were selected because of their 

answers to the questionnaire about dream enactment behavior. Disclosure of the possibility 

of an RBD diagnosis upon inviting participants would, however, be premature. A positive 

screening is not yet a clinically valid finding and subsequent polysomnography might 

exclude RBD (22). Also, when given a possible RBD diagnosis in an invitation letter, 

participants might search for additional information about this disorder on the internet and 

learn about the associated risk of an alpha-synucleinopathy in a home setting without 

counselling and support, which could cause distress. Particularly in research participants 

without any neurological symptoms, such information may have a serious psychological 

impact.  

Although disclosure of a possible RBD diagnosis upon invitation for an add-on 

polysomnography study would be premature, participants should be informed about known 

and possible risks of study participation as part of the consent process (24). These risks may 

include receiving a diagnosis of a sleep disorder or an alpha-synucleinopathy. Adequately 

informing participants is important to protect participants against unwanted and potentially 

harmful information and to respect the right not to know about study findings. If 

participants are not properly informed about the trajectory that might follow, they might 

end up in a situation that they never expected when providing consent to participate in the 

study. In the literature, this has been referred to as a so-called fish trap, which has to be 

avoided (25). 

The conflicting autonomy rights – the right to know about potential consequences of 

study participation and the right not to know about an incidentally detected sleep disorder 

– can be respected by offering only general information in the invitation about the 

symptoms that could relate to a sleep disorder and the relation between sleep disorders 

and neurodegenerative diseases. If participants do not wish to know more, they can opt out 

of receiving information on study findings or withdraw at this point. At the same time, 

participants are informed that enrolling in the add-on study might entail learning about the 

risk of a neurodegenerative disease.  
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Risk disclosure 

The foundational medical-ethical principles of non-maleficence, beneficence and respect 

for autonomy are often used to discuss risk disclosure dilemmas when informing patients 

on an RBD diagnosis (26-29). Disclosure of risk information runs counter to the principle of 

non-maleficence, as it may cause anxiety and distress. The distress might be unnecessary 

because the risk of alpha-synucleinopathies is probabilistic, not deterministic and the 

latency period can be very long (26, 29-31). In addition, there is no treatment available to 

prevent or delay the onset of alpha-synucleinopathies and thus the information lacks 

actionability (26, 27, 29-31). On the other hand, disclosure of risk information may be in line 

with the principles of beneficence and respect for autonomy, as awareness of the risk of 

alpha-synucleinopathies could lead to an earlier recognition of alpha-synucleinopathy 

symptoms and earlier symptomatic treatment (26, 27, 29), may allow for participation in 

neuroprotective trials (26, 27), and could help future life and care planning (26-28). Also, 

proactive disclosure of risk information is considered best for the patient-physician 

relationship (26, 28, 29).  

Despite the potential harms involved, the consensus is that physicians should inform 

patients presenting with idiopathic RBD about their risk of developing an alpha-

synucleinopathy (26, 29). The risk should be communicated in a safe environment and the 

physician should emphasize the uncertainty of the information for the individual. However, 

it is still under debate at which stage in the diagnostic process the risk should be disclosed 

and if the risk should be disclosed to patients with isolated REM sleep without atonia (28, 

31). Moreover, little is known about what patients with RBD prefer to know (27, 32).  

In a research setting, risk disclosure is even more challenging than in a clinical setting, as 

research participants may not be aware of or hindered by sleep complaints. Little is known 

about how previous polysomnography studies handled disclosure of RBD diagnosis or 

concurrent risk of alpha-synucleinopathies to participants (11-13, 21-23). One study, in 

which participants responded to a newspaper advertisement including an RBD screening 

question, described that a study neurologist discussed the RBD diagnosis and associated risk 

of alpha-synucleinopathies in a face-to-face consultation (22). The risk information was 

communicated after extensive history taking and neurological examination and participants 

were offered annual follow-up by the study neurologist. 

There are currently no guidelines for discussing polysomnography findings with research 

participants. Although discussions on the handling of solicited and unsolicited findings have 

mainly been conducted in the context of genetic and imaging studies (33-35), the following 

three conditions for the return of study findings to participants apply across research 

settings: findings must be scientifically valid; findings must be clinically significant; and 

interventions should be available (24). At the moment, it is questionable whether RBD and 

the concurrent risk of alpha-synucleinopathies meet these conditions in population-based 
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studies and thus whether participants should be informed about RBD findings and the risk 

of alpha-synucleinopathies. 

First, a clinical diagnosis of RBD entails more than just a polysomnography. It requires full 

medical history taking and neurological examination, which may not be feasible in large (for 

instance >10,000 participants) general population cohort studies. Consequently, other 

causes of absence of muscle atonia, with or without a positive screening for dream-

enactment behavior, cannot be excluded. Given the lack of this information, the result of a 

standalone polysomnography has only limited clinical significance and disclosure of this 

research result may not be warranted. Second, in general population cohort studies which 

are situated outside of clinical care, researchers or study physicians do not always have a 

physician-patient relationship with participants. Participants can be best informed about a 

sleep disorder in a safe environment by a physician who can provide recommendations 

about disease course or treatment. Annual clinical follow-up by the same physician could 

benefit early recognition of alpha-synucleinopathies and treatment of symptoms. If this is 

not possible within the cohort study, it is best to refer the participant to a clinician for clinical 

diagnosis and follow-up. Third, in a research setting, participants do not actively decide to 

know more about their sleep problems. It might thus be reasonable to offer participants the 

opportunity to refrain from seeking further medical attention, i.e. to swim back from the 

fish trap, before they are given a definite diagnosis of a sleep disorder. Figure 1 shows the 

advantages and disadvantages of disclosure of alpha-synucleinopathy risk in clinical and 

research settings.  

 
Figure 1. Advantages and disadvantages of disclosing alpha-synucleinopathy risk information in clinical and 

research settings. The extra weight illustrates additional dilemmas that arise in clinical studies, such as when RBD 

is incidentally discovered in participants without sleep complaints, and population-based studies, such as the 

uncertainty in the diagnosis if other causes of REM sleep without atonia cannot be ruled out. 
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Box 1. Intended REM-sleep behavior disorder screening approach Rotterdam Study 

In the Rotterdam Study, we will use a multi-step approach to screen for RBD, based on the approach of 

Postuma et al. (22). Participants who screen positive on a single-question screening for RBD (36) and five 

follow-up questions (37) will be invited to take part in a home-based single-night polysomnography.  

The written invitation to participate in the add-on polysomnography study will explain that the participant 

was selected for the polysomnography study because of the presence of self-reported symptoms possibly 

related to a sleep disorder. The invitation will provide general information only and will not mention any 

specific sleep disorders. The information in the invitation letter will be further explained in a subsequent 

phone call, in which all remaining questions will be answered. The participant will be informed on the 

possibility that the polysomnography study will unveil a sleep disorder and that there is a relation between 

sleep disorders and the risk of neurodegenerative diseases. If the participant agrees to take part after the 

phone call, an appointment will be made for the home-based polysomnography. The participant will then 

receive additional practical information to prepare for the polysomnography and a concept informed consent 

form. In the informed consent form, participants will be asked if they want to be informed on study findings 

and if we can inform their general practitioner on these findings. The informed consent form will be signed by 

the participant in presence of the researcher before the start of the home-based polysomnography.  

Within three months of the polysomnography measurement, all participants will receive a letter explaining 

the results of the polysomnography. The letter will provide the participant with summary statistics of the night 

sleep, for instance the sleep latency time and the total sleep time. If we find signs of obstructive sleep apnea 

or RBD in the polysomnography, and if the participant agreed to receiving information about this, the letter 

will state that a possible sleep disorder has been detected, but the exact diagnosis will not be specified. We 

will then recommend the participant to contact the GP to further examine the study results and assess the 

need for a clinical evaluation. The letter to the general practitioner will be accompanied by information about 

obstructive sleep apnea or RBD, referral advice and, in case of RBD, information about the current evidence 

regarding the risk of alpha-synucleinopathies. In a dedicated training session, GPs will be informed before the 

start of the add-on study about RBD, the link with alpha-synuleinopathies and referral options.  

Based on these considerations, we have recently developed an approach to screen for 

RBD in the population-based Rotterdam Study. Our approach is explained in Box 1. 

Screening is scheduled to start in spring 2021.  

Key remaining gaps in knowledge 

Our overview of the ethical dilemmas in screening for RBD reveals several knowledge gaps 

in the current literature regarding RBD. First, all studies that investigated the association 

between RBD and alpha-synucleinopathies have been carried out in hospital settings (7). 

The risk of alpha-synucleinopathies in patients in a clinical setting might differ from the risk 

in a population-based setting. The risk of alpha-synucleinopathies in general population 

study participants with isolated REM sleep without atonia or RBD needs to be fully 

understood in order to provide them with accurate information.  

Second, there is a lack of insight into the psychological distress RBD patients experience 

when learning about the risk of alpha-synucleinopathies. The impact can only be 

extrapolated from different settings, such as genetic testing for Alzheimer’s disease or 

Huntington’s disease. The psychological impact in these two diseases, however, varies 
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markedly (38-40). It is thus difficult to extrapolate from these diseases how individuals will 

experience risk disclosure of alpha-synucleinopathies. Although a recent study suggests that 

patients with Parkinson’s disease are skeptical towards early risk disclosure (32), the 

psychological impact of risk disclosure to patients or research participants with RBD remains 

unknown. Future quantitative and qualitative studies are necessary to fill these gaps.    

Third, more insight is necessary into the considerations of physicians when deciding 

whether or not to disclose risk information to patients diagnosed with RBD. One previous 

study showed that neurologists were more prone to discuss this information than other 

physicians and that male neurologists were more likely than female neurologists to have 

this conversation (27). The reasons and practical considerations for physicians’ decisions 

(not) to discuss the risk of alpha-synucleinopathies with RBD patients should be better 

understood to develop guidelines for the disclosure of risk information in clinical and 

research settings.   

CONCLUSION 

In this article we discussed ethical dilemmas in screening for RBD in population-based 

research. We conclude that when research participants are invited to take part in add-on 

studies embedded within ongoing population-based studies, they should be informed 

adequately about the reason for invitation and the possible trajectory that lies ahead when 

enrolling. However, given the uncertainty surrounding the clinical significance of a positive 

RBD screening test or even a standalone polysomnography, we think that participants 

should not be troubled unnecessarily by giving them detailed information early on in that 

trajectory about possible diagnoses or associated disease risks and should be referred for 

clinical diagnosis. Although our recommendations were developed for RBD screening, they 

may also apply to other settings, for instance screening for genetic variants or biomarkers. 

Our recommendations for future studies facing similar ethical dilemmas are summarized in 

Table 1. 

Table 1. Ethical recommendations for studies screening for prodromal markers of alpha-synucleinopathies 

Recommendations  

 Involve an ethicist early in the process to help devise the study protocol. 

 As part of the informed consent process for participation in a cohort study, inform participants about the 
possibility of add-on studies that may involve disclosure of disease risk information. 

 Inform participants about the trajectory that might follow study participation, without causing 
unnecessary distress by providing too detailed information.  

 Take into account participants’ or patients’ preferences for disclosure of risk information when designing 
the study protocol. 

 Communicate risk information in a safe setting, preferably by a knowledgeable treating physician, and 
avoid communicating this information by letter or telephone. 

 Diagnostic criteria in research settings often differ from clinical diagnostic criteria. Be aware of these 
differences and the uncertainty in research findings. Acknowledge the uncertainty of individual study 
findings when communicating to participants. 
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SUPPLEMENTARY MATERIAL 

Search terms literature 

Embase  

'rem-sleep behaviour disorder':ti OR 'rem-sleep behavior disorder':ti OR ‘REM sleep 

behaviour disorder’:ti OR ‘REM sleep behavior disorder’:ti  OR ‘RBD’:ti OR 'rapid eye 

movement sleep behaviour disorder':ti OR 'rapid eye movement sleep behavior 

disorder':ti 

1863 results 27-03-2020 

Pubmed 

“rem-sleep behaviour disorder”[ti] OR “rem-sleep behavior disorder”[ti] OR “REM sleep 

behaviour disorder”[ti] OR “REM sleep behavior disorder”[ti] OR “RBD”[ti] OR “rapid eye 

movement sleep behaviour disorder”[ti] OR “rapid eye movement sleep behavior 

disorder”[ti] 

1045 results 27-03-2020 
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RATIONALE LETTER 

The prodromal phase of Parkinson’s disease (PD) is dominated by non-motor symptoms. 

However, several recent studies have also shown subtle motor deficits in the early 

prodromal phase of PD. In summer 2019, a study by Del Din et al. was published in Annals 

of Neurology, which determined whether gait parameters can predict conversion to PD. The 

study described gait in 696 participants of the Tübinger evaluation of Risk factors for Early 

detection of NeuroDegeneration (TREND) study. In this prospective cohort study, the 

authors assessed gait with a wearable device both under single and dual task conditions and 

at different walking speeds. They found gait asymmetry and step time variability to be 

related to time to PD diagnosis. Also, they observed gait alterations already four years 

before PD diagnosis. We sent the following letter in response to this study to raise 

awareness for important remaining knowledge gaps to be addressed by population-based 

studies.  
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With great interest we read the article by Del Din et al. (1) on quantitative gait analysis to 

predict conversion to Parkinson’s disease (PD). The authors show that gait starts 

deteriorating four years before PD diagnosis and identify potential predictors of conversion 

to clinical PD. While their findings add to an emerging body of literature on the role of 

quantitative motor assessments in prodromal PD, several key questions remain to be 

answered. 

First, during the prodromal phase of PD, subtle gait impairments more easily become 

overt under challenging conditions (2), such as dual-task walking. Therefore, assessing the 

change in gait parameters under different walking conditions might reveal even earlier gait 

impairments in prodromal PD. In particular, this may apply to markers of postural control 

(e.g., step width), as previous research has shown that postural control is disproportionally 

more affected by cognitive interference in early PD than speed (3).   

Second, the study population of Del Din et al. (1) included individuals selected for having 

high-risk traits for PD. The question remains to what extent their findings are generalizable 

to an unselected, general population. In the general population, poor gait could be more 

commonly driven by factors unrelated to PD, such as osteoarthritis. Moreover, gait 

impairments do not only precede clinical PD, but also many other neurological disorders (4). 

This might be problematic for the prediction of PD in a population not at high risk for PD. 

Alternatively, assessing quantitative gait measures specific for PD, such as shuffling (2), 

might facilitate the prediction of conversion to clinical PD in the general population. 

Third, motor impairments in prodromal PD are not limited to gait, as upper extremities 

are also commonly affected. For instance, we previously showed that impairment in manual 

dexterity precedes clinical PD diagnosis by nine years (5). Yet, it remains largely unclear to 

what extent the predictive value for conversion to clinical PD overlaps for different 

quantitative motor functioning measures. If the predictive value of various impairments is 

largely incremental, detection of prodromal PD could be improved by assessing both upper 

and lower limb motor functioning.  

In the coming years, prospective cohort studies will address the value of gait assessments 

under complex walking conditions, unravel whether gait assessments can be used in the 

general population, and determine the incremental effect of combining motor functioning 

tests to predict conversion to PD. Taken together, these studies may facilitate subsequent 

clinical incorporation of quantitative motor assessments for the prediction of PD. 
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ABSTRACT 

Background Orthostatic hypotension is common in patients with PD. However, it remains 

unknown whether orthostatic hypotension is a marker of prodromal PD or of more 

advanced disease.  

Objectives To assess whether orthostatic hypotension is a prodromal marker of PD in the 

general population. 

Methods This study was embedded in the Rotterdam Study, a large prospective population-

based cohort in the Netherlands. We measured orthostatic hypotension in 6,910 

participants. First, we determined the relation between prevalent PD and orthostatic 

hypotension using logistic regression. Second, we followed PD-free participants for the 

occurrence of PD until 2016 and studied the association between orthostatic hypotension 

and the risk of PD using Cox proportional hazards models. All models were adjusted for age 

and sex. 

Results At baseline, the mean age (standard deviation) of the study population was 69.0 

(8.8) years and 59.1% were women. Orthostatic hypotension was present in 1,245 (19.8%) 

participants and 62 (1.0%) participants had PD at the time of the orthostatic hypotension 

measurement. Participants with PD were significantly more likely to have orthostatic 

hypotension (odds ratio 1.88, 95% confidence interval 1.09 – 3.24). During a median 

[interquartile range] follow-up of 16.1 years [8.5 – 22.7], 122 participants were diagnosed 

with incident PD. Orthostatic hypotension at baseline was not associated with an increased 

risk of PD (hazard ratio 0.97, 95% confidence interval: 0.59 – 1.58). 

Conclusion Our study suggests that orthostatic hypotension is common in patients with PD, 

but that orthostatic hypotension is not associated with an increased risk of PD and thus is 

not a prodromal marker of PD in the general population.   
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INTRODUCTION 

Parkinson’s disease (PD) is a complex neurodegenerative disorder involving both motor and 

non-motor symptoms. The prodromal phase of PD can start as early as twenty years prior 

to diagnosis and is dominated by non-motor signs including constipation, REM-sleep 

behavioural disorder and hyposmia (1-4). Orthostatic hypotension has also been described 

as a common non-motor sign of PD (5, 6), but was typically attributed to a later stage of 

disease (2).  

Recent studies have suggested that orthostatic hypotension can already develop in the 

prodromal phase of PD (1). Determining whether orthostatic hypotension should be 

considered a prodromal marker of PD is important because prodromal markers allow earlier 

recognition of PD and could help to identify individuals eligible for neuroprotective trials. 

Furthermore, early recognition and treatment of orthostatic hypotension and other non-

motor symptoms of PD is required because these symptoms negatively impact quality of 

life (7, 8). 

The association between orthostatic hypotension and the risk of PD has been limitedly 

studied so far. Some small studies have shown an increased risk of PD in participants with 

orthostatic hypotension (9-11). Also, a large registry-based study has demonstrated that 

participants with hypotension, including orthostatic hypotension, carried an increased risk 

of PD (12). However, the association between orthostatic hypotension and PD has not been 

prospectively studied in a large sample of the general population yet.  

Thus, we aimed to identify whether orthostatic hypotension in the general population is 

a prodromal marker of PD. Hereto, we determined the association of prevalent PD with 

orthostatic hypotension, and the association between orthostatic hypotension and the risk 

of incident PD in a general population. 

METHODS 

Study population 

This study is embedded in the Rotterdam Study, a large prospective population-based 

cohort study in the Netherlands (13). We included the first cohort in the current study, 

which was initiated in 1990 and consisted of 7,983 participants aged 55 years and older. 

Participants were interviewed at home and examined at the research centre from October 

1989 to July 1993. In total, 6,910 participants visited the research centre and underwent 

examination for orthostatic hypotension. We included 6,299 participants in the prevalent 

analyses and 6,237 participants in the incident analyses, reasons for exclusion can be found 

in Figure 1.  

The Rotterdam Study has been approved by the Medical Ethics Committee of the Erasmus 

Medical Center and by the review board of the Ministry of Health, Welfare and Sports of 

the Netherlands according to the Population Study Act Rotterdam Study. All participants 

provided written informed consent to participate in the study. 
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Figure 1. Flowchart of study participants.*Participants were excluded if the following measurements were missing: 

both the systolic and diastolic blood pressure measurement in supine position, all systolic or all diastolic blood 

pressure measurements in standing position, or all heart rate measurements. 

Assessment of orthostatic hypotension 

Blood pressure and heart rate (HR) were measured using an automatic recorder (Dinamap, 

Critikon). Baseline blood pressure was defined as the mean of two measurements on the 

upper right arm with the participant in supine position after five minutes of rest. The 

measurements were repeated in standing position after one, two, three, four, and five 

minutes. Orthostatic hypotension was defined as a decrease in systolic blood pressure (SBP) 

of at least 20 mm Hg or a decrease in diastolic blood pressure (DBP) of at least 10 mm Hg 

within three minutes after standing up from supine position, in accordance with the 

consensus statement of the American Academy of Neurology (14). To define neurogenic 

orthostatic hypotension, we calculated the difference in HR and SBP in supine position and 

after three minutes of standing. If the ratio between the difference in HR and SBP 

(ΔHR/ΔSBP) was lower than 0.5 in participants with orthostatic hypotension, we classified 

participants as having neurogenic orthostatic hypotension (15). Additionally, we excluded 

all participants with diabetes, cancer, renal failure (eGFR ≤ 15) and stroke as possible causes 

of neurogenic orthostatic hypotension (16). Furthermore, we studied early and delayed 
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orthostatic hypotension, defined as orthostatic hypotension within one minute and 

between three and five minutes, respectively. Participants with orthostatic hypotension 

were divided into asymptomatic and symptomatic based on the question they were asked 

directly after the measurement whether they had felt unwell within the minutes following 

postural change. 

Parkinson’s disease ascertainment 

At study entry, we used a two-phase design to identify participants with parkinsonism (PS), 

an approach which has been previously described in more detail (17). In short, participants 

were evaluated for self-reported PS, the use of antiparkinsonian drugs, and signs of PS at 

neurologic screening. Participants who screened positive for this first phase were invited 

for a structured clinical examination by a research physician with expertise in neurological 

disorders to establish parkinsonism, which included neurological examination (including 

motor examination by the Unified Parkinson’s Disease Rating Scale), gathering of medical 

history and obtainment of additional information from medical records of general 

practitioners and specialists.  

During follow-up, we used four overlapping modalities to continuously detect potential 

cases of PS: continuous monitoring of clinical records and of antiparkinsonian medication 

use, self-reporting of PD and in-person screening at the research centre (on average every 

four years). Medical records of all persons who screened positive in any of these methods 

were studied further and case reports were evaluated by a panel led by an experienced 

neurologist.  

Parkinsonism was defined as the presence of hypo- or bradykinesia and at least one of 

the following cardinal signs: resting tremor, rigidity, or postural imbalance, as observed by 

any physician; or a clinical diagnosis of PS by a neurologist or geriatrician. PD was diagnosed 

after exclusion of atypical PS, which was defined as parkinsonism associated with pre-

existent dementia, use of anti-dopaminergic drugs, cerebrovascular disease, multiple 

system atrophy, progressive supranuclear palsy, and other rare causes (e.g. corticobasal 

degeneration). PD entailed the criteria of PS and at least one of the following: (a) a clinical 

PD diagnosis by a neurologist or geriatrician; (b) a positive response to dopaminergic 

treatment; (c) or dopamine transporter scan findings consistent with PD. After initial 

diagnosis, medical records of all incident PS cases (both PD and atypical PS) continued to be 

scrutinized until the end of the study period for new information that could lead to a 

revision of the diagnosis. The time at risk for PD in this study ended at the first of the 

following: diagnosis of incident PD, loss to follow-up, death, or January 1st, 2016. The 

completeness of follow-up for PD, according to person years (18), was 98.7%. Loss to follow-

up did not differ between participants with orthostatic hypotension and those without 

orthostatic hypotension. 
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Statistical analysis 

We performed imputations for missing data on SBP, DBP, and HR. The maximum proportion 

of missing information of the imputed variables was 6.4%. A detailed overview of the 

missing information can be found in Supplementary table 1. Five imputations were 

performed using age, sex, prevalent and incident PD, unwell feeling during the examination, 

and other available blood pressure and HR variables as predictors. We determined the 

relation of prevalent PD with orthostatic hypotension using a logistic regression model 

adjusted for age and sex. Subsequently, we excluded participants who had prevalent PD at 

baseline (n = 62), resulting in 6,237 participants for the survival analysis. We assessed the 

association between the presence of orthostatic hypotension and the risk of incident PD 

using Cox proportional hazards models adjusted for age and sex. We censored death and 

loss to follow-up in all analyses. Additionally, we determined the relation between 

orthostatic hypotension and death by constructing Kaplan Meier curves. 

To further examine the time-relation of the association between orthostatic hypotension 

and incident PD, we performed the analysis with shorter follow-up times (five, ten and 

fifteen years). As a sensitivity analysis, we performed the analyses for prevalent and incident 

PD using a modified definition of orthostatic hypotension in participants with hypertension 

(16). In this definition, participants with hypertension (SBP ≥150 mm Hg or DBP ≥90 mm Hg) 

required a larger decrease in blood pressure to meet the criteria for orthostatic 

hypotension, that is, a decrease in SBP of at least 30 mm Hg or a decrease in DBP of at least 

15 mm Hg within three minutes after standing up from supine position. Additionally, we 

repeated the analyses for neurogenic orthostatic hypotension using a heart rate increase of 

less than 15 beats per minute as the cut-off for neurogenic orthostatic hypotension (16). 

Finally, we performed a complete case analysis to determine the effect of the imputations 

on our results.  

All analyses were performed using R version 3.6.2.  

RESULTS 

The baseline characteristics of participants who underwent orthostatic hypotension 

examination are presented in Table 1. At baseline, the mean age (standard deviation [SD]) 

of participants without prevalent PD was 68.9 (8.8) years and 3,690 (59.2%) participants 

were women. In total, 62 participants (1.0%) had PD at baseline. Participants with prevalent 

PD were older (77.4 (8.5) years) and included relatively less women (35 (56.5%)). 

Information about the diagnosis date was available for 52 of the 62 participants with PD. 

The age at diagnosis of PD was on average (SD) 73.5 (9.9) years and participants with PD 

were diagnosed on average 3.7 (4.9) years before baseline. The mean (SD) Hoehn and Yahr 

score, available for 47 participants, was 2.3 (1.1).  

Orthostatic hypotension was present in 1,220 (19.6%) participants without prevalent PD 

and in 25 (40.3%) participants with prevalent PD. Individuals with prevalent PD were 
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significantly more likely to have orthostatic hypotension (odds ratio [OR] 1.88, 95% CI: 1.09 

– 3.24) (Table 2). The strongest association was found for symptomatic orthostatic 

hypotension (OR 3.34, 95% CI: 1.52 – 7.35), although the confidence interval of this 

association was wide because of a small number of PD patients with symptomatic 

orthostatic hypotension (n = 8). Individuals with PD were also more likely to have early 

orthostatic hypotension (OR 1.86, 95% CI: 1.04 – 3.33). The association between PD and 

neurogenic orthostatic hypotension was not statistically significant (OR 1.50, 95% CI: 0.79 – 

2.84). The odds ratio for neurogenic orthostatic hypotension did not change substantially 

when participants with diabetes, cancer, renal failure and stroke were excluded from the 

analyses (OR 1.53, 95% CI: 0.78 – 2.98). Delayed orthostatic hypotension could not be 

included in the prevalent analysis due to a too small sample (n=2) of participants with 

prevalent PD and delayed orthostatic hypotension. 

Table 1. Characteristics of study population at baseline 

 No prevalent PD 

(n=6,237) 

Prevalent PD 

(n=62) 

Age (years) 68.9 ± 8.8 77.4 ± 8.5 

Female 3,690 (59.2%) 35 (56.5%) 

Systolic blood pressure supine (mm Hg) 142 ± 21 145 ± 22 

Diastolic blood pressure supine (mm Hg) 73 ± 12 71 ± 12 

Heart rate supine (beats per minute) 72 ± 12 73 ± 10 

Blood pressure-lowering medication use* 1,954 (31.3%) 25 (40.3%) 

Beta blocker medication use* 892 (14.3%) 6 (9.7%) 

Prevalent atrial fibrillation* 290 (4.6%) 5 (8.1%) 

Orthostatic hypotension 1,220 (19.6%) 25 (40.6%) 

Neurogenic orthostatic hypotension 633 (10.1%) 13 (21.3%) 

Symptomatic orthostatic hypotension 167 (2.7%) 8 (13.2%) 

Early orthostatic hypotension, within 1 minute 826 (13.2%) 20 (31.6%) 

Delayed orthostatic hypotension, after 3 minutes 290 (4.6%) 2 (3.9%) 

Data presented as frequency (percentage) for categorical values and mean ± standard deviation for continuous 

variables. *Information on blood-pressure and beta blocker medication use was missing in 4 (0.1%) participants 

without prevalent PD and no information was missing in participants with prevalent PD. Information on atrial 

fibrillation  was missing in 208 (3.3%) participants without prevalent PD and in 1 (1.6%) participant with prevalent 

PD. Abbreviations: PD; Parkinson’s disease. 

Table 2. Association between presence of Parkinson’s disease and orthostatic hypotension 

 OH Neurogenic OH Symptomatic OH Early OH 

No prevalent PD 

n OH/N 1,220/6,237 633/6,237 167/6,237 826/6,237 

Prevalent PD 

n OH/N 25/62 13/62 8/62 20/62 

Odds ratio (95% CI) 1.88 (1.09 – 3.24) 1.50 (0.79 – 2.84) 3.34 (1.52 – 7.35) 1.86 (1.04 – 3.33) 

All models are adjusted for age and sex. Abbreviations: OH; orthostatic hypotension, PD; Parkinson’s disease, n 

OH; number of participants with orthostatic hypotension, N; total number, CI; confidence interval.  
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Table 3. Orthostatic hypotension and risk of incident Parkinson’s disease 

 Incident PD 

 n/N Hazard ratio (95% CI) 

No orthostatic hypotension 100/5,017 1.0 [reference] 

Orthostatic hypotension 22/1,220 0.97 (0.59 – 1.58) 
   

No neurogenic orthostatic hypotension 112/5,604 1.0 [reference] 

Neurogenic orthostatic hypotension 10/633 0.82 (0.39 – 1.70) 
   

No early orthostatic hypotension 110/5,411 1.0 [reference] 

Early orthostatic hypotension (within 1 minute) 12/826 0.74 (0.40 – 1.38) 
   

No delayed orthostatic hypotension 115/5,947 1.0 [reference] 

Delayed orthostatic hypotension (after 3 minutes) 7/290 1.23 (0.62 – 2.40) 

All models are adjusted for age and sex. Abbreviations: PD; Parkinson’s disease, n; number of Parkinson’s disease, 

N; total number, CI; confidence interval. 

After a median [interquartile range] follow-up of 16.1 [8.5 – 22.7] years, 122 participants 

were diagnosed with incident PD. The median time to PD for these 122 participants was 7.2 

[3.3 – 15.1] years. The mean (SD) age at incident PD diagnosis was 78.8 (6.6) years and 63 

(51.6%) were women. Orthostatic hypotension at baseline was not associated with an 

increased risk of PD (hazard ratio [HR] 0.97, 95% CI: 0.59 – 1.58) (Table 3). There was also 

no association between neurogenic orthostatic hypotension, early orthostatic hypotension 

or delayed orthostatic hypotension at baseline and the risk of PD. Exclusion of participants 

with comorbidities that could explain the presence of neurogenic orthostatic hypotension 

did not change the hazard ratio for neurogenic orthostatic hypotension. Symptomatic 

orthostatic hypotension could not be included in the incident analysis due to a too small 

sample (n=3) of participants with symptomatic orthostatic hypotension developing incident 

PD. Finally, we found an increased risk of death in participants with orthostatic hypotension 

and neurogenic orthostatic hypotension compared to participants without orthostatic 

hypotension (Supplementary figure 1). 

Repeating the analysis with different cut-offs for follow-up time did not yield different 

results. We found no association between orthostatic hypotension and the risk of PD if the 

follow-up time was restricted to five years (HR 1.06, 95% CI: 0.53 – 2.14), ten years (HR 1.13, 

95% CI: 0.63 – 2.02) or fifteen years (HR 0.93, 95% CI: 0.53 – 1.63) (Table 4). The sensitivity 

analysis using a modified orthostatic hypotension definition for participants with 

hypertension attenuated the association between prevalent PD and orthostatic 

hypotension, neurogenic orthostatic hypotension, and early orthostatic hypotension, but 

strengthened the association between PD and symptomatic orthostatic hypotension. The 

results for incident PD remained consistent (Supplementary table 2 and 3). When we 

defined neurogenic orthostatic hypotension using the cut-off of 15 beats per minute in 

heart rate, we found that prevalent PD was significantly associated with neurogenic 

orthostatic hypotension (OR 2.15, 95% CI: 1.24 – 3.73). This adapted definition of 
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neurogenic orthostatic hypotension did not change the results of the prospective analyses. 

The complete case analysis made the odds ratios for the analysis with prevalent PD 

somewhat more pronounced, but did not substantially change the results for incident PD 

(data not shown).  

DISCUSSION 

In this population-based cohort study we found that individuals with Parkinson’s disease 

were more likely to have orthostatic hypotension. In contrast, the presence of orthostatic 

hypotension at baseline was not associated with an increased risk of PD during long-term 

follow-up. Our findings suggest that orthostatic hypotension in the general population is 

not a prodromal marker of PD.  

We hypothesized that the risk of PD would be higher in participants with orthostatic 

hypotension compared to those without orthostatic hypotension, especially in participants 

with neurogenic orthostatic hypotension. Our hypothesis was based on the observation 

that the prevalence of orthostatic hypotension in patients with PD is relatively high, 30% 

(range: 10 to 65%)(6) which increases with disease progression (5). However, our results did 

not support this hypothesis. Limiting the follow-up duration to five and ten years after the 

blood pressure measurements also did not show an increased risk of PD in participants with 

orthostatic hypotension nor neurogenic orthostatic hypotension. The point estimates for 

neurogenic and early orthostatic hypotension even point in a contrary direction than 

expected. However, the estimates of these sub analyses must be interpreted with caution 

because of the low number of participants with neurogenic and early orthostatic 

hypotension developing PD, which created large confidence intervals. 

No other prospective population-based study with continuous follow-up has previously 

assessed the relation between orthostatic hypotension and PD. Yet, in contrast with our 

findings, some other studies did find an increased risk of PD in individuals with orthostatic 

hypotension (9-12). One previous study applied the MDS criteria for prodromal PD to a 

population-based setting in which the presence of PD was assessed at three, five, and ten 

years (11). This study found that symptomatic orthostatic hypotension at baseline was 

associated with an increased risk of PD, although the number of patients with PD was small 

(n= 20) (11). Furthermore, one large case-control study including 8,166 patients with PD 

found a high increased risk of PD in hypotensive patients (RR 3.23, 95% CI: 1.85 – 5.52) (12). 

However, this study used a broad definition of hypotension including idiopathic 

hypotension and dizziness after standing up. Finally, two clinic-based studies found that a 

substantial group of delayed or neurogenic orthostatic hypotension patients developed 

alfa-synucleinopathies, including PD (9, 10). It should be noted, however, that these studies 

only included persons with orthostatic hypotension who were referred to a specialized 

centre, thus probably representing individuals with more severe orthostatic hypotension 

than in the general population.  



569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen
Processed on: 18-1-2022Processed on: 18-1-2022Processed on: 18-1-2022Processed on: 18-1-2022 PDF page: 120PDF page: 120PDF page: 120PDF page: 120

120 
 

Table 4. Orthostatic hypotension and risk of Parkinson’s disease with increasing years of follow-up (five, ten and 

fifteen years) 

 Follow-up ≤5 years Follow-up ≤10 years Follow-up ≤15 years 

 n/N HR (95% CI) n/N HR (95% CI) n/N HR (95% CI) 

No OH 33/5,017 1.0 [reference] 57/5,017 1.0 [reference] 73/5,017 1.0 [reference] 
OH 11/1,220 1.06 (0.53 – 2.14) 18/1,220 1.13 (0.63 – 2.02) 18/1,220 0.93 (0.53 – 1.63) 

All models are adjusted for age and sex. n; number of participants with Parkinson’s disease, N; total number of 

participants, HR; hazard ratio, CI; confidence interval, OH; orthostatic hypotension. 

The pathophysiology of orthostatic hypotension in PD is incompletely understood (19). 

Several studies indicate that postganglionic sympathetic denervation in- and outside the 

heart with a loss of norepinephrine plays a role in the development of orthostatic 

hypotension in PD (19-22). Additionally, Lewy body inclusions in several brain regions, 

baroreflex failure, and decreased renal sympathetic innervation have been described as 

causes of orthostatic hypotension in PD (19-22). Although PD treatment can potentially 

further exacerbate orthostatic hypotension, this does not seem to be the primary cause of 

orthostatic hypotension, since also drug-naïve patients experience orthostatic hypotension 

(19, 20). Deficiencies of the autonomic system have been described years before the onset 

of parkinsonism (23, 24). However, these deficiencies are not always accompanied directly 

by orthostatic hypotension or associated symptoms (25). It is thus plausible that despite the 

lack of an association between orthostatic hypotension and the risk of developing PD, the 

underlying pathophysiology causing orthostatic hypotension is already occurring years 

before the PD diagnosis. 

Strengths of our study include our case finding approach with continuous and long-term 

follow-up for PD. In addition, we used a non-selected population of 55 years and older in 

which orthostatic hypotension was measured using a standardized protocol. Patients with 

PD in our study thus represent patients in the general population instead of patients 

presenting at specialized clinics. Finally, our study showed reliable estimates for the 

prevalence of orthostatic hypotension (19.8%), as our estimates were comparable to other 

population-based studies using a similar definition of orthostatic hypotension (7).  

Our study was limited by the relatively low prevalence and incidence of Parkinson’s 

disease, which could have influenced why we, contrary to expectations, did not find a 

significant association between prevalent PD and neurogenic orthostatic hypotension when 

using the ΔHR/ΔSBP ratio to determine neurogenic orthostatic hypotension. Also, the low 

number of participants with incident PD prohibited us to perform additional analyses into 

heart rate response or to stratify for factors such as blood pressure medication or other 

vascular risk factors. Furthermore, the mean age of the study participants without PD at 

baseline was relatively high (68.9 years). As a result, we cannot rule out that an association 

between orthostatic hypotension and the risk of PD does exist in younger individuals. In 

addition, we measured orthostatic hypotension only once in this study. Participants could 

thus have developed orthostatic hypotension after this measurement. An important final 
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note is that we did not perform the Valsalva manoeuvre for our definition of neurogenic 

orthostatic hypotension. However, we used the ΔHR/ΔSBP ratio to separate neurogenic 

from non-neurogenic orthostatic hypotension, which was validated in a study of 402 

participants with orthostatic hypotension and showed both a high sensitivity (91.3%) and 

specificity (88.4%) (15). 

CONCLUSION 

Our study suggests that orthostatic hypotension is common in patients with Parkinson’s 

disease, but that orthostatic hypotension in the general elderly population is not associated 

with an increased risk of Parkinson’s disease. These findings do not support the notion that 

orthostatic hypotension or neurogenic orthostatic hypotension is a prodromal marker of 

Parkinson’s disease, contrary to what the current MDS criteria suggest. Future studies are 

warranted to replicate our findings, especially regarding the relation between neurogenic 

orthostatic hypotension and Parkinson’s disease in a younger cohort.  
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SUPPLEMENTARY MATERIAL 

Supplementary table 1. Proportion missing data imputed variables 

Variable Percentage missing 

Second systolic blood pressure measurement supine position 0.02% 

Second diastolic blood pressure measurement supine position 0.02% 

Heart rate measurement supine position 0.24% 

Heart rate measurement 1 minute 0.75% 

Heart rate measurement 2 minutes 1.30% 

Heart rate measurement 3 minutes 2.21% 

Heart rate measurement 4 minutes 4.37% 

Heart rate measurement 5 minutes 5.11% 

Systolic blood pressure measurement 1 minute 2.37% 

Systolic blood pressure measurement 2 minutes 2.62% 

Systolic blood pressure measurement 3 minutes 3.41% 

Systolic blood pressure measurement 4 minutes 5.89% 

Systolic blood pressure measurement 5 minutes 6.37% 

Diastolic blood pressure measurement 1 minute 2.38% 

Diastolic blood pressure measurement 2 minutes 2.65% 

Diastolic blood pressure measurement 3 minutes 3.38% 

Diastolic blood pressure measurement 4 minutes 5.89% 

Diastolic blood pressure measurement 5 minutes 6.38% 

 

  



569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen
Processed on: 18-1-2022Processed on: 18-1-2022Processed on: 18-1-2022Processed on: 18-1-2022 PDF page: 124PDF page: 124PDF page: 124PDF page: 124

124 
 

 

 

Supplementary figure 1. Kaplan-Meier curve with outcome death, stratified by orthostatic hypotension and 

neurogenic orthostatic hypotension status. 
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Supplementary table 2. Association of presence of Parkinson’s disease with orthostatic hypotension including 

additional criteria for participants with hypertension 

 OH Neurogenic OH Symptomatic OH Early OH 

No prevalent PD 

n OH/N 862/6,237 435/6,237 108/6,237 580/6,237 

Prevalent PD  
n OH/N 17/62 8/62 6/62 14/62 

Odds ratio (95% CI) 1.65 (0.91 – 2.98) 1.26 (0.59 – 2.72) 3.83 (1.57 – 9.34) 1.71 (0.88 – 3.32) 

All models are adjusted for age and sex. Abbreviations: OH; orthostatic hypotension, PD; Parkinson’s disease, n 

OH; number of participants with orthostatic hypotension, N; total number, CI; confidence interval.. 
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Supplementary table 3. Orthostatic hypotension and risk of Parkinson’s disease including additional criteria for 

participants with hypertension 

 Incident PD 

 n/N Hazard ratio (95% CI) 

No orthostatic hypotension 106/5,375 1.0 [reference] 

Orthostatic hypotension 16/862 1.00 (0.58– 1.73) 

   

No neurogenic orthostatic hypotension 116/5,802 1.0 [reference] 

Neurogenic orthostatic hypotension 6/435 0.81 (0.32 – 2.04) 

   

No early orthostatic hypotension 113/5,657 1.0 [reference] 

Early orthostatic hypotension (within 1 minute) 9/580 0.87 (0.44 – 1.74) 

   

No delayed orthostatic hypotension 112/5,813 1.0 [reference] 

Delayed orthostatic hypotension (after 3 minutes) 10/424 1.23 (0.62 – 2.40) 

All models are adjusted for age and sex. Abbreviations: PD; Parkinson’s disease, n; number of Parkinson’s disease, 

N; total number, CI; confidence interval.
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ABSTRACT 

The COVID-19 pandemic has introduced a myriad of challenges to the social life and care of 

people with Parkinson’s disease (PD), which could potentially worsen mental health 

problems. We used baseline data of the PRIME-NL study (N = 844) to examine whether the 

association between COVID-19 stressors and mental health is disproportionately large in 

specific subgroups of people with PD and to explore effects of hypothetical reductions in 

COVID-19 stressors on mental health and quality of life. The mean (SD) age of the study 

population was 70.3 (7.8) years and 321 (38.0%) were women. The linear regression effect 

estimate of the association of COVID-19 stressors with mental health was most pronounced 

in women, highly educated people, people with advanced PD and people prone to 

distancing or seeking social support. Smaller effect estimates were found in people scoring 

high on confrontive coping or planful problem solving. The parametric G-formula method 

was used to calculate the effects of hypothetical interventions on COVID-19 stressors. An 

intervention reducing stressors with 50% in people with above median MDS-UPDRS-II 

decreased the Beck Depression Inventory in this group from 14.7 to 10.6, the State-Trait 

Anxiety Inventory from 81.6 to 73.1 and the Parkinson’s Disease Quality of Life 

Questionnaire from 35.0 to 24.3. Insights from this cross-sectional study help to inform 

tailored care interventions to subgroups of people with PD most vulnerable to the impact 

of the COVID-19 pandemic on mental health and quality of life. 
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INTRODUCTION  

Depressive and anxiety symptoms are common in people living with Parkinson’s disease 

(PD)(1, 2) and can substantially worsen quality of life (3). The COVID-19 pandemic has 

introduced challenges to both access to care and to the social life of people with PD, which 

could potentially worsen mental health problems (4-6). 

In order to slow infection rates of the SARS-CoV-2 virus, drastic social distancing measures 

have been taken (7). These disruptions in normal life have caused considerable 

psychological stress in community-dwelling individuals (8). Importantly, people with PD are 

especially vulnerable to this stress for several reasons (9, 10). First, governmental 

restrictions have hindered physical exercise, an important complementary treatment 

strategy for PD (11), which has led to worsening of symptoms (12, 13). Second, due to the 

deficient central dopaminergic transmission, people with PD typically have 

disproportionate difficulties with flexible adaptation to rapid and drastic changes in daily 

routines (14), such as those introduced by the COVID-19 pandemic (9). 

Several previous studies indeed concluded that the COVID-19 pandemic worsened 

depressive and anxiety symptoms and reduced quality of life in people with PD (4-6). 

However, there is a lack of empirical data on subgroup differences regarding the impact of 

the COVID-19 pandemic on mental health and quality of life. This lack of insight has so far 

precluded the deployment of targeted interventions.  

The potential improvement in mental health by intervening on COVID-19 stressors is 

dependent both on the prevalence and effect size of the stressors. By simulating 

hypothetical interventions on COVID-19 stressors, we can take both factors into account 

and test the possible effects of interventions targeted at specific subgroups of people with 

PD. The objective of this study was thus to identify subgroup differences in the association 

of COVID-19 stressors with mental health in people with PD and to explore whether 

hypothetical interventions on COVID-19 stressors could improve mental health and quality 

of life. 

METHODS 

Study Population 

This cross-sectional study was embedded within the Proactive and Integrated Management 

and Empowerment in Parkinson’s Disease – Netherlands (PRIME-NL) study, a prospective 

cohort study of persons with parkinsonism and their caregivers (15). The PRIME-NL study is 

conducted in two regions: the PRIME Parkinson care region, including four community 

hospitals that collaborate directly with the Radboud University Medical Center, and the 

usual care region, including 60 community hospitals outside of the PRIME region. The 

baseline measurement of the PRIME-NL study encompassed 988 participants included from 

February to December 2020. The current study focused on 844 participants with PD (95.1% 

of parkinsonisms in this study) who completed a questionnaire on COVID-19 stressors. 
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Participants in the current study completed the baseline PRIME-NL questionnaire between 

April 14th 2020 and February 25th 2021. 

Participants represented the broad spectrum of people with PD who are treated in 

community hospitals. Eligible participants visited the outpatient clinic at least once a year 

and were not treated in tertiary hospitals. Patients were recruited through the 

ParkinsonNEXT database (16), the Dutch parkinsonism patient association (17) and through 

neurologists in the PRIME Parkinson care region. PD diagnosis was self-reported and 

confirmed by a letter of the general practitioner or neurologist.  

The PRIME-NL study has been approved by the Ethical Board of the Radboud University 

Medical Center. All participants provided digital or written informed consent before 

inclusion in the PRIME-NL study. 

Questionnaire-based data 

Participants self-administered questionnaires electronically or, if unable to do so, were 

provided with either a paper-based self-administration or a telephone-based 

administration. 

Since April 2020, the PRIME-NL questionnaire included eight statements about different 

situations that could have occurred during the COVID-19 pandemic, based on the DynaCORE 

questionnaire (18). The question that accompanied each statement was: ‘Could you 

indicate how you experience or experienced these situations because of the COVID-19 

pandemic?’. Each question was scored on a six-point Likert-scale ranging from ‘this situation 

did not occur’ to ‘very troublesome’. A social stressors score was calculated, summarizing 

statements about loss of social contacts, cancellation of social events and tension or conflict 

at home, and a care stressors score, summarizing statements about problems with access 

to care, medication and nursing. Two additional COVID-19 stressors, regarding possible 

COVID-19 symptoms and physical activity and relaxation, were not included in the sub 

scores, but were summed up in the stressors sum score including all eight items. A detailed 

description of the questionnaire can be found in Supplementary table 1. At the moment the 

questionnaire was sent out, testing for COVID-19 was not yet widely available in the 

Netherlands, we thus do not have information on COVID-19 diagnoses. 

Depressive symptoms were measured using the Beck Depression Inventory (BDI) (19). 

Sum scores were calculated as well as the affective-cognitive (item 1 to 14) and somatic sub 

score (item 15 to 21). Anxiety symptoms were measured using the State-Trait Anxiety 

Inventory (STAI) (20). Sum scores and State (event-related) and Trait (personality-related) 

scores were calculated. The BDI and STAI were strongly correlated (Pearson’s R 0.68) and 

measured two partially overlapping entities of the broader concept of mental health. In 

order not to make any prior assumptions about agreements in effects on both outcomes, 

we analysed the BDI, STAI and their sub scores separately. Quality of life was measured 

using the Parkinson’s Disease Quality of Life Questionnaire (PDQ-39) (21), which was 
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summarized into the domains mobility, activities of daily living, emotional well-being, 

stigma, social support, cognition, communication and bodily discomfort. The PDQ-39 sum 

score was calculated as the mean of each domain. Higher scores on the BDI, STAI and PDQ-

39 represent worse depressive and anxiety symptoms and poorer quality of life.  

Comorbidities were self-reported and included cardiovascular, pulmonary, locomotor, 

neuropsychiatric, oncological and metabolic diseases. Motor aspects of daily living were 

assessed using the Movement Disorders Society Unified Parkinson Disease Rating Scale part 

II (MDS-UPDRS-II) (22). Non-motor symptoms were measured with the Scales for Outcomes 

in Parkinson’s Disease – autonomic dysfunction (SCOPA-AUT) (23), excluding the sexual 

domain. To be able to compare the SCOPA-AUT with other studies, we divided the total 

score by 63 (current maximum score) and multiplied it by 69 (original maximum score). 

Cognition was assessed using a shortened version of the Montreal Cognitive Assessment 

(Telephone MoCA) (24), excluding questions about location. For comparability, we added 

two points to the total score for all individuals. Coping strategies were determined with the 

Ways of Coping Questionnaire (WCQ) (25). Eight coping domains were created from this 

questionnaire: confrontive coping, distancing, self-controlling, seeking social support, 

accepting responsibility, escape-avoidance, planful problem-solving and positive 

reappraisal (Supplementary table 2) (26). 

Linear regression models were fitted with individual COVID-19 stressors and stressors 

sum scores as determinants and standardized BDI, STAI and PDQ-39 as outcomes. COVID-

19 stressors were included as continuous variables and models were adjusted for sex, age, 

disease duration, presence of comorbidities, education, living situation, region and date.  

Stratifications were performed on three levels: demographics, disease-related and coping 

characteristics. Demographics included sex, age, living situation and education. Disease-

related characteristics included disease duration, motor symptoms, non-motor symptoms, 

comorbidities, psychiatric comorbidities and cognition. Coping characteristics included the 

eight domains of the WCQ. Continuous variables were dichotomized for stratifications 

according to the median. All stratified analyses were adjusted as described above, excluding 

the stratification variable as covariate. 

Simulating hypothetical interventions provides the possibility to test the potential effect 

of interventions by taking into account both the prevalence and effect size of COVID-19 

stressors. We calculated standardized means of BDI, STAI and PDQ-39 for seven 

hypothetical interventions, including complete removal and a 50% or 25% reduction of 

COVID-19 stressors in all individuals (intervention 1, 2 and 3) and a 50% or 25% reduction 

of COVID-19 stressors in individuals scoring above the population median (intervention 4 

and 5). Intervention 6 and 7 were based on the stratification results and included a 50% or 

25% reduction of COVID-19 stressors in people with an above median MDS-UPDRS-II. 

Standardized means were obtained using the parametric G-formula method (27) and 

included expanding the dataset, outcome modelling, prediction and standardization by 



569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen
Processed on: 18-1-2022Processed on: 18-1-2022Processed on: 18-1-2022Processed on: 18-1-2022 PDF page: 136PDF page: 136PDF page: 136PDF page: 136

136 
 

averaging. Similar methods have been used by several previous studies and the validity of 

the estimates is dependent on the same assumptions as standard methods (27-32). Models 

were adjusted as described above, except for the models of interventions 6 and 7 which 

were not adjusted for disease duration. Outcomes were studied on their original scale. 

Four sensitivity analyses were performed. In a first sensitivity analysis, we repeated the 

analysis of the eight individual COVID-19 stressors for three time strata of the baseline 

assessment with differing intensity of COVID-19 restrictions issued by the government: from 

April 14th to June 1st (period 1), from June 1st to September 28th (period 2) and from 

September 28th to February 25th (period 3). A timeline of the COVID-19 restrictions in the 

Netherlands can be found in Figure 1. Because we recognize the possibility of reverse 

causation as an important limitation of our study, the following two sensitivity analyses 

were performed to mitigate this concern. In the second sensitivity analysis, we repeated the 

analysis of the eight COVID-19 stressors in a sample excluding participants with self-

reported psychiatric comorbidities. In a third sensitivity analysis, we performed a post-hoc 

analysis using data of a complementary cohort (Personalized Parkinson Project, PPP), which 

has performed measurements of mental health during and shortly before the COVID-19 

pandemic. In this cohort, we determined whether the COVID-19 stressors sum score was 

associated with pre-COVID-19 depressive and anxiety symptoms and quality of life and 

whether the relationship between the COVID-19 stressors sum score and the outcomes 

persisted after adjustment for pre-COVID-19 mental health. In a final sensitivity analysis, 

using data of the population-based Rotterdam Study, we studied whether COVID-19 stress 

was higher in people with parkinsonism and whether the relation between COVID-19 stress 

and depressive and anxiety symptoms and quality of life was stronger in participants with 

than without parkinsonism. A more detailed description of the PPP, the Rotterdam Study 

and used methods can be found in Supplementary methods 1. 

In this paper, we will not dichotomize the effects into ‘significant’ and ‘non-significant’. 

Instead, we will show effect estimates and confidence intervals in order to describe a range 

of effect estimates that are compatible with the data (33). All analyses were performed 

using R version 3.6.2. 
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Table 1. Baseline characteristics 

Characteristic N = 844 

Demographics  

Age, years 70.3 ±7.8 

Female 321 (38.0) 

Living situation 
 

   Alone 118 (14.0) 

   Together 712 (84.4) 

   Assisted living 14 (1.7) 

Education 
 

   Primary 34 (4.0) 

   Lower 231 (27.4) 

   Intermediate 175 (20.7) 

   Higher 404 (47.9) 

Dutch Ethnicity 836 (99.1) 

Work 
 

   Paid employment 77 (9.1) 

   Retired, homemaker, volunteer work 636 (75.4) 

   Incapacity to work 131 (15.5) 

  

Disease related  

Age PD diagnosis, years 64.0 ±9.1 

PD duration, years 6.4 ±5.4 

MDS-UPDRS-II (0-52) 12.3 ±7.5 

SCOPA-AUT (0-69) 17.4 ±7.7 

Telephone MoCA (0-22)a 17.9 ±3.0 

Comorbidities b 515 (61.0) 

   Psychiatric comorbidities c 70 (8.3) 

  

COVID-19 related  

Total COVID-19 influence (0-40)d 9.6 ±5.9 

   Care stressors (0-15) 1.9 ±2.4 

   Social stressors (0-15) 4.9 ±3.2 

Values are mean ± SD for continuous variables and n (%) for categorical variables. aMissing in 3.7%. bComorbidities 

include cardiovascular, pulmonary, locomotor, neuropsychiatric, oncological and metabolic diseases. cPsychiatric 

comorbidities include anxiety, depression and addiction. dTotal score consists of the sub scores of care and social 

stressors and two additional questions regarding COVID-19 symptoms and physical activity and relaxation.  
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RESULTS 

Population characteristics 

Table 1 shows the characteristics of the study population. The mean (SD) age of the 

participants was 70.3 (7.8) years and 321 (38.0%) participants were women. Most 

participants lived together with a partner or child (84.4%) and 9.1% had paid employment. 

Participants were diagnosed with PD at a mean (SD) age of 64.0 (9.1) years.  

On a scale from 0 to 40, the mean (SD) COVID-19 stressors sum score was 9.6 (5.9). The 

mean social stressors score (4.9, SD 3.2) was higher than the mean care stressors score (1.9, 

SD 2.4). The highest scores were found for loss of social contacts (median 2, interquartile 

range (IQR) 0-3), social events cancelled (median 3, IQR 1-4) and unable to perform physical 

activity or to relax (median 3, IQR 1-4). The mean BDI was 11.6 (6.7), the mean STAI 75.9 

(18.6) and the mean PDQ-39 25.8 (13.1). Average cross-sectional BDI, STAI and PDQ-39 

scores by date of filling out the questionnaire are shown in Supplementary figure 1.  

Association between COVID-19 stressors and depressive and anxiety symptoms 

A one-point increase in the COVID-19 stressors sum score was associated with a 0.04 (95% 

CI: 0.02-0.05) standard deviation higher BDI and a 0.03 (95% CI: 0.02-0.05) standard 

deviation higher STAI. The stressors sum score was also associated with higher sub scores 

of BDI and STAI. Care stressors (BDI beta: 0.07, 95% CI: 0.04-0.10 and STAI beta: 0.06, 95% 

CI: 0.04-0.09) and social stressors (BDI beta: 0.06, 95% CI: 0.04-0.08 and STAI beta: 0.06, 

95% CI: 0.04-0.08) were similarly associated with both outcomes. Associations between the 

eight individual COVID-19 stressors and BDI and STAI are shown in Figure 2. The highest 

increase in standard deviation of the outcomes was found for the stressor tension or conflict 

at home, followed by problems with access to nursing and problems with access to 

medication.  

 
Figure 2. Association between COVID-19 related stressors and depressive and anxiety symptoms. Points represent 

the regression coefficients of the linear models and bars the 95% confidence intervals. The BDI, STAI and their 

respective sub scores were standardized in order to make the estimates comparable. Models were adjusted for 

sex, age, disease duration, presence of comorbidities, education, living situation, region and date. N = 844. 
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Stratification by subgroups 

Stratification by demographics and disease-related characteristics is shown in Figure 3. For 

social stressors, larger effect estimates were found in the higher education stratum, 

especially for the association with STAI (beta higher education: 0.08, 95% CI: 0.05-0.10 

versus beta lower education: 0.02, 95% CI: -0.02-0.06). In addition, the effect estimates of 

the associations between social stressors and BDI and STAI were slightly larger in people 

below the age of 70 years, but confidence intervals largely overlapped. For care stressors, 

larger effect estimates were found in women (BDI beta women: 0.12, 95% CI: 0.07-0.17 

versus BDI beta men: 0.04, 95% CI: 0.01-0.07, similar for STAI), people with a longer disease 

duration (STAI beta ≤ 5 years: 0.03, 95% CI: 0.00-0.07 versus STAI beta > 5 years: 0.11, 95% 

CI: 0.06-0.15) and a higher MDS-UPDRS-II (BDI beta ≤ 12: 0.04, 95% CI: 0.01-0.07 versus BDI 

beta > 12: 0.09, 95% CI: 0.05-0.14, similar for STAI). Larger effect estimates were also found 

for care stressors in people living together and people with psychiatric comorbidities, but 

confidence intervals were wide and largely overlapped in these stratifications.  

Stratification by coping characteristics is shown in Figure 4. Differences between strata 

were mainly found for the association between care stressors and BDI and STAI. Smaller 

effect estimates were found in the stratum of individuals scoring high on confrontive coping 

(BDI beta ≤ 12: 0.09, 95% CI: 0.06-0.13 versus BDI beta > 12: 0.03, 95% CI -0.01-0.08, similar 

for STAI) and planful problem solving (BDI beta ≤ 14: 0.10, 95% CI: 0.06-0.13 versus BDI beta 

> 14: 0.04, 95% CI 0.00-0.08, similar for STAI), whereas larger effect estimates were found 

in the strata of individuals scoring high on distancing (BDI beta ≤ 12: 0.04, 95% CI: 0.00-0.08 

versus BDI beta > 12: 0.10, 95% CI 0.06-0.14) and seeking social support (BDI beta ≤ 13: 0.04, 

95% CI: 0.00-0.08 versus BDI beta > 13: 0.10, 95% CI 0.07-0.14, similar for STAI).  

Association between COVID-19 stressors and quality of life 

A one-point increase in the COVID-19 stressors sum score was associated with a 0.03 (95% 

CI: 0.02-0.04) standard deviation higher PDQ-39. Care stressors (beta: 0.05, 95% CI: 0.02-

0.08) and social stressors (beta: 0.06, 95% CI: 0.04-0.08) were also associated with the PDQ-

39. The COVID-19 stressors sum score was associated with worse quality of life on all PDQ-

39 domains (Figure 5).  
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Figure 5. Association between sum scores of COVID-19 related stressors and quality of life. Points represent the 

regression coefficients of the linear models and bars the 95% confidence intervals. The PDQ-39 domains were 

standardized in order to make the estimates comparable. Higher PDQ-39 domain scores represent worse 

experienced quality of life. ADL = activities of daily living. Models were adjusted for sex, age, disease duration, 

presence of comorbidities, education, living situation, region and date. N = 844.  

Hypothetical interventions on COVID-19 stressors 

Table 2 shows the standardized mean outcomes for seven hypothetical interventions. 

Intervention 1, complete removal of COVID-19 stressors in all individuals, decreased the 

mean BDI from 11.6 (95% CI: 11.2-12.1) to 9.3 (95% CI: 8.5-10.1), STAI from 75.9 (95% CI: 

74.6-77.1) to 69.6 (95% CI: 67.1-72.1) and PDQ-39 from 25.8 (95% CI: 25.0-26.7) to 21.7 

(95% CI: 20.1-23.2). Intervention 2, a 50% reduction of COVID-19 stressors, decreased the 

mean BDI to 10.5 (95% CI: 10.0-10.9), STAI to 72.7 (95% CI: 71.4-74.0) and PDQ-39 to 23.8 

(95% CI: 22.9-24.6), and intervention 3, a 25% reduction of COVID-19 stressors, decreased 

the mean BDI to 11.1 (95% CI: 10.2-11.9), STAI to 74.3 (95% CI: 71.8-76.8) and PDQ-39 to 

24.8 (95% CI: 23.3-26.4). Because social stressors were more prevalent than care stressors, 

intervening on social stressors resulted in the largest decrease in outcomes. In addition to 

the hypothetical interventions on all individuals, we modelled a 50% and 25% reduction in 

COVID-19 stressors in individuals with an above median stressors sum score (intervention 4 

and 5, N = 412) and a 50% and 25% reduction in COVID-19 stressors in individuals with an 

above median MDS-UPDRS-II (intervention 6 and 7, N = 366). These hypothetical 

interventions decreased the BDI, STAI and PDQ-39 to a slightly lesser extent than 

interventions 2 and 3. Within the targeted subgroups, the largest effect was observed for 

hypothetical intervention 6, which decreased the mean BDI in the subgroup with above 

median MDS-UPDRS-II from 14.7 (95% CI: 14.2-15.1) to 10.6 (95% CI: 9.7-11.4), STAI from 

81.6 (95% CI: 80.3-82.8) to 73.1 (95% CI: 70.7-75.6) and PDQ-39 from 35.0 (95% CI: 34.2-

35.9) to 24.3 (95% CI: 22.8-25.8).  
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Table 2. Population standardized means for seven hypothetical interventions on COVID-19 related stressors 

Population-wide average outcomes 

 BDI STAI PDQ-39 

Current  11.6 (11.2-12.1) 75.9 (74.6-77.1) 25.8 (25.0-26.7) 

Stressors sum score 

      Intervention 1 9.3   (8.5-10.1) 69.6 (67.1-72.1) 21.7 (20.1-23.2) 

      Intervention 2 10.5 (10.0-10.9) 72.7 (71.4-74.0) 23.8 (22.9-24.6) 

      Intervention 3 11.1 (10.2-11.9) 74.3 (71.8-76.8) 24.8 (23.3-26.4) 

      Intervention 4 10.8 (10.3-11.2) 73.6 (72.3-74.8) 24.3 (23.5-25.2) 

      Intervention 5 11.2 (10.4-12.0) 74.7 (72.2-77.2) 25.0 (23.5-26.6) 

      Intervention 6 11.1 (10.6-11.5) 74.4 (73.1-75.7) 24.8 (23.9-25.7) 

      Intervention 7 11.4 (10.5-12.2) 75.1 (72.6-77.6) 25.4 (23.8-26.9) 

Social stressors 

      Intervention 1 9.7   (8.9-10.6) 70.3 (67.9-72.6) 22.1 (20.7-23.6) 

      Intervention 2 10.7 (10.2-11.1) 73.1 (71.8-74.3) 24.0 (23.1-24.8) 

      Intervention 3 11.2 (10.3-12.0) 74.5 (72.1-76.8) 24.9 (23.5-26.4) 

      Intervention 4 11.0 (10.5-11.4) 73.9 (72.6-75.2) 24.6 (23.7-25.4) 

      Intervention 5 11.3 (10.4-12.1) 74.8 (72.4-77.2) 25.1 (23.6-26.5) 

      Intervention 6 11.2 (10.7-11.6) 74.5 (73.2-75.8) 24.9 (24.0-25.7) 

      Intervention 7 11.4 (10.6-12.3) 75.2 (72.8-77.6) 25.4 (23.9-26.9) 

Care stressors 

      Intervention 1 10.7 (10.1-11.3) 73.6 (71.9-75.2) 24.6 (23.5-25.6) 

      Intervention 2 11.2 (10.7-11.6) 74.7 (73.4-76.0) 25.2 (24.4-26.1) 

      Intervention 3 11.4 (10.9-12.0) 75.3 (73.7-77.0) 25.5 (24.5-26.6) 

      Intervention 4 11.2 (10.8-11.7) 74.8 (73.5-76.1) 25.3 (24.4-26.1) 

      Intervention 5 11.4 (10.9-12.0) 75.3 (73.7-77.0) 25.5 (24.5-26.6) 

      Intervention 6 11.4 (11.0-11.9) 75.3 (74.0-76.6) 25.5 (24.7-26.4) 

      Intervention 7 11.5 (11.0-12.1) 75.6 (73.9-77.3) 25.7 (24.6-26.8) 

Average outcomes for targeted subgroups  

Stressors sum score    

Current  12.8 (12.3-13.2) 78.7 (77.4-80.0) 28.2 (27.4-29.1) 

      Intervention 4 11.1 (10.2-11.9) 74.2 (71.7-76.7) 24.9 (23.4-26.5) 

      Intervention 5 11.9 (11.1-12.8) 76.5 (74.0-79.0) 26.4 (24.9-28.0) 

Current  14.7 (14.2-15.1) 81.6 (80.3-82.8) 35.0 (34.2-35.9) 

      Intervention 6 10.6 (9.7-11.4) 73.1 (70.7-75.6) 24.3 (22.8-25.8) 

      Intervention 7 11.6 (10.7-12.4) 75.2 (72.7-77.7) 27.2 (25.6-28.7) 

Hypothetical intervention 1 included a complete removal of COVID-19 stressors in all individuals (N = 844), 

hypothetical intervention 2 a 50% reduction of COVID-19 stressors (N = idem) and hypothetical intervention 3 a 

25% reduction (N = idem). Hypothetical intervention 4 reduced COVID-19 stressors with 50% in individuals scoring 

above the population median (N = 412 for intervention on stressors sum score, N = 374 for intervention on social 

stressors, N = 381 for intervention on care stressors), hypothetical intervention 5 reduced COVID-19 stressors with 

25% (N = idem). Hypothetical intervention 6 included a 50% reduction of COVID-19 stressors in people with an 

above median MDS-UPDRS-II (N = 366) and hypothetical intervention 7 a 25% reduction of COVID-19 stressors (N 

= idem). Models were adjusted for sex, age, disease duration, presence of comorbidities, education, living 

situation, region and date. Models for intervention 6 and 7 were not adjusted for disease duration. 
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Sensitivity analyses 

Supplementary figure 2 shows the association between the eight COVID-19 stressors and 

the BDI and STAI, stratified by questionnaire completion date. Most associations were 

apparent across the three time strata. Supplementary figure 3 shows the main results after 

excluding participants with psychiatric comorbidities, which are similar to the results shown 

in Figure 2. In an additional analysis of the Personalized Parkinson Project (PPP) data, we 

found an association between the COVID-19 stressors sum score (0-25) and pre-COVID-19 

BDI (beta: 0.06, 95% CI: 0.03-0.08), STAI (beta: 0.05, 95% CI: 0.02-0.07) and PDQ-39 (beta: 

0.06, 95% CI: 0.03-0.09). Supplementary table 3 shows the results of the subsequent 

analyses of the association between the COVID-19 stressors sum score and the Perceived 

Stress Scale (PSS), Parkinson Anxiety Scale (PAS) and Ruminative Response Scale (RRS), 

adjusted for pre-COVID-19 BDI, STAI and PDQ-39. The stressors sum score was still 

associated with PSS (beta: 0.04, 95% CI: 0.02-0.06), PAS (beta: 0.04, 95% CI: 0.02-0.07) and 

RSS (beta: 0.02, 95% CI: 0.00-0.04) after adjustment for pre-COVID-19 scores. Our final 

sensitivity analysis included a comparison of COVID-19 stress and the relation between this 

stress and depressive and anxiety symptoms and quality of life between participants with 

and without parkinsonism in the Rotterdam Study. We found that COVID-19 stress was 

somewhat lower in people with parkinsonism (beta: -0.61, 95% CI: -1.59-0.38). However, as 

can be seen in Supplementary figure 4, the association between COVID-19 stress and 

depressive and anxiety symptoms and quality of life seemed slightly larger in people with 

parkinsonism. Nevertheless, because of the limited number of people with parkinsonism in 

these analyses, the confidence intervals were very wide and the differences between the 

groups thus uncertain.  

DISCUSSION  

In this cross-sectional study among people with PD, we found that the association between 

COVID-19 stressors and mental health was more pronounced in women, higher educated 

people, people with advanced PD and people prone to distancing or seeking social support. 

Effects were less pronounced in people prone to confrontive coping or planful problem 

solving. Our results suggest that intervening on COVID-19 stressors in people with more 

advanced PD might result in clinically important improvements of mental health and quality 

of life.  

 Our findings must be interpreted in light of the limitations of this study. First, the cross-

sectional nature of this study impedes the interpretation of the direction of effect. Reverse 

causation could importantly influence the interpretation of our results, as people with pre-

existing depressive or anxiety symptoms might report a larger influence of COVID-19 

stressors on mental health. Excluding people with psychiatric comorbidities did not 

meaningfully alter our results, although pre-existing depression or anxiety was self-reported 

and thus might have been underdiagnosed. Moreover, in a post-hoc analysis with the PPP 
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data, we still observed an effect of COVID-19 stressors on mental health after adjustment 

for pre-COVID-19 depressive and anxiety symptoms and quality of life. Second, we did not 

study whether the associations between COVID-19 stressors and mental health differed in 

persons with PD as compared to a reference population. As a sensitivity analysis, we 

compared the effects between people with and without parkinsonism in the Rotterdam 

Study. Of note, the questionnaires used in that cohort differed somewhat from those used 

in the PRIME-NL study and the sample of people with parkinsonism in the Rotterdam Study 

was small. Third, the shown associations were similar for state and trait anxiety, whereas a 

more evident effect of COVID-19 stressors is to be expected on state anxiety. This might 

suggest that the construct validity of the STAI for differentiating state and trait anxiety is 

low (34). The approach by Yule et al. (35) to ask participants to complete the state anxiety 

questions keeping in mind the situation since the COVID-19 pandemic and the trait anxiety 

questions keeping in mind the situation before the COVID-19 pandemic might help to 

overcome this issue. Finally, although we extensively adjusted for potential confounders, 

residual confounding might still affect the results. 

A strength of this study includes the remote data collection, which made it possible to 

measure multiple clinically relevant domains of wellbeing in a large sample of people with 

PD during the COVID-19 pandemic. The sample represented the overall population of 

people with PD treated in community hospitals and not solely included patients treated in 

specialized centres. Furthermore, we performed thorough analyses, not only showing the 

overall association between COVID-19 stressors and mental health, but also investigating 

associations in subgroups and potential effects of realistic hypothetical interventions. 

Finally, we performed several sensitivity analyses to determine the probability that reverse 

causation drives our results.  

Inconsistent results have been described regarding the effect of the COVID-19 pandemic 

on mental health of people with PD (6, 36-38). Several studies have compared depressive 

or anxiety symptoms between people with PD and controls (4, 5, 39-42) and concluded that 

mental health during the pandemic is worse in people with PD (4, 5, 40-42). However, this 

effect is not specific to the COVID-19 pandemic, as a higher prevalence of depression and 

anxiety has been observed in people with PD regardless of the COVID-19 pandemic (1, 2). 

In most previous studies, at least part of the population of people with PD experienced 

worsening of motor or non-motor symptoms (5, 12, 39, 42-51). Our study aimed to 

specifically determine which subgroups of people with PD might be most vulnerable to the 

effect of the COVID-19 pandemic on mental health. 

Previous studies found women and younger individuals to be more vulnerable to 

depressive and anxiety symptoms during the COVID-19 pandemic (41, 51, 52) and our 

results point into a similar direction. Surprisingly, we found that the association between 

social stressors and mental health was more evident in higher educated people, specifically 

for the association between the stressor cancellation of social events with anxiety. Similarly, 
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a study among 1,143 United States adults found that depressive symptoms increased more 

during the COVID-19 pandemic in higher than lower educated people (53). This effect could 

not be explained by COVID-related knowledge or job loss, but was suggested to result from 

expectations about available resources (53), an explanation that warrants further 

investigation. Our disease-related stratifications showed that the association between care 

stressors and anxiety was most pronounced in people with more advanced PD, which is 

similar to previous observations (42, 52). This effect is not surprising given that people with 

advanced PD need more care and might thus also experience more anxiety symptoms upon 

cancellation of care. Interestingly, our results suggested that the effect of access to 

medication on anxiety seemed to become greater over time. However, this observation 

needs to be replicated in future studies. 

Some coping strategies, such as approach coping, positive reframing, acceptance and 

humour, have been associated with better mental health during the COVID-19 pandemic 

(54, 55), whereas avoidant coping (55, 56), self-blame, venting, behavioural disengagement, 

and self-distraction (54) have been associated with worse mental health. We investigated 

specifically the association between COVID-19 stressors and mental health among people 

with different coping strategies. Our results support previous findings that actively trying to 

change the situation could be a protective coping strategy, while avoidant coping could be 

detrimental. Yet, contrary to previous studies, we found smaller effect sizes in people 

scoring high on confrontive coping and larger effect sizes in people prone to seeking social 

support. These findings may represent PD or pandemic-specific effects, but this needs to be 

investigated further. 

Hypothetical interventions are important from a public health point of view because they 

take into account both the prevalence and effect size of a risk factor. Our simulated 

hypothetical intervention which removed all COVID-19 stressors resulted in improved 

depressive and anxiety symptoms and quality of life on a population level. However, we 

think complete removal of COVID-19 stressors in all people with PD is not feasible in practice 

because of financial and time constraints and because interventions to reduce stress will 

not be 100% effective. Thus, we also simulated the effect of a 50% and 25% reduction in 

COVID-19 stressors in the entire study population and in targeted groups. We found that a 

hypothetical 50% reduction in COVID-19 stressors in people with an above median MDS-

UPDRS-II (N = 366) decreased BDI with about four points, STAI with about eight points and 

PDQ-39 with about ten points in the targeted groups. In the entire study population, this 

targeted intervention showed much smaller effects, only a decrease of half to one and a 

half point. The literature is inconclusive about the minimum clinically important difference 

(MCID) for our outcomes, but previously reported MCIDs ranged from 3 to 9 for the BDI (57, 

58), was 10 for the STAI (59) and 5 for the PDQ-39 (60). These MCIDs suggest that a 50% 

reduction, or even a 25% reduction in COVID-19 stressors in people with more advanced PD 

could potentially result in clinically meaningful improvements in mental health or quality of 
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life in this group, but not on a population level. Since we only considered eight COVID-19 

stressors and thus might have missed important stressors such as economic loss and sleep 

problems, the effects of hypothetical interventions could increase if a more elaborate set 

of COVID-19 stressors would be considered.  

Although real-life interventions might only reduce part of the COVID-19 stress, because 

not all stress is modifiable, there are several interventions for which a substantial reduction 

in stress might be expected. A potential intervention to decrease care stressors during the 

pandemic is the provision of telemedicine, for instance by virtual consultations (61, 62). In 

our study population, virtual consultations with healthcare providers were infrequent and 

occurred much less than described in a previous study (13). Only 3% of participants had 

video contact with their neurologist, 1% with the nurse, 7% with the physiotherapist and 

5% with the speech therapist. Enhancing the use of video consultations could importantly 

improve access to care and reduce the potential impact of care stressors on mental health 

and quality of life (6). Social stressors were more prevalent in our study and thus our 

hypothetical interventions on these stressors showed highest potential of effect. Social 

prescribing and virtual social support groups have been suggested as a way to keep 

connected, reduce social isolation and loneliness and inform people with PD on topics such 

as stress management and resilience (63, 64). Furthermore, online classes, such as online 

dance classes, provide not only the possibility to stay physically active, but also to connect 

with others (65, 66). Participants in online dance classes reported reduced anxiety and 

stress and improved mood as a result of these classes (66). However, to target the most 

important social stressor influencing depressive and anxiety symptoms in our study, tension 

or conflict at home, a more personalized approach will be needed. Potentially, social 

workers could play an important role in reducing social stressors, since supportive 

counselling of both patients and their relatives by social workers is targeted at maintaining 

psychological wellbeing, preventing social isolation and preserving relationships with 

friends and family (67, 68). Tailored interventions will be necessary to reduce the effect 

both of care and social stressors on mental health and quality of life in people with PD.   

Further research is needed to better understand the possible effects of tailored 

interventions on stressors to improve mental health. First, longitudinal studies are 

necessary to confirm our findings and further rule out reverse causation. Second, the 

feasibility of real-life interventions to reduce COVID-19 stressors with 25% or 50% must be 

evaluated. Third, differential effects on subgroups of people with PD not sufficiently 

represented by this study, for instance people in assisted living, must be considered. Finally, 

we showed that coping strategies influenced the association of stressors with mental 

health, but the ability of people with PD to cope with stress might also affect the outcomes 

regardless of the stress level. The independent effect of coping on mental health and quality 

of life warrants further investigation.   
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Insights from this cross-sectional study help to inform tailored care interventions to 

subgroups of people with PD most vulnerable to the impact of COVID-19. Intervening on 

COVID-19 stressors in people with advanced PD might result in clinically important 

improvements of mental health and quality of life.  
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SUPPLEMENTARY MATERIAL 

Supplementary table 1. Overview of COVID-19 stressors 

Categorisation of stressors Stressors 
Translated statements 

questionnaire 

COVID-19 stressors 

sum score 

Care stressors 

Problems access care Problems with access to care 

Problems access 

mediation 

Problems with access to 

medication  

Problems access nursing Problems with access to nursing 

Social stressors 

Loss social contacts Loss of social contacts  

Social events cancelled 
Social events which are 

cancelled 

Tension or conflict at 

home 
Tension or conflict at home  

 
Unable to perform 

physical activity or to relax 

Not being able to perform 

physical activity or to relax 

 COVID-19 symptoms 

Showing COVID-19 symptoms 

or symptoms that could be 

related to COVID-19 

Question that accompanied the statements: ‘Could you indicate how you experience or experienced these 

situations because of the COVID-19 pandemic?’. 
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Supplementary table 2. Definition of coping strategies 

Coping strategy Definition 

Confrontive coping Aggressive efforts to alter the situation. Suggests a degree of hostility and risk-

taking   

Distancing Efforts to detach oneself and creating a positive outlook   

 

Self-controlling Efforts to regulate one’s own feelings and actions 

 

Seeking social support Efforts to seek informational support, tangible support and emotional support  

 

Accepting responsibility Acknowledges one’s own role in the problem with a concomitant  

theme of trying to put things right 

Escape-avoidance Wishful thinking and behavioural efforts to escape or avoid 

 

Planful problem-solving Deliberate problem-focused efforts to alter the situation coupled with an analytic 

approach to solving the problem   

Positive reappraisal Efforts to create positive meaning by focusing on personal growth, it also has a 

religious tone  

Definitions adopted from Folkman et al. (26). 
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Supplementary methods 1. Methods Personalized Parkinson Project and Rotterdam Study 

Personalized Parkinson Project 

The Personalized Parkinson Project (PPP) is a longitudinal observational study including three annual visits at the 

Radboud University Medical Center in Nijmegen, the Netherlands (69). At inclusion, participants of the PPP had a 

disease duration of 5 years or less. All participants of the PPP (  ̴500) were sent an invitation for an additional online 

COVID-19 questionnaire. Informed consent for participation in this add-on COVID-19 study was obtained 

electronically. More details of the COVID-19 questionnaire have been described previously (12). 

The PPP COVID-19 study included eighteen questions about COVID-19 related stressors. Each question was 

scored on a six-point Likert-scale ranging from ‘this situation did not occur’ to ‘very troublesome’. Five stressors 

were similar to the COVID-19 stressors in the PRIME-NL study and included: having COVID-19 symptoms or 

symptoms that could be related; problems with access to healthcare, medication or sanitation; loss of social 

contacts and social events; not able to perform physical activity or leisure activities as usual; and tensions at home 

or family conflict. The scores of these five stressors were summarized into a stressors sum score (0-25). The COVID-

19 questionnaire also included the Perceived Stress Scale (PSS), the Parkinson Anxiety Scale (PAS) and the 

Ruminative Response Scale (RRS), which were used as measures for mental health in the current study. Covariate 

information was obtained from the most recent regular PPP visit (on average half a year before the COVID-19 

questionnaire), which also included the BDI, STAI and PDQ-39. 

We standardized the PSS, PAS, RRS, BDI, STAI and PDQ-39 to make the outcomes comparable, higher scores 

represent worse outcomes. To assess the potential for reverse causation, we first modelled the relation between 

the COVID-19 stressors sum score and the BDI, STAI and PDQ-39 during the latest pre-COVID-19 PPP visit. This 

linear regression model was adjusted for sex, age, disease duration, presence of comorbidities, education, living 

situation and date. Subsequently, we modelled the relation between the COVID-19 stressors sum score and the 

PSS, PAS and RRS obtained during the COVID-19 pandemic, adjusting the model for the covariates described above 

(model 1). Finally, we adjusted the model additionally for pre-COVID-19 BDI and STAI (model 2) and pre-COVID-19 

BDI, STAI and PDQ-39 (model 3).  

We included 336 PPP participants in the current analyses, 333 of whom also had data available on BDI and STAI 

and 325 on PDQ-39. The mean age of the 336 included participants at the date of filling out the COVID-19 

questionnaire was 62.8 (9.1) years and 39% were women. The average age at diagnosis was 59.0 (9.1) years.  

Rotterdam Study 

The Rotterdam Study is a longitudinal population-based cohort study in the Rotterdam district Ommoord (70). In 

April 2020, a paper-based COVID-19 questionnaire was sent out to the Rotterdam Study participants. This 

questionnaire included the following question about COVID-19 stress: ‘How much did you worry about the COVID-

19 pandemic in the last 14 days?’, which was measured on a scale from 1 to 10. Furthermore, the questionnaire 

included the CES-D-10 to measure depressive symptoms, the HADS-A to measure anxiety symptoms and a question 

about self-rated quality of life on a scale from 1 to 10. Covariate information was obtained from this questionnaire 

as well.  

The case finding approach for parkinsonism in the Rotterdam Study has been previously described in detail (71). 

In short, participants with parkinsonism at baseline were identified by self-reporting, assessment of 

antiparkinsonian drug use and evaluation of signs of parkinsonism at neurologic screening. Subsequently, 

participants identified with possible parkinsonism at baseline were clinically examined by a physician with 

experience in neurological disorders. During follow-up, continuous monitoring of clinical records and medication 

use, self-reporting and in-person screening for parkinsonism were used to identify incident cases. Medical records 

of screen-positives were evaluated by a panel led by an experienced neurologist. Data on parkinsonism status was 

available until 01-01-2018, events after this date were not considered. Because of the low number of participants 

with PD who filled out the COVID-19 questionnaire, we studied parkinsonism instead of PD.  

We standardized the CES-D-10, HADS-A and quality of life to make the outcomes comparable, higher scores on 

the outcomes represent worse depressive symptoms, anxiety symptoms and quality of life, respectively. We first 
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determined whether self-reported COVID-19 stress differed between participants with and without parkinsonism 

using linear regression models. Subsequently, we modelled the relation between COVID-19 stress and the 

outcomes CES-D-10, HADS-A and quality of life in people with and without parkinsonism separately using linear 

regression models. Because of the low number of participants with parkinsonism, model 1 was adjusted only for 

age and sex and model 2 additionally for presence of comorbidities, education, living situation and date.  

The sample included a total of 4,059 participants with a mean age of 74.7 (8.6) years and including 57.7% 

women. We identified 29 participants with parkinsonism. The mean age at parkinsonism diagnosis was 72.6 (8.1) 

years and 52% of people with PD were women.  

  



569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen
Processed on: 18-1-2022Processed on: 18-1-2022Processed on: 18-1-2022Processed on: 18-1-2022 PDF page: 157PDF page: 157PDF page: 157PDF page: 157

 Mental Health COVID-19 

157 
 

  
Supplementary figure 1. Average cross-sectional BDI, STAI and PDQ-39 scores by completion date questionnaire. 

Mean outcomes since February 27th, when first COVID-19 case was reported in the Netherlands. All participants 

of the PRIME-NL study with Parkinson’s disease (N = 940) were included in the models for this figure. Models were 

adjusted for sex, age, disease duration, presence of comorbidities, education, living situation, region and date.  
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Supplementary figure 2. Sensitivity analysis stratified by the period of completion baseline questionnaire. Points 

represent the regression coefficients of the linear models and bars the 95% confidence intervals. The BDI and STAI 

were standardized in order to make the estimates comparable. Models were adjusted for sex, age, disease 

duration, presence of comorbidities, education, living situation, region and date. N = 844. 
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Supplementary figure 3. Sensitivity analysis excluding participants with psychiatric comorbidities. Psychiatric 

comorbidities were defined as anxiety, depression or addiction. Points represent the regression coefficients of the 

linear models and bars the 95% confidence intervals. The BDI and STAI were standardized in order to make the 

estimates comparable. Models were adjusted for sex, age, disease duration, presence of comorbidities, education, 

living situation, region and date. N = 774. 
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Supplementary table 3. Association between COVID-19 stressors sum score and PSS, PAS and RRS in the 

Personalized Parkinson Project 

 Model 1 Model 2 Model 3 

PSS 0.08 (0.06-0.11) 0.05 (0.03-0.07) 0.04 (0.02-0.06) 

PAS 0.08 (0.06-0.11) 0.05 (0.03-0.07) 0.04 (0.02-0.07) 

RSS 0.06 (0.03-0.08) 0.02 (0.00-0.04) 0.02 (0.00-0.04) 

Outcomes were standardized in order to make the estimates comparable. Model 1 was adjusted for sex, age, 

disease duration, presence of comorbidities, education, living situation and date (n = 336). Model 2 was 

additionally adjusted for BDI and STAI (n = 333). Model 3 was adjusted as model 2 with an additional adjustment 

for PDQ-39 (n = 325). PSS = Perceived Stress Scale, PAS = Parkinson Anxiety Scale, RSS = Ruminative Response Scale. 
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Supplementary figure 4. Association between COVID-19 stress and depressive and anxiety symptoms and quality 

of life stratified for parkinsonism in the Rotterdam Study. Outcomes were standardized in order to make the 

estimates comparable, higher scores represent worse outcomes. Model 1 was adjusted for sex and age. Model 2 

was additionally adjusted for presence of comorbidities, education, living situation and date. Effect estimates 

model 2: depressive symptoms (beta no parkinsonism: 0.13, 95% CI: 0.12-0.15, beta parkinsonism: 0.18, 95% CI:  

0.08-0.44), anxiety symptoms (beta no parkinsonism: 0.17, 95% CI: 0.15-0.18, beta parkinsonism: 0.29, 95% CI: 

0.10-0.48), quality of life (beta no parkinsonism: 0.11, 95% CI: 0.10-0.13, beta parkinsonism: 0.15, 95% CI: -0.13-

0.42). 
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ABSTRACT  

Introduction Detailed data on the life expectancy of patients with parkinsonism from the 

general population are largely lacking. This study aimed to determine the absolute life 

expectancy of patients newly-diagnosed with parkinsonism.  

Methods This study was part of the Rotterdam Study, an ongoing, population-based cohort 

study in the Netherlands. We included 12,789 participants of 50 years and older, free of 

parkinsonism at baseline. Participants diagnosed with parkinsonism during follow-up were 

matched to controls on sex, birth year, dementia status, cancer status, and coronary heart 

disease status. We used Gompertz regression and lifetables to estimate the remaining life 

expectancy per year of age.  

Results The mean age of our study population was 65.0 (standard deviation, SD 9.7) years 

and 57.6% were women. During an average follow-up of 12 years, 297 participants were 

diagnosed with parkinsonism. The mean age at parkinsonism diagnosis was 78.6 (SD 8.1) 

years. Once diagnosed with parkinsonism, the life expectancy was lower than matched 

controls across a wide age range. At 65 years, the life expectancy of patients with 

parkinsonism was reduced with 6.7 [2.4;10.7] years compared to controls. At 85, the 

difference in life expectancy was 1.2 [-2.2;4.5] years compared to controls.  

Conclusion Patients diagnosed with parkinsonism have a reduced life expectancy compared 

to their peers in the general population. The absolute life expectancy is mainly reduced if 

parkinsonism is diagnosed before the age of 70. 
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INTRODUCTION 

Parkinson’s disease (PD) has a considerable impact on the life of patients and their 

caregivers (1, 2). PD does not only decrease quality of life, previous studies have also shown 

that it reduces survival (3). Most survival estimates of PD originate from clinical settings (3, 

4), which might differ considerably from the survival of patients with PD in the general 

population. 

The mortality in patients with PD is estimated to be increased approximately 1.5 times (3) 

and the mortality risk in patients with atypical parkinsonism is even greater (4). Studies 

presenting mortality ratios are important to uncover risk factors of early death in 

parkinsonism, but they can be difficult to interpret in terms of prognosis. Absolute life 

expectancy estimates are easier to share with patients and could help care-planning. 

However, these estimates are underreported in the literature (5, 6).  

In this study, we aimed to establish the life expectancy of individuals diagnosed with 

incident parkinsonism in the general population. Hereto, we studied the life expectancy of 

patients with parkinsonism across different ages and compared the life expectancy between 

men and women and PD and atypical parkinsonism. In addition, we aimed to determine the 

burden of parkinsonism, expressed in the number of years a person in the general 

population lives with diagnosed parkinsonism.  

METHODS 

Study population 

This study was embedded within the Rotterdam Study, an ongoing, population-based 

cohort study in the Netherlands. The design of the Rotterdam study has been described 

previously (7). The first cohort started in 1990. All inhabitants of Ommoord, a district in 

Rotterdam, who were 55 years and older were invited to participate and 7,983 agreed. In 

2000, the cohort was extended with 3,011 inhabitants who had become 55 years and older 

or who moved into Ommoord. The cohort was further enlarged with 3,932 participants aged 

45 years and older in 2006. The response rate over the three cohorts was 72%. At baseline 

and at each four-year follow-up visit, participants underwent a home interview and 

examinations at the research center.  

Parkinsonism ascertainment 

We used a two-phase design to identify participants with parkinsonism at study entry (8-

10). Participants were asked about a previous diagnosis of parkinsonism, medication use 

was determined, and signs of parkinsonism were assessed at the research center. Positively 

screened participants were evaluated further for the presence of parkinsonian symptoms 

by a research physician with expertise in neurological disorders.  

During follow-up, multiple modalities were used to evaluate parkinsonism. Sources of 

information were in-person screenings at the research center, interviews with participants, 
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anti-Parkinson medication use, and continuous monitoring of clinical records for terms 

related to parkinsonism (8-10). Clinical records of participants that appeared in any of the 

screening modalities were assessed and case reports were evaluated by a panel led by an 

experienced neurologist. Records of possible parkinsonism cases were continuously 

monitored till January 1, 2015 and any changes in diagnoses over time were routinely 

updated in the data.  

Parkinsonism was defined as the presence of hypo- or bradykinesia and at least one of 

the following cardinal signs: resting tremor, rigidity, or postural imbalance, as observed by 

any physician; or a clinical diagnosis of parkinsonism by a neurologist or geriatrician. 

Parkinsonism was subdivided into the following causes: PD, drug-induced parkinsonism, 

vascular parkinsonism, multiple system atrophy, progressive supranuclear palsy, Lewy body 

dementia, parkinsonism with dementia, corticobasal degeneration, tumor-induced 

parkinsonism, and unspecified parkinsonism. PD entailed the criteria of parkinsonism, a 

clinical history suggestive for PD, and at least one of the following: (a) a clinical PD diagnosis 

by a neurologist or geriatrician; (b) a positive response to dopaminergic treatment; (c) or 

dopamine transporter scan findings consistent with PD. Atypical parkinsonism was defined 

as all parkinsonism subtypes apart from PD. 

Participants with prevalent parkinsonism, not screened for parkinsonism at the research 

center at baseline, or not providing informed consent for follow-up were excluded from the 

analyses. The time at risk for parkinsonism ended at the first of the following: diagnosis of 

incident parkinsonism, death, loss to follow-up, or January 1, 2015. Participants with 

prevalent dementia were at risk for all parkinsonism subtypes except for PD. The time at 

risk for PD ended at the first of the following: diagnosis of incident parkinsonism, incident 

dementia, loss to follow-up, death, or January 1, 2015.  

Mortality ascertainment 

Records of the municipal administration of Rotterdam, general practitioner files and nursing 

home files were continuously evaluated to obtain information on the participants’ vital 

status. Follow-up for mortality was complete until May 2018. To determine the cause of 

death, participants’ medical records were reviewed by trained research assistants. The 

cause of death was coded by two independent research physicians and reviewed by a 

medical expert in the field (11). Cause of death was coded according to the International 

Classification of Diseases, 10th edition (ICD-10) (12). Follow-up for cause-specific mortality 

was complete until January 2015. 

Covariates ascertainment 

Marital status, education level, and smoking status were determined during home-

interviews. Marital status was defined as living with or without a partner. Education was 

divided into four different levels: primary education; lower or intermediate general 
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education or lower vocational education; intermediate vocational education or higher 

general education; and higher vocational education or university. Participants were 

categorized as never, former, or current smokers. Height and weight were measured at the 

research center and body mass index (BMI) was calculated as weight divided by height 

squared. Diagnoses of dementia, cancer and coronary heart disease (CHD) were ascertained 

with repeated screening and review of medical records (11).  

Statistical analysis 

Missing values of the covariates marital status (missing in 7.7%), educational attainment 

(missing in 2.8%), smoking status (missing in 2.8%), and BMI (missing in 11.8%) were 

imputed based on age, sex, the other covariates, and the outcomes, using the mean of five 

imputations.  

To compare the survival and life expectancy of parkinsonism patients with control 

subjects, we matched patients with parkinsonism and controls on sex, birth year (maximum 

2 year difference), dementia status, cancer status, and CHD status in a one to two ratio. The 

follow-up start date of the cases was set to the date of parkinsonism diagnosis and this date 

was also used as the start date of the corresponding controls. Kaplan Meier curves were 

made to estimate the median survival in both groups. Causes of death were determined in 

parkinsonism patients and controls and proportions were calculated in both groups. In 

addition, we calculated the absolute life expectancy of patients newly diagnosed with 

parkinsonism and compared this to individuals without parkinsonism using life tables 

starting at age 55 and ending at age 100. In this analysis, participants could undergo two 

transitions: from no diagnosed parkinsonism to death and from diagnosed parkinsonism to 

death. We calculated overall age-specific incidence rates for both transitions with Gompertz 

regression. Gompertz regression is a parametric proportional hazard regression with a 

Gompertz distribution, which is suitable for mortality data (13, 14). Subsequently, we 

multiplied the overall incidence rates with a weighing factor to obtain sex-specific incidence 

rates. This weighing factor consisted of sex-specific hazard ratios for death, obtained using 

Gompertz regression, and the men-to-women ratio per 10-year age category. We adjusted 

the hazard ratios for marital status, educational attainment, smoking status, and BMI. 

Confidence intervals were calculated using Monte Carlo simulation (parametric 

bootstrapping) with 10,000 runs. The analyses were repeated for PD and atypical 

parkinsonism separately.  

To estimate the number of years lived with parkinsonism, we created a multistate life 

table. A multistate lifetable is a demographic tool that combines multiple health states to 

estimate the number of years lived in different health states (15, 16). The multistate life 

table started at age 55 and ended at age 100. We formulated three states: no diagnosed 

parkinsonism, diagnosed parkinsonism, and death. Transitions between these states were 

possible from no parkinsonism to parkinsonism, from no parkinsonism to death, and from 
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parkinsonism to death. We calculated age-specific incidence rates for each of the three 

transitions with Gompertz regression and calculated confidence intervals again with Monte 

Carlo simulation.  

Incidence rates and hazard ratios were calculated using Stata 15.1 and matching was 

performed in R 3.5.2. Life tables and the corresponding confidence intervals were calculated 

in Excel version 2010, using @Risk (Palisade Corporation, New York, USA) to perform Monte 

Carlo simulations.  

 

RESULTS  

The study population comprised 12,789 participants at risk for parkinsonism, including 

12,413 participants at risk for PD. Figure 1 shows the flow diagram of the study participants. 

The mean age of our study population was 65.0 (SD 9.7) years. More than half of the study 

participants (57.6%) were women. At baseline, 291 participants (2.3%) were diagnosed with 

dementia, 467 (3.7%) with cancer, and 809 (6.3%) with CHD (Table 1).  

 
Figure 1 Flow diagram of study participants. The number of Parkinson’s disease patients and atypical parkinsonism 

patients do not add up to the total number of parkinsonism patients (297) because Parkinson’s disease patients 

with dementia prior to diagnosis were excluded in both subgroups, but included in the all-cause parkinsonism 

group. The life expectancy analyses included 273 parkinsonism patients, 138 Parkinson’s disease patients, and 134 

atypical parkinsonism patients because not all patients could be matched to two controls.  
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Table 1. Baseline Characteristics 

Characteristic Total (n = 12,789) 

Women 7,368 (57.6) 

Age, years 65.0 (9.7) 

Birth year 1933 (15) 

Lives with partner 9,399 (73.5) 

Education 
 

Primary 2,224 (17.4) 

Lower 5,166 (40.4) 

Intermediate 3,479 (27.2) 

Higher 1,920 (15.0) 

Smoking 
 

Never 4,514 (35.3) 

Former 5,575 (43.6) 

Current 2,700 (21.1) 

BMI, kg/m² 26.9 (4.1) 

Dementia 291 (2.3) 

Cancer 467 (3.7) 

CHD 809 (6.3) 

Values are mean (SD) for continuous variables and number (%) for categorical variables. Education was categorized 

as follows: Primary, primary education; Lower, lower or intermediate general education or lower vocational 

education; Intermediate,  intermediate vocational education or higher general education; Higher, higher 

vocational education or university. BMI =  body mass index, kg/m2 = kilogram per square meter, CHD = coronary 

heart disease. 

During an average follow-up of 12 years, 297 participants were diagnosed with 

parkinsonism, including 141 participants who were diagnosed with PD and 148 who were 

diagnosed with atypical parkinsonism (Table 2). The mean age at parkinsonism diagnosis 

was 78.6 (SD 8.1) years and 54.5% of incident parkinsonism patients were women.  In total, 

273 parkinsonism patients, 138 PD patients and 134 atypical parkinsonism patients, could 

be matched with controls in a one to two ratio. Of the 273 parkinsonism patients, 54 (19.8%) 

had prevalent dementia. During follow-up, 60 parkinsonism patients (27.4% of those 

without dementia at baseline) were diagnosed with dementia, compared to 66 (15.1%) 

controls. PD patients with prevalent dementia were excluded. During follow-up, 38 (27.5%) 

PD patients were diagnosed with dementia compared to 47 (17.0%) controls. In atypical 

parkinsonism patients, 53 (39.6%) had a dementia diagnosis at baseline and 22 (27.2%) 

patients were diagnosed with dementia during follow-up, compared to 27 (16.7%) controls. 
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Table 2. Incident parkinsonism during follow-up 

 No. (%)a Age diagnosis, mean (SD) Women, No. (%) 

Parkinsonism 297 (2.3) 78.6 (8.1) 162 (54.5)b 

Parkinson’s disease 141 (1.1) 77.3 (7.9) 67 (47.5)c 

Atypical parkinsonism 148 (1.2) 78.4 (7.7) 91 (61.5)d 

aTotal number at risk for parkinsonism is 12,789. Total number at risk for Parkinson’s disease is 12,413. bPercentage 

of total parkinsonism. cPercentage of total Parkinson’s disease. dPercentage of total atypical parkinsonism. Total 

number of parkinsonism cases includes patients with dementia before Parkinson’s disease, which were excluded 

in both Parkinson’s disease and atypical parkinsonism group. No. = number, SD = standard deviation. 

The median survival in patients with parkinsonism was 4.3 [95% confidence interval: 

3.6;5.0] years, compared to a median survival of 7.5 [6.5;8.5] years in matched controls. The 

median survival in patients with PD was 5.5 [4.7;7.2] years, compared to 9.4 [8.5;10.6] years 

in matched controls. In patients with atypical parkinsonism, the median survival was 3.3 

[2.9;4.1] years, compared to 5.6 [4.8;6.7] years in controls. Supplementary figure 1 shows 

the Kaplan Meier curves of patients with parkinsonism versus matched controls, for all-

cause parkinsonism, PD, and atypical parkinsonism separately. The causes of death of 

patients with parkinsonism and matched controls can be found in Supplementary table 1.  

Figure 2 shows the estimated remaining life expectancy after parkinsonism diagnosis for 

men and women separately. The life expectancy of patients diagnosed with parkinsonism, 

both men and women combined, was reduced with 10.1 [5.6;14.3] years compared to 

participants without parkinsonism at diagnosis age of 55 years. This difference was 6.7 

[2.4;10.7] years at 65 years, 3.5 [-0.4;7.2] years at 75 years, and 1.2 [-2.2;4.5] years at 85 

years. The life expectancy of PD patients was 10.5 [6.2;14.5] years reduced compared to 

participants without parkinsonism at diagnosis age 55 years, 7.5 [3.4;11.3] years reduced at 

65 years, 4.3 [0.5;7.9] years reduced at 75 years, and 1.7 [-1.6;4.8] years reduced at 85 

years. Patients with atypical parkinsonism had a lower life expectancy than patients with 

PD at every diagnosis age. The life expectancy of patients with atypical parkinsonism was 

reduced with 8.7 [3.9;13.2] years compared to controls at 55 years, 5.3 [0.8;9.5] years at 65 

years, 2.4 [-1.6;6.3] years at 75 years, and 0.5 [-2.9;3.9] at 85 years. The life expectancy of 

parkinsonism patients was reduced more in men than in women. 

Figure 3 shows the proportion of the remaining life expectancy lived with parkinsonism 

in the entire study sample (n = 12,789). The average proportion of the remaining life 

expectancy lived with parkinsonism ranged from 1.4% [1.0%;2.0%], corresponding to 0.4 

[0.3;0.6] years, at 55 years to 8.1% [2.1%;39.2%], corresponding to 0.07 [0.0;0.3] years, at 

99 years.  
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Figure 2 Estimated remaining life expectancy for all-cause parkinsonism, Parkinson’s disease and atypical 

parkinsonism. Panels A and B represent the remaining life expectancy of individuals with (n = 273) and without (n 

= 546) incident all-cause parkinsonism per five years for men (A) and women (B) separately. Panels C and D 

represent the remaining life expectancy of individuals with (n = 138) and without (n = 276) incident Parkinson’s 

disease per five years for men (C) and women (D) separately. Panels E and F represent the remaining life 

expectancy of individuals with (n= 134) and without (n = 268) incident atypical parkinsonism per five years for men 

(E) and women (F) separately. The error bars show the 95% confidence intervals. 
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Figure 3 Estimated remaining life expectancy with and without parkinsonism. The bars (left y-axis) represent the 

absolute remaining life expectancy and the line (right y-axis) reflects the percentage of the remaining life 

expectancy lived with diagnosed parkinsonism. The dotted lines show the 95% confidence intervals. 

DISCUSSION 

In this population-based study we found that after diagnosis of parkinsonism, the life 

expectancy of patients aged 55 years and over is decreased compared to age, sex, and 

comorbidity matched controls. The absolute life expectancy is lower in atypical 

parkinsonism than in Parkinson’s disease patients and the reduction in life expectancy is 

most prominent if the disease is diagnosed before the age of 70. In addition, we found that 

a relatively small proportion of the remaining life expectancy is lived with parkinsonism in 

the general population aged 55 years and over. 

A limitation of our study is that death rates per year could only be obtained using a 

parametric approach because of a small number of parkinsonism patients diagnosed 

between the age of 50 and 60 years. Although parkinsonism diagnoses around the age of 

50 are common in movement disorder clinics, it represents only a very small part of the 

patients in the general population (17). In addition, the follow-up for parkinsonism was 

complete until January 2015, whereas the follow-up for all-cause mortality was complete 

until May 2018. This difference in follow-up time could have resulted in misclassification of 

patients as controls. However, this effect is expected to be small because of the low 

incidence of parkinsonism.  

A strength of our study is the continuous case ascertainment with standardized criteria 

for parkinsonism. This approach diminished the possibility of time-trends in diagnoses and 

enabled us to study the life expectancy directly from the moment of parkinsonism diagnosis. 

Continuous follow-up of clinical records allowed us to update the diagnosis if this changed 

over time, which increases the accuracy of diagnosis, although the diagnosis is not as 

accurate as pathologic examination (18). Our population-based design made it possible to 

study both patients seen by a medical specialist and those who presented only at the 

general practitioner, resulting in a good representation of all parkinsonism cases in the 
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general population. Furthermore, we matched patients with controls not only on sex and 

birth year, but also on dementia, cancer, and CHD status. Finally, we showed robustness of 

our results by presenting both the commonly-described Kaplan Meier estimates and the 

absolute life expectancy estimates, which showed comparable results.  

The burden of parkinsonism has been investigated previously in terms of disability-

adjusted life-years and costs (19, 20). However, our study is novel in expressing the burden 

in the number of years a person in the general population lives with parkinsonism. Our 

results show that from 55 to 99 years of age 1.4% to 8.1% of the remaining life expectancy 

is lived with parkinsonism. This estimate is important considering the impact parkinsonism 

has on quality of life (21-24). Nevertheless, the described proportions are relatively small 

and correspond to a low number of absolute years lived with parkinsonism, which can be 

explained in three ways. First, the proportion of the remaining life expectancy lived with 

parkinsonism is influenced by the low incidence of parkinsonism in the general population 

(25). Second, PD and several other parkinsonism subtypes have a prediagnostic phase that 

starts years before clinical diagnosis (26), which is not taken into account when looking at 

parkinsonism from the moment of diagnosis. Individuals in the general population might 

thus live more years with the disease than reported in this study. Third, the proportion of 

the remaining life expectancy lived with parkinsonism is influenced by the survival after 

diagnosis, which is decreased.  

The survival of parkinsonism patients has often been studied by the relative increase in 

mortality risk (3, 27, 28). Previous studies have described an approximately 1.5 times 

increased mortality risk in patients with PD (3) and an even greater risk in other 

parkinsonism subtypes (4). Although these risks give an indication on the survival, these 

estimates are difficult to translate to patients. Absolute life expectancy estimates are easier 

to interpret and can help patients to better understand their prognosis.  

Few previous studies have reported the absolute life expectancy of patients with 

parkinsonism (4-6, 29) and even fewer have shown the course of the life expectancy 

compared to the general population (5, 6). Our results are consistent with the findings of 

Ishihara et al., who calculated the life expectancy of patients with PD from previously 

reported standardized mortality ratios and compared this to the life expectancy in the 

United Kingdom (5). The study of Savica et al. found a one year difference in age at death 

for PD patients compared to controls at a diagnosis age around 75 (4). This difference is 

smaller than the difference of 4.3 years that we found for PD compared to controls at age 

75. However, our confidence interval around this difference was wide [95% confidence 

interval: 0.5;7.9] and overlaps with their estimate. In addition, the study of Savica et al. 

showed that the life expectancy was mainly reduced in MSA and DLB patients. We also 

found a lower life expectancy in atypical parkinsonism patients than in PD patients, but the 

difference with controls was smaller than in PD. This can be explained by the one-year 

higher mean age of patients with atypical parkinsonism and the inclusion of patients with 
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prevalent dementia in this group. Importantly, our group of atypical parkinsonism patients 

includes a wide variety of parkinsonism subtypes, including drug-induced and vascular 

parkinsonism, and might thus represent a different patient population than participants of 

the study of Savica et al (4).   

In our study, PD patients were free of dementia at the time of the PD diagnosis because 

the cases were ascertained according to the old criteria for diagnosing PD (30). Still, we 

found a considerable negative effect of PD on the remaining life expectancy in both men 

and women. Our findings differ in this aspect from the results of several previous studies 

that did not describe an increased mortality risk in cognitively normal patients (6, 28). 

However, we did not rule out mild cognitive impairment in our study. The increased 

mortality risk could be partly attributed to the increased risk of developing dementia after 

PD, as suggested by a previous study within the Rotterdam Study (31) and also supported 

by our data showing that PD patients developed dementia more frequently than controls.   

A meta-analysis by Macleod et al. indicated that most studies found increasing age at 

diagnosis to predict mortality risk in PD (3). When looking at the absolute life expectancies, 

however, we find that the reduction in life expectancy is largest before the age of 70. This 

result is in accordance with previous studies presenting absolute life expectancies (5, 6). We 

found a larger difference in life expectancy between parkinsonism patients, both PD and 

atypical parkinsonism, and controls in men than in women. This different prognosis of PD 

in men and women was also found by some previous studies, but not confirmed by the 

meta-analysis of Macleod et al. (3). The effect of sex on the remaining life expectancy of 

different parkinsonism subtypes has been limitedly studied so far. Therefore, future studies 

are warranted to provide further insight into the sex-differences in the life expectancy of 

parkinsonism subtypes.  

CONCLUSION 

In conclusion, our study showed that the absolute life expectancy of individuals diagnosed 

with parkinsonism is reduced compared to individuals without parkinsonism, especially if 

disease is diagnosed before the age of 70. Future studies are warranted to investigate sex-

differences in the life expectancy of rarer causes of parkinsonism. 
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SUPPLEMENTARY MATERIAL 

 
Supplementary figure 1. Kaplan Meier curves for all-cause parkinsonism, Parkinson’s disease and atypical 

parkinsonism. The table underneath the graph shows the number of remaining participants per five years and the 

shaded area represents the 95% confidence interval. Panel A shows the Kaplan Meier curves for participants with 

parkinsonism (273) and their matched controls (546). Panel B shows the Kaplan Meier curves for participants with 

Parkinson’s disease (138) and their matched controls (276). Panel C shows the Kaplan Meier curves for participants 

with atypical parkinsonism (134) and their matched controls (268). 
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Supplementary table 1. Causes of death 

 Parkinsonism Parkinson’s disease Atypical parkinsonism 

 Patients 

(n=273) 

Controls 

(n = 546) 

Patients  

(n = 138) 

Controls 

(n = 276) 

Patients 

(n = 134) 

Controls 

(n = 268) 

Cause of death N % N % N % N % N % N % 

Circulatory 50 18 108 20 26 19 47 17 24 18 64 24 

Digestive 6 2 6 1 3 2 6 2 3 2 4 1 

Endocrine 0 0 2 0 0 0 0 0 0 0 0 0 

Genitourinary 3 1 2 0 1 1 4 1 2 1 1 0 

Infectious 7 3 2 0 4 3 3 1 3 2 2 1 

Injury 10 4 9 2 5 4 3 1 5 4 6 2 

Dementia 27 10 59 11 4 3 23 8 22 16 43 16 

Depression 0 0 1 0 0 0 0 0 0 0 1 0 

Musculoskeletal 1 0 1 0 1 1 0 0 0 0 0 0 

Neoplasm 9 3 63 12 5 4 34 12 4 3 30 11 

Neurodegenerative 36 13 2 0 21 15 0 0 14 10 1 0 

Epilepsy 0 0 0 0 0 0 1 0 0 0 0 0 

Respiratory 23 8 21 4 14 10 12 4 10 7 10 4 

Dermatologic 1 0 0 0 0 0 0 0 1 1 0 0 

Suicide 0 0 1 0 0 0 0 0 0 0 0 0 

Unspecified 36 13 61 11 19 14 25 9 17 13 35 13 

Alive 64 23 208 38 35 25 118 43 29 22 71 26 
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ABSTRACT 

Background Slowness of walking is one of the very first signs of aging and is considered a 

marker for overall health that is strongly associated with mortality risk. In this study we 

sought to disentangle the clinical drivers of the association between gait and mortality.  

Methods We included 4,490 participants of the Rotterdam Study who underwent a gait 

assessment between 2009 and 2015 and were followed-up for mortality until 2018. Gait 

was assessed with an electronic walkway and summarized into the domains Rhythm, 

Phases, Variability, Pace, Tandem, Turning, and Base of Support. Cox models adjusted for 

age, sex and height were built and consecutively adjusted for six categories of health 

indicators (lifestyle, musculoskeletal, cardiovascular, pulmonary, metabolic, and 

neurological). Analyses were repeated in comorbidity-free individuals.  

Results Multiple gait domains were associated with an increased risk of mortality, including 

Pace (HR per SD worse gait, adjusted for other domains: 1.34 [1.19-1.50]), Rhythm (HR: 1.12 

[1.02-1.23]) and Phases (HR: 1.12 [1.03-1.21]). Similarly, a 0.1 m/s decrease in gait speed 

was associated with a 1.21 [1.15-1.27] times higher hazard of mortality (HR fully adjusted: 

1.14 [1.08-1.20]). In a comorbidity-free subsample, the hazard ratio per 0.1 m/s decrease in 

gait speed was 1.25 [1.09-1.44]. Cause-specific mortality analyses revealed an association 

between gait speed and multiple causes of death.   

Conclusion Several gait domains were associated with mortality risk, including Pace which 

primarily represents gait speed. The association between gait speed and mortality persisted 

after an extensive adjustment for covariates, suggesting that gait is a marker for overall 

health.  
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INTRODUCTION 

Difficulties in walking are a major hallmark of the ageing process (1, 2). In fact, walking 

problems often have a considerable impact on quality of life and may lead to loss of 

independence and institutionalisation (3-5). Accordingly, walking speed has been used as a 

marker for overall health and has been associated with mortality risk (6, 7).   

Yet, speed is merely one temporal parameter of the complex walking motion, which 

consists of many more parameters that collectively are termed gait. Other parameters of 

gait include for example swing time and stride width. Several studies have shown that 

different gait parameters reflect various aspects of gait. These parameters can be 

summarized into mutually independent gait domains, including for example Pace, Rhythm, 

and Base of Support (Figure 1) (7, 8).  

Gait has been shown to be differentially influenced by several lifestyle factors, health 

indicators, and diseases (9-11). For instance, smoking behaviour (11), kidney function (12), 

and dementia (13) are all associated with different aspects of gait. However, it remains 

unclear whether these factors also drive the association between gait and mortality. 

In this study, we aimed to disentangle the clinical drivers of the association between gait 

and mortality risk. Hereto, we studied the association of different gait domains with 

mortality, we determined whether health indicators and prevalent diseases drive the 

association between gait speed and mortality, and we studied whether gait speed is related 

to specific causes of death.  

METHODS 

This study was performed within the Rotterdam Study, an ongoing, population-based 

cohort study in the Netherlands. Details of the Rotterdam study have been described 

previously (14). The initial cohort started in 1990. All inhabitants of the district Ommoord in 

Rotterdam who were 55 years and over were invited to participate and 7,983 agreed. In 

2000, the cohort was extended with 3,011 inhabitants who had become 55 years and over 

or who moved into Ommoord. The cohort was further expanded with 3,932 participants 

aged 45 years and over in 2006. The response rate over the three cohorts was 72%. At 

baseline and at the four-year follow-up visits, participants underwent a home interview and 

examinations at the research centre.  

In March 2009, gait assessments were included into the core protocol of the Rotterdam 

Study as part of a research centre visit. In the period until June 2015, 6,473 participants 

were invited to participate in this research centre visit, of whom 5,261 participants agreed. 

Participants of 45 years and older who were willing to perform the walking protocol and 

could walk without use of a walking aid were eligible for gait assessment. In this study we 

included 4,490 participants who underwent a gait assessment.  
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Figure 1. Gait parameters and the corresponding domains for all three walking conditions. The seven gait domains 

are shown between parentheses. Each gait domain is represented by one of the highest correlating variables with 

that domain. 

Gait assessment 

Gait was assessed using a 5.79 m long walkway (GAITRite Platinum; CIR systems, Sparta, NJ: 

4.88-m active area; 120-Hz sampling rate), a reliable and valid device for the evaluation of 

gait (15, 16). A standardized gait protocol was used consisting of three walking conditions: 

normal walk, tandem walk, and turning walk. In the normal walk, participants walked across 

the walkway at their usual pace. This walk was performed eight times; the first recording 

was considered a practice walk. In the tandem walk, participants walked heel-to-toe on a 

line across the walkway. The turning walk comprised a walk at the participant’s own pace, 

turning halfway and returning to the starting position. All recordings were visually 

inspected, after which the walkway software calculated 30 parameters based on the 

recorded gait: 25 parameters for the normal walk, 3 parameters for the tandem walk, and 

2 parameters for the turning walk (8). The 30 gait parameters were summarized into seven 

independent domains (Figure 1). A description of all gait parameters and domains can be 

found in Supplementary table 1 .  

Mortality assessment 

Records of the municipal administration of Rotterdam, general practitioner files, and 

nursing home files were checked continuously to obtain information on the participants’ 

vital status. To determine the cause of death, participants’ medical records were reviewed 

by trained research assistants. The cause of death was coded by two independent research 

physicians and reviewed by a medical expert in the field (14). Cause of death was coded 

according to the International Classification of Diseases, 10th edition (ICD-10) (17). In the 

current study, we classified causes of death into neurodegenerative diseases, 

cardiovascular diseases, neoplasms, and other diseases. Supplementary table 2  shows the 

coding of the causes of death in our study population. Follow-up for all-cause mortality was 

complete until May 2018 and follow-up for cause-specific mortality until January 2015.  
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Covariates  

One of our aims was to study how health indicators influence the association between gait 

speed and mortality. Hereto, we categorized our covariates into lifestyle factors, 

musculoskeletal factors, cardiovascular factors, pulmonary factors, metabolic factors, and 

neurological factors.  

Educational attainment, smoking status, alcohol consumption, and hip and knee pain 

were assessed with questionnaires during the home interview. The Longitudinal Aging Study 

Amsterdam Physical Activity Questionnaire was used to assess physical activity in metabolic 

equivalent of task hours per week (18). Depressive symptoms were evaluated using the 

Centre for Epidemiologic Studies Depression Scale (CES-D) (19). Height and weight were 

obtained during a research centre visit. In accordance with previous studies (20), a global 

cognition score was calculated using five cognitive tests: the Stroop Test (21), the Letter-

Digit Substitution Test (22), the Word Fluency Test (23), the 15-Word Learning Test (24), 

and the Purdue Pegboard Test (25). Muscle strength was measured with a dynamometer 

and defined as the maximum value of three trials obtained from the non-dominant hand. 

Blood pressure measurements were performed twice with the participant in sitting 

position. Carotid intima media thickness was determined with ultrasound of the distal 

common carotid artery. Serum glucose and creatinine were determined from fasting blood 

samples. Estimated glomerular filtration rate (GFR) was calculated using the CKD-EPI 

formula (26). The FEV1/FVC ratio was obtained using spirometry. To evaluate vision, we 

used the mean best corrected visual acuity of both eyes.  

Diagnoses of heart failure, coronary heart disease (CHD), asthma, dementia, 

parkinsonism, stroke, and cancer were based on repeated screening and review of medical 

records. In addition to the review of medical records, diagnoses of chronic obstructive 

pulmonary disease (COPD) and diabetes involved spirometry and fasting glucose levels, 

respectively. Diagnoses of hip and knee osteoarthritis were based on radiological signs of 

arthritis and defined as a Kellgren and Lawrence grade of two or higher (27). Depression 

was defined as a CES-D score above 16 and kidney failure as a GFR below 60 

mL/min/1.73m². 

Statistical analysis  

All parameters of the normal walk were complete, the tandem walk was missing for 6% of 

the participants and the turning walk for 4% of the participants. Multiple imputations were 

performed for missing gait parameters and covariates. The missing gait parameters were 

imputed with an imputation model including all covariates and the outcome as predictors. 

The imputed datasets were used for all further analyses.  

Gait parameters with a skewed distribution were log-transformed. A principal component 

analysis with Varimax rotation was performed to summarize the gait parameters into 

independent domains, as described previously in more detail (8). Seven independent gait Z-
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scores with an eigenvalue above one were found using this approach. These seven domains 

were labelled in accordance with previous work (8): Rhythm, Phases, Variability, Pace, 

Tandem, Turning, and Base of Support. Higher scores on each gait domain reflect a worse 

gait.  

Cox proportional hazards models were built to analyse the associations between the gait 

domains, gait speed, and mortality. We used follow-up time in years as the time scale in all 

models. The basic model was adjusted for age, sex, and height. Additionally, we adjusted 

the gait domain models for all other gait domains. To facilitate comparison with other 

studies, we also repeated the analyses using the highest correlating variable within each 

domain as determinant. The proportional hazard assumption was examined by visual 

inspection of the Schoenfeld residuals (28). If the hazard was not constant over time, time-

stratified analyses were performed.  

To determine what drives the association between gait speed and mortality, we 

categorized our covariates into lifestyle factors, musculoskeletal factors, cardiovascular 

factors, pulmonary factors, metabolic factors, and neurological factors (see Supplementary 

table 3 for an overview of all covariates included in these categories). The model for the 

association of gait speed with mortality was adjusted for each of these categories 

separately, and finally for all covariate categories together. To determine whether gait 

speed is a marker for overall health beyond known diseases, we repeated the analyses 

excluding all participants with prevalent diseases (hip and/or knee osteoarthritis, heart 

failure, CHD, asthma, COPD, diabetes, kidney failure, dementia, parkinsonism, stroke, 

depression, and cancer). Subsequently, we adjusted the basic model in this subpopulation 

for the covariate categories to find out whether the association between gait speed and 

mortality persists after accounting for all diseases and health indicators. In addition, we 

estimated the association between gait speed and cause-specific mortality. We used Cox 

proportional hazards models for these analyses and censored causes of death other than 

the event of interest. Mortality from neurodegenerative diseases, cardiovascular diseases, 

neoplasms, and other diseases was considered in these analyses.  

We performed three sensitivity analyses on the association between gait and mortality 

risk. First, we tested what effect missing not at random of the tandem and turning walk 

could have on our results. For this purpose, we studied the implications of imputing a two 

standard deviation (SD) worse tandem and turning gait score than predicted in participants 

who did not perform these walks. Second, we tested the effect of an additional adjustment 

for the non-linear effect of age in our models. Third, we studied whether gait speed explains 

the association between the gait domain Pace and mortality by adjusting the basic model 

of Pace additionally for gait speed. All analyses were performed in R version 3.5.2. 
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Table 1. Baseline Characteristics 

Characteristics Total (n = 4,490) 

Demographics  

Women, n (%) 2474 (55.1) 

Age, years 67.4 (9.5) 

Educationa, n (%)  

Primary 366 (8.1) 

Lower 1694 (37.7) 

Intermediate 1372 (30.5) 

Higher 1058 (23.6) 

  
Covariates   

Height, cm 169.4 (9.5) 

Weight, kg 78.5 (14.3) 

Smoking, n (%)  

Current  572 (12.7) 

Former 2363 (52.6) 

Never 1555 (34.6) 

Alcohol, g/day 6.4 [0.5-8.6] 

Physical activity, MET-hours/week 41.5 [17.5-79.0] 

Grip strength, kg 29.1 (10.3) 

Knee pain, n (%)  

No pain 3854 (85.8) 

Some pain 551 (12.3) 

A lot of pain 85 (1.9) 

Hip pain, n (%)  

No pain 4067 (90.6) 

Some pain 351 (7.8) 

A lot of pain 72 (1.6) 

Systolic blood pressure, mmHg 141.5 (21.5) 

Diastolic blood pressure, mmHg 83.0 (11.2) 

Maximum carotid intima-media thickness, mm 1.0 (0.2) 

FEV1/FVC ratio 0.8 (0.1) 

Glomerular filtration rate, mL/min/1.73 m² 110.5 (19.3) 

Glucose, mmol/L 5.5 [5.1-6.0] 

Visual acuity 0.6 (0.1) 
  
Cognition  

Stroop test, s 46.2 [38.8-56.9] 

Letter-Digit Substitution Test, correct items 29.3 (7.0)  

Word Fluency Test, correct items 22.8 (5.9) 

15-Word Learning Testb, correct items 7.8 (3.0) 

Purdue Pegboard Testc, correct items 34.8 (5.3) 

  
Comorbidities, n (%)  

Knee osteoarthritis 896 (20.0) 

Hip osteoarthritis 628 (14.1) 

Heart failure 91 (2.0) 

Coronary heart disease 253 (5.6) 
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Asthma 343 (7.6) 

Chronic obstructive pulmonary disease 463 (10.3) 

Diabetes  749 (16.7) 

Kidney failure 61 (1.4) 

Dementia 33 (0.7) 

Parkinsonism 14 (0.3) 

Stroke 147 (3.3) 

Depression 335 (7.5) 

Cancer 435 (9.7) 

Note: Presented are the mean values of the five imputations. Values are numbers (percentage), mean (standard 

deviation) or median [interquartile range]. MET, metabolic equivalent of task; FEV1, forced expiratory volume in 

one second; FVC, forced vital capacity. aEducation was categorized as follows: Primary, primary education; Lower, 

lower or intermediate general education or lower vocational education; Intermediate, intermediate vocational 

education or higher general education; Higher, higher vocational education or university. bThe delayed 15-Word 

Learning Test results are shown. cThe sum score of left, right and both hands is shown.  

Table 2. The association of the seven gait domains with mortality 

 Basic model Adjusted for other gait domains 

Domain HR [95% CI] HR [95% CI] 

Rhythm 1.20 [1.09-1.31] 1.12 [1.02-1.23] 

Phases 1.15 [1.05-1.25] 1.12 [1.03-1.21] 

Variability 0.97 [0.88-1.07] 0.98 [0.89-1.08] 

Pace 1.42 [1.28-1.57] 1.34 [1.19-1.50] 

Tandem 1.08 [1.01-1.16] 1.10 [1.03-1.18] 

Turning 1.08 [1.00-1.16] 1.07 [1.00-1.15] 

Base of Support 1.13 [1.04-1.22] 1.05 [0.96-1.15] 

Note: Shown are the hazard ratios [95% confidence intervals] for mortality per SD increase in gait. A higher score 

on any of the seven gait domains indicates a worse gait. The model was adjusted for age, sex, and height and 

subsequently also for all other gait domains. The domains are ordered according to the percentage explained 

variability of all the gait parameters, from highest (Rhythm) to lowest (Base of Support).  

RESULTS  

At baseline, the mean age of our study population was 67.4 (SD 9.5) years and 55.1% were 

women (Table 1). The average gait speed was 120.2 (SD 19.9) cm/s. Characteristics of other 

gait parameters can be found in Supplementary table 1. The mean follow-up duration 

between the gait assessment and the mortality or censor date was 4.5 years. During the 

entire follow-up, 469 participants died.  

Table 2 shows the associations between the gait domains and mortality. Of the gait 

domains, worse Pace was most strongly associated with mortality risk (hazard ratio (HR) per 

one SD worse gait for basic model: 1.42; 95% confidence interval [1.28-1.57]). Furthermore, 

worse Rhythm (HR basic model: 1.20 [1.09-1.31]), Phases (HR basic model: 1.15 [1.05-1.25]) 

and Base of Support (HR basic model: 1.13 [1.04-1.22]) were associated with an increased 

mortality risk. After adjusting the basic model additionally for all other gait domains, Pace 

still showed the strongest association with mortality risk (HR: 1.34 [1.19-1.50]) followed by 

Rhythm (HR: 1.12 [1.02-1.23]), Phases (HR: 1.12 [1.03-1.21]), and Tandem (HR: 1.10 [1.03-
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1.18]). Supplementary table 4 shows the association between the highest correlating gait 

parameters within each domain and mortality. Time-stratified analyses for Phases, Pace, 

Tandem, and Turning are presented in Supplementary table 5.  

Figure 2 shows the association between gait speed and mortality, adjusted consecutively 

for the six covariate categories (see Supplementary table 5 for the time-stratified analysis 

of gait speed). A 0.1 m/s decrease in gait speed was associated with a 21% increase in 

mortality risk (HR basic model: 1.21 [1.15-1.27]). Adjustment for neurological factors (HR: 

1.16 [1.10-1.22]) resulted in a decrease of the effect estimate. Cognition was the main cause 

of the effect attenuation by neurological factors. After adjustment for all considered 

covariates, the relation between gait speed and mortality persisted (HR: 1.14 [1.08-1.20]).  

We repeated the analyses after excluding participants with prevalent comorbidities, 

resulting in the inclusion of 1,231 participants, of which 73 died during follow-up. The basic 

model in this subpopulation showed an association between gait speed and mortality (HR: 

1.25 [1.09-1.44]), which attenuated, but was still observable after adjusting for all covariates 

(HR: 1.18 [1.01-1.37]).  

We included 4,440 participants in the cause-specific mortality analyses. The mean follow-

up duration for cause-specific mortality was 3.4 years. Out of a total of 192 deaths during 

follow-up for cause-specific mortality, 20 participants died from neurodegenerative 

diseases, 45 from cardiovascular diseases, 81 from neoplasms and 46 from other diseases 

(see Supplementary table 2 for the numbers per ICD-10 code). In the basic model, gait speed 

was most strongly associated with death from neurodegenerative diseases (Figure 3, HR: 

1.44 [1.16-1.78]) and other causes (HR: 1.42 [1.24-1.63]), but was also associated with death 

from neoplasms (HR: 1.18 [1.05-1.32]), and cardiovascular death (HR: 1.17 [1.01-1.35]).  

Sensitivity analysis 

Assuming a 2 SD worse Tandem and Turning gait in participants with missing values for 

these domains resulted in slightly different effect estimates for these domains. Under this 

assumption, the hazard ratio increased for the Tandem domain (HR basic model: 1.16 [1.08-

1.23]) and decreased for the Turning domain (HR: 1.04 [0.98-1.11]).  

Correction for age squared did not substantially alter our results. Instead of a 21% 

increase in mortality per 0.1 m/s decrease in gait speed, we found a 20% increase in 

mortality risk after adjusting the basic model additionally for age squared (HR: 1.20 [1.15-

1.26]). When we additionally adjusted for the non-linear effect of age in the model adjusted 

for all our covariate categories, the hazard ratio remained equal (HR: 1.14 [1.08-1.20]). 

We studied the effect of adjusting the analysis of the association between Pace and 

mortality for gait speed. As expected, the association with mortality largely disappeared 

after adjusting the basic model of Pace additionally for gait speed (HR: 1.08 [0.92-1.28]).   
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Figure 2. The association between gait speed and mortality adjusted for different covariate categories. Shown are 

the hazard ratios for mortality per 0.1 m/s decrease in gait speed with the 95% confidence intervals. (A) The basic 

model was adjusted for age, sex, and height. Further adjustments included the following factors: Lifestyle factors 

(education, smoking, alcohol, physical activity, and weight); Musculoskeletal factors (grip strength and hip and 

knee pain); Cardiovascular factors (blood pressure and carotid intima-media thickness); Pulmonary factors, 

(FEV1/FVC ratio); Metabolic factors (GFR and glucose); and Neurological factors (cognition, CES-D, and visual 

acuity). The last model was adjusted for all these covariates. (B) Restricted to comorbidity-free participants (n = 

1,231). Participants were excluded if they had prevalent hip and/or knee osteoarthritis, heart failure, CHD, asthma, 

COPD, diabetes, kidney failure, dementia, parkinsonism, stroke, depression, or cancer. 

 

 
Figure 3. The association between gait speed and cause-specific mortality. Shown are the hazard ratios for 

mortality per 0.1 m/s decrease in gait speed with the 95% confidence intervals, n = 4,440. The hazard ratios were 

adjusted for age, sex, and height. During follow-up 192 participants died due to the following causes: 20 

participants died from neurodegenerative diseases, 45 from cardiovascular diseases, 81 from neoplasms, and 46 

from other diseases. 

  



569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen
Processed on: 18-1-2022Processed on: 18-1-2022Processed on: 18-1-2022Processed on: 18-1-2022 PDF page: 191PDF page: 191PDF page: 191PDF page: 191

 Gait and Mortality 

191 
 

DISCUSSION 

In this cohort study among community-dwelling participants we demonstrated that gait was 

associated with mortality risk in a complex, yet consistent pattern. In particular, the domain 

Pace, which represents mainly gait speed, was associated with mortality, followed by the 

domains Rhythm and Phases. The relation between gait speed and mortality could not be 

fully explained by a broad set of health indicators and diseases, however, the effect 

attenuated most after adjustment for cognitive function. Furthermore, gait speed was 

associated with multiple causes of death, most notably with death from neurodegenerative 

diseases. 

Strengths of our study include the objective and comprehensive measurement of gait. 

Our gait protocol allowed the identification of an elaborate set of gait measures, which 

made it possible to study subtle gait differences between individuals. In addition, we 

studied gait in a large number of individuals. Finally, attrition in our study was low because 

we continuously checked for mortality in our participants; we observed 95% of the potential 

follow-up time (29).  

Some aspects of our study warrant further consideration. First, gait was assessed during 

an extra research centre visit in which a subsample of the study population participated. 

The participants of the Rotterdam Study who did not take part in the gait assessment were 

at baseline on average two years older and had a one-year shorter survival than those who 

participated in the gait assessment. Second, a few relevant covariates, such as falling history 

and polyneuropathy, were not included in the analyses because they were only available 

for a small subset of the study population. Adjustment for these covariates could have 

further attenuated the effect of gait speed on mortality. Third, the available number of 

events for the cause-specific mortality analyses was small.  

Previous studies have established a relation between gait speed and mortality (6, 7). 

Veronese et al. reported in their meta-analysis an adjusted hazard ratio of 1.12 [1.09-1.14] 

per 0.1 m/s decrease in gait speed (7), which corresponds well to our adjusted hazard ratio 

of 1.14 [1.08-1.20] per 0.1 m/s decrease in gait speed. However, it remained unclear which 

aspects of gait were associated with mortality, which health indicators explained the 

association of gait speed with mortality, whether the association persisted in comorbidity-

free individuals, and which causes of death associated most with gait speed. Our study 

addressed each of these key gaps in knowledge.  

A unique feature of our study is the measurement of gait domains beyond simple gait 

speed. We showed that Pace had the strongest association with mortality, which was 

primarily driven by gait speed. Importantly, we also showed associations of Rhythm and 

Phases with mortality, independent from other gait domains. These gait domains include 

many parameters that cannot be assessed visually, such as single support phase, which 

indicates that even subtle gait differences between individuals can expose mortality risk. 

We might speculate on the different processes that underlie the relation between worse 
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performance on each of the gait domains and mortality. The gait domain Pace might reflect 

decreased cognition (30), as well as many other health-related factors such as locomotor 

problems, peripheral vascular disease, and polyneuropathy. The domains Rhythm and 

Phases more selectively seem to point towards a role of neurodegeneration, they both 

might reflect parkinsonism (32). 

Our results indicate that to a large extent the relation between gait speed and mortality 

cannot be explained by health indicators or known diseases, since an association remained 

visible after adjusting for many health indicators and in comorbidity-free individuals. This 

observation corroborates the findings of a study of Elbaz et al. (31) who also found that an 

association between gait speed and mortality remained after adjusting their models for 

different health-related factors. Gait speed thus seems to be able to determine subclinical 

deterioration in overall health. 

Yet, in three ways our results also point towards a role of neurodegeneration in the 

relation between gait and mortality. First, we found that the association between gait speed 

and mortality could be partially explained by cognition, which might be considered a proxy 

for neurodegenerative brain damage. Second, in our cause-specific mortality analyses, gait 

speed was most strongly associated with death from neurodegenerative diseases. However, 

we must note that the numbers in this group were small and the effect size was only slightly 

greater than for other causes of death. Third, our domain-specific results further strengthen 

the notion that neurodegeneration may drive the association between gait and mortality. 

Future studies are warranted to further explore the effect of neurodegeneration on the 

relation between gait and mortality; imaging or cerebrospinal fluid markers of 

neurodegeneration might be a promising start. 

CONCLUSION 

We have shown that different aspects of gait are related to mortality risk in the general 

population. The domain Pace, particularly representing gait speed, showed the highest 

association with mortality risk. Our results further support the concept that gait is a marker 

for overall health, but also indicate a potential role of neurodegeneration in this association. 

Further research is warranted to elucidate the effect of neurodegeneration on the relation 

between gait and mortality risk. 
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SUPPLEMENTARY MATERIAL 

Supplementary table 1. Explanation gait domains and variables 

Variable/Domain Mean (SD) /  

Median [IQR] 

Definition Indication 

worse gait 

Rhythm A reflection of most temporal gait variables Higher 

Single Support Time, s 0.42 (0.04) The time elapsed between the last 

contact of the current footfall and the 

first contact of the next footfall of the 

same foot 

Higher 

Swing Time, s 0.42 (0.04) The time elapsed between the last 

contact of the current footfall and the 

first contact of the next footfall of the 

same foot  

Higher 

Step Time, s 0.55 (0.05) 

 

The time elapsed between the first 

contact of one foot and the first 

contact of the opposite foot 

Higher 

Stride Time, s 1.10 (0.10) 

 

The elapsed time between the first 

contacts of two consecutive footfalls of 

the same foot  

Higher 

Cadence, steps/min 109.86 (9.34) The number of steps per minute Lower 

Stance Time, s 0.67 [0.63 - 0.72] 

 

The time elapsed between the heel and 

toe contact of two consecutive footfalls 

on the same foot 

Higher 

    

Variability A reflection of most variability gait variables  Higher  

Stride Length SD, cm 4.21 [3.43 - 5.25] The standard deviation of the Stride 

Length  

Higher 

Step Length SD, cm 2.64 [2.19 - 3.23] The standard deviation of the Step 

Length  

Higher 

Stride Velocity SD, cm/s 5.51 [4.56 - 6.75] The standard deviation of the Stride 

Velocity (Stride Length/Stride Time) 

Higher 

Stride Time SD, s 0.03 [0.02 - 0.04] The standard deviation of the Stride 

Time  

Higher 

Step Time SD, s 0.02 [0.02 - 0.02] The standard deviation of the Step 

Time  

Higher 

Stance Time SD, s 0.02 [0.02 - 0.03] The standard deviation of the Stance 

Time  

Higher 

Swing Time SD, s 0.02 [0.01 - 0.02] The standard deviation of the Swing 

Time  

Higher 

Single Support Time SD, 

s 

0.02 [0.01 - 0.02] The standard deviation of the Single 

Support Time  

Higher 

Double Support Time 

SD, s 

0.02 [0.02 - 0.03] The standard deviation of the Double 

Support Time  

Higher 

    

Phases A reflection of gait variables on the ratio between stable and instable walking time Higher 

Single Support, %GC 38.35 [37.15 - 39.55] The Single Support Time as a 

percentage of the Stride Time 

Lower 
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Swing, %GC 38.35 [37.15 - 39.55] The Swing Time as a percentage of the 

Stride Time 

Lower 

Stance, %GC 61.74 (1.95) The Stance Time as a percentage of the 

Stride Time 

Higher 

Double Support Time, s  0.26 [0.22 - 0.29] The time that both feet are on the floor 

within one footfall 

Higher 

Double Support, %GC 23.45 [21.20 - 25.90] The Double Support Time as a 

percentage of the Stride Time 

Higher 

    

Pace A reflection of distance related gait variables  Higher 

Stride Length, cm 131.49 (18.08) The distance between the heel points 

of two consecutive footprints of the 

same foot on the line of progression  

Lower 

Step Length, cm 65.55 (9.05) The distance between the heel points 

of two consecutive opposite footprints 

on the line of progression  

Lower 

Velocity, cm/s a 120.20 (19.90) The distance travelled divided by the 

time elapsed between the first contact 

of the first and the last footfall 

Lower 

    

Tandem A reflection of gait variables on the amount of errors in the tandem walk Higher 

Sum of Sidestep 

Distance, cm 

0.00 [0.00 - 15.25] The sum of the distances of the side 

steps from the line on the walkway 

Higher 

Sum of Sidestep Surface, 

fraction 

0.00 [0.00 - 0.40] The sum of the surfaces of the side 

steps as a percentage of the surface of 

a normal step 

Higher 

    

Double Step, n 0.00 [0.00 - 0.00] Step with one foot followed by a step 

with the same foot, where both feet 

are on the line of the walkway 

Higher 

Turning A reflection of turn related gait variables Higher 

Turning Time, s 2.77 [2.43 - 3.17] The time between the last contact of 

the second foot before the first foot 

deviating from the normal angle of the 

feet and the first contact of the second 

foot with a normal angle 

Higher 

Turning Step Count, n 5.00 [4.00 - 5.00] The number of steps used within the 

Turning Time 

Higher 

    

Base of Support A reflection of width related gait variables  Higher 

Stride Width, cm 10.21 (3.92) 

 

The distance from heel centre of one 

footprint to the line of progression 

formed by two footprints of the 

opposite foot  

Higher 

Stride Width SD, cm 2.22 [1.80 - 2.73] The standard deviation of the Stride 

Width  

Higher 

Note: SD = standard deviation, %GC = as a percentage of the gait cycle time. The cycle time equals the stride time. 
aVelocity is used as a synonym for gait speed. 
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Supplementary table 2. Coding of cause-specific mortality 

ICD-10 code Cause of death Number 

C15   Neoplasm 6 

C16   Neoplasm 3 

C18   Neoplasm 7 

C20   Neoplasm 3 

C22   Neoplasm 1 

C24   Neoplasm 1 

C25   Neoplasm 7 

C31   Neoplasm 1 

C34   Neoplasm 16 

C43   Neoplasm 1 

C50   Neoplasm 2 

C52   Neoplasm 1 

C56   Neoplasm 2 

C61   Neoplasm 4 

C64   Neoplasm 1 

C67   Neoplasm 3 

C70   Neoplasm 1 

C71   Neoplasm 5 

C80   Neoplasm 5 

C83   Neoplasm 3 

C84   Neoplasm 1 

C90   Neoplasm 5 

C92   Neoplasm 2 

F00   Neurodegenerative 7 

F02   Neurodegenerative 2 

F03   Neurodegenerative 6 

G12   Neurodegenerative 2 

G20   Neurodegenerative 1 

G23   Neurodegenerative 1 

G30   Neurodegenerative 1 

I21   Cardiovascular 3 

I25   Cardiovascular 3 

I34 Cardiovascular 1 

I35 Cardiovascular 4 

I42 Cardiovascular 1 

I46   Cardiovascular 13 

I50   Cardiovascular 6 

I61   Cardiovascular 9 

I63   Cardiovascular 3 

I72   Cardiovascular 1 

I74   Cardiovascular 1 

J15   Other 1 

J17   Other 1 

J44   Other 6 

J84 Other 4 

K51   Other 1 
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K55 Other 1 

K74   Other 1 

M05   Other 1 

R54   Other 3 

R96   Other 7 

R98   Other 1 

R99   Other 8 

S06 Other 1 

S72   Other 1 

X60   Other 1 

X70   Other 2 

Unspecified Other 6 
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Supplementary table 3. Covariate categories 

Covariate category Included variables 

Basic model Age, sex, height 

Lifestyle factors Education, smoking, alcohol, physical activity, weight 

Musculoskeletal factors Grip strength, hip and knee paina 

Cardiovascular factors Systolic and diastolic blood pressure, carotid intima-media thickness 

Pulmonary factors FEV1/FVC ratio 

Metabolic factors GFR, glucose 

Neurological factors Cognition, CES-D, visual acuity 

All All variables mentioned above 
aHip and knee pain were dichotomized into no and any pain for the analyses. 
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Supplementary table 4. Association between gait parameters and mortality 

Gait parameter HR  [95% CI] 

Single support time 1.41 [1.09 - 1.82] 

Single support phase 0.90 [0.86 - 0.94] 

Stride length variability 1.07 [0.80 - 1.44] 

Stride length 0.98 [0.97 - 0.98] 

Sum step distance 1.01 [1.00 - 1.01] 

Turning step count 1.10 [1.03 - 1.17] 

Stride width 1.05 [1.02 - 1.07] 

Note: Shown are the hazard ratios [95% confidence intervals] for mortality per unit increase for the gait 

parameters. Reported hazard ratios were adjusted for age, sex and height. Each gait domain is represented by one 

of the highest correlating gait parameters with that domain: Single support time per 0.1 seconds (Rhythm), Single 

support phase as percentage of Stride time (Phases), natural log of Stride length variability (SD) in centimetre 

(Variability), Stride length per centimetre (Pace), Sum step distance per centimetre (Tandem), Turning step count 

(Turning), Stride width per centimetre (Base of Support).  
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Supplementary table 5. Time-stratified analyses for gait speed, Phases, Pace, Tandem and Turning 

 HR [95% CI] per follow-up period 

Domains 1st quartile  2nd quartile  3rd  quartile  4th quartile  

Gait speed 1.29 [1.20 - 1.38] 1.18 [1.06 - 1.31] 1.28 [1.16 - 1.42] 1.09 [1.01 - 1.18] 

Phases 1.22 [1.09 - 1.37] 1.25 [1.07 - 1.46] 1.18 [0.97 - 1.45] 0.89 [0.74 - 1.06] 

Pace 1.59 [1.37 - 1.85] 1.24 [0.99 - 1.56] 1.47 [1.19 - 1.83] 1.31 [1.11 - 1.54] 

Tandem 1.14 [1.01 - 1.27] 1.19 [1.02 - 1.39] 1.13 [0.97 - 1.32] 0.91 [0.85 - 1.09] 

Turning 1.08 [0.94 - 1.24] 1.05 [0.85 - 1.29] 1.22 [1.06 - 1.40] 1.02 [0.90 - 1.16] 

Note: Shown are the hazard ratios for mortality with the 95% confidence intervals. The hazard ratios were adjusted 

for age, sex and height. A higher score on any of the seven gait domains indicates a worse gait. Follow-up time was 

divided into four quartiles of the follow-up time: First quartile under 3.48 years; Second quartile 3.48 to 4.49 years; 

Third quartile 4.49 to 5.53 years; Fourth quartile 5.53 years and over. 
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In this thesis I studied the aetiology, early recognition and prognosis of Parkinson’s disease 

(PD) in a population-based setting. In this chapter I will contextualize the findings of each of 

the previous chapters and discuss the clinical, scientific and societal implications of these 

findings. Furthermore, I will discuss the methodological advantages and challenges of 

studying PD in a population-based setting and provide directions for future population-

based PD research. Finally, I will focus on the transition towards prevention and disease-

modification trials and the importance of collaborative efforts.  

FINDINGS IN CONTEXT 

I have used the four different phases of PD, the risk phase, preclinical phase, prodromal  

phase and clinical phase, as a framework for this thesis. Although these phases represent a 

simplified version of reality, given that they are not necessarily clearly distinguishable and 

might largely overlap, this framework provides useful directions for setting research 

priorities and defining the desired study output. In the first section of this discussion, I will 

thus contextualize the findings of this thesis according to each of these phases of PD.  

Risk phase 

The risk of PD is influenced by a combination of genetic, environmental and lifestyle factors 

(1-3). For instance, pesticide exposure (1-4) has been shown to increase the risk of PD, 

whereas higher levels of physical activity (1, 3, 4) are suggested to decrease this risk. Diet is 

a modifiable lifestyle factor which has previously been described to influence PD risk (5-7). 

In Chapter 2.1 I showed that the Dutch diet score was not clearly associated with the risk of 

PD, whereas better adherence to the “prudent” dietary pattern and a higher Mediterranean 

diet score seemed to be associated with a decreased risk of PD. Moreover, our results 

suggested an increased risk of PD with a higher intake of sweet snacks, animal-based fats 

and yoghurt and fermented milk and a decreased risk with a higher intake of fruit, 

vegetables, cheese and savoury snacks. Our findings regarding the possible protective effect 

of the Mediterranean diet corroborates results of previous studies (5-9), but the findings of 

the individual food components, in specific the higher risk of PD associated with sweet 

snacks consumption, are novel. The potential mechanisms underlying these associations 

should be studied further.  

Taking the findings of both our study and previous studies into account, diet can be 

considered a potentially important modifiable lifestyle factor influencing the risk of PD and 

thus provides a promising target for prevention trials. However, before further developing 

these trials, we must first better understand the mechanisms underlying the association of 

diet with PD risk.  

Preclinical phase 

Motor symptoms of PD arise only after a substantial loss of dopaminergic neurons (10, 11) 

because of the redundancy of these neurons in the basal ganglia (2). The preclinical phase 
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of PD can thus last many years, which provides a unique opportunity for studying the 

pathophysiology of PD and biomarkers for early PD recognition.  

Evidence for a role of the immune system in the pathophysiology of PD is extensive (3, 

12, 13). In order to determine whether the immune system is already involved in preclinical 

PD, I studied the temporal relation between blood markers of peripheral immunity and 

inflammation and the occurrence of PD in Chapter 2.2. I found lower a lymphocyte count in 

people with prevalent PD as compared to people without PD, but I did not observe an 

association of the lymphocyte count with incident PD in a longitudinal analysis. In contrast, 

two previous studies did observe lower lymphocyte counts already several years before PD 

diagnosis (14, 15). This discrepancy might be explained by earlier detection of incident PD 

cases or underpowered analyses in our study or by the possibility of selection bias in the 

previous studies. Based on our results, blood markers of peripheral immunity or 

inflammation do not seem to be promising targets for early detection of PD, but further 

research in large-scale population-based cohort studies will be necessary. 

Preclinical PD biomarkers are highly needed for earlier disease recognition and inclusion 

of participants in prevention trials (3, 16, 17). In order to determine whether an individual 

deviates from the expected level of a marker, we need to develop normative values for 

markers of PD in the general population. In Chapter 2.3 I presented reference values for 

gait speed, a marker of general health (18). I developed an application in which these 

reference values for gait speed can be easily accessed, in order for doctors to use them in 

the clinical assessment of a patient. Similarly, normative values and cut-offs for the most 

promising markers of PD should be constructed (11). Comparison to normative values 

facilitates objective assessment of participants for inclusion in trials and deviation from the 

expected marker level can be used as a surrogate outcome of prevention and disease-

modification trials and in the clinical evaluation of a patient.  

In Chapter 2.2 and 2.3 I showed two examples which highlight the need for population-

based studies on biomarkers of PD. Biomarkers can aid in earlier disease detection, help 

gain insight into the pathophysiology and can be used to monitor disease progression. 

Future population-based studies on early markers of PD are thus indispensable.  

Prodromal phase 

The prodromal phase of PD has been an important focus of recent studies (10, 11), which is 

not surprising because this phase offers ample opportunity for earlier disease recognition 

and research on disease-modifying interventions. Several early symptoms of PD have 

already been recognised, such as constipation and anosmia (10). Unfortunately, most 

prodromal symptoms lack specificity (10), hindering the early recognition of PD. REM-sleep 

behaviour disorder (RBD), however, is a very specific prodromal symptom of α-

synucleinopathies (10).  
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Better recognition of prodromal symptoms of PD inevitably provokes ethical dilemmas. 

Even though several previous studies have already implemented a screening for RBD, none 

explicitly considered these dilemmas (19-22). In Chapter 3.1 I therefore highlighted ethical 

issues in screening for RBD in the general population. Although informing study participants 

with RBD about the risk of developing PD might provide the opportunity to start early 

symptomatic treatment or help for care and life planning, disadvantages such as anxiety 

and distress and the lack of disease-modifying treatments are also elaborate. Based on a 

literature review and our own experience in defining a screening protocol in the Rotterdam 

Study, I concluded that it is essential to adequately inform study participants about the 

trajectory that lies ahead when agreeing on participation, without giving too detailed 

information on possible diagnoses or associated disease risks. Taking into account our 

recommendations, further guidelines for risk disclosure in prodromal PD have been 

developed by Schaeffer et al. (23). These recommendations will become increasingly 

important in the coming years because of the large number of planned or ongoing enriched-

risk cohort studies preparing for disease-modifying trials (11). 

Although the prodromal phase of PD is mainly characterized by non-motor symptoms (10, 

24), recent studies have shown that motor deficits can also occur already in this early phase 

of PD (10, 24, 25). In Chapter 3.2 I highlighted the need for studying the association between 

gait, both under single and dual task circumstances, as well as other motor functioning tasks 

and the risk of PD in the general population. Unfortunately, we did not yet have the 

statistical power to study the association between motor functioning and PD risk in the 

Rotterdam Study. However, in the coming years we will be able to determine whether 

subtle motor deficits, in interaction with genetic risk, are associated with the risk of PD in 

the general population. This information would be of value for earlier recognition of PD and 

for objective outcome assessment in disease-modification trials. 

In recent years, the movement disorders society (MDS) has developed and revised 

research criteria for prodromal PD (26, 27). With an increasing number of studies focusing 

on early identification of PD, new markers of prodromal PD have been identified. In the 

most recent MDS research criteria for prodromal PD (26), orthostatic hypotension, in 

specific neurogenic and symptomatic orthostatic hypotension, was mentioned as a 

presumable prodromal marker of PD. Therefore, in Chapter 3.3 I studied whether 

orthostatic hypotension is indeed associated with the risk of PD in the general population. 

Our study suggested that orthostatic hypotension is more common in people with PD, but 

that it is not associated with an increased risk of PD. These findings thus suggest that 

orthostatic hypotension cannot be considered a prodromal marker of PD.  

The studies presented in Chapter 3 highlight that results from clinical studies are often 

not translatable to the general population. There is thus a need for replication of findings 

from clinical and case-control studies in a population-based setting. In addition, this chapter 



569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen
Processed on: 18-1-2022Processed on: 18-1-2022Processed on: 18-1-2022Processed on: 18-1-2022 PDF page: 208PDF page: 208PDF page: 208PDF page: 208

208 
 

shows the importance of considering the impact our research might have on study 

participants.  

Clinical phase 

The clinical phase of PD is most widely known for the occurrence of the typical motor 

symptoms bradykinesia, tremor and rigidity (28). Together with the worsening of non-

motor symptoms in more advanced disease, the increased severity of motor symptoms has 

a major impact on quality of life of people with PD and their caregivers (3).  

The quality of life of people with PD was further challenged in 2020 and 2021 by the 

COVID-19 pandemic. In Chapter 4.1 I determined which people with PD are most vulnerable 

to the effect of COVID-19 related stress on mental health and quality of life and assessed 

whether reductions of this stress might result in better outcomes. I showed that the 

observed associations between COVID-19 stressors and mental health were especially 

pronounced in women, highly educated individuals and people with advanced PD. When 

simulating the effect of hypothetical reductions in COVID-19 stressors, I found that 

substantial improvements in mental health and quality of life could be observed in people 

with advanced PD, already upon a 50% reduction in stressors. By modelling the effect of 

hypothetical interventions in the entire population as well as in vulnerable subgroups, this 

study provided important insights for future tailored interventions to improve COVID-19 

related worsening of mental health. Nevertheless, this study was prone to reverse causation 

because of its cross-sectional nature and thus replication by longitudinal studies remains 

necessary. 

Another aspect regarding the clinical phase of PD is the disease prognosis, which I 

discussed in Chapter 4.2. In this study I showed that people diagnosed with PD have a 

moderately reduced life expectancy compared to their peers in the general population, 

especially if diagnosed before the age of 70. Previous studies similarly showed a slightly 

higher mortality risk in people with PD, but most studies found increasing age at diagnosis 

to be associated with this higher mortality risk (29). Relatively, the mortality risk might 

indeed be higher with increasing age, but in absolute numbers there are more life years to 

be lost at younger age and thus the absolute difference in life expectancy might still be 

larger at a younger age. Our study was novel in expressing the effects in absolute numbers, 

which are more intuitive than relative risks, and to stratify the results by age of diagnosis 

and sex. These insights are important for adequate information provision to people with PD 

upon diagnosis.  

In the final study of this thesis, described in Chapter 4.3, I investigated the association 

between gait and mortality. Although gait is known to reflect general health (18), it 

remained unknown what factors underlie the association of gait with mortality. Unravelling 

the aetiology of this association could help to guide future interventions for people who 

present with decreasing mobility (30). Given the impact PD has on gait and the previously 
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discussed higher mortality in people with PD, one might be inclined to think that PD 

underlies this association. However, I found that even after extensive adjustment for 

demographic and health-related factors, the relation between gait and mortality persisted. 

Yet, our results also pointed towards a role of neurodegeneration in this association, which 

demands further study by brain imaging and CSF markers.   

In Chapter 4 I discussed several aspects regarding the clinical phase of PD. The common 

ground of the study on the effect of COVID-19 stress on mental health and the study on the 

life expectancy of PD is that they both highlight the importance of keeping in mind the 

clinical and societal impact of research. The final study on gait and mortality will not have a 

direct societal or clinical impact, but even for this aetiological study envisioning the possible 

impact of the study helped to clarify the research question and to provide directions for 

future studies.  

ROLE OF POPULATION-BASED DESIGN IN THE STUDY OF PARKINSON’S DISEASE 

Most studies presented in this thesis were performed in the population-based setting of the 

Rotterdam Study (31). In the previous section I have already highlighted some differences 

between our findings and findings of previous clinical or case-control studies. In the next 

section, I will discuss the advantages and challenges of the population-based design, which 

might underlie these discrepancies.  

Methodological advantages of population-based studies 

The design of population-based cohort studies offers several important advantages 

compared to case-control studies for the study of risk factors, preclinical biomarkers and 

prodromal symptoms of PD. I will discuss several of these advantages by using the studies 

described in this thesis as an example.  

Bias 

First, case-control studies often suffer from recall bias and selection bias (1, 32). Recall bias 

is a type of differential misclassification bias which is an important issue in case-control 

studies. This bias is especially relevant to PD because of the very long prodromal period in 

which symptoms can appear that could be more often remembered by cases than controls 

(1). Prospective cohort studies overcome recall bias because the exposure is assessed 

before the outcome (32). Another threat to the validity of case-control studies is selection 

bias (1, 32). Selection bias could for instance occur in the selection of controls for a study 

investigating the association of diet with PD (33). If controls are selected on the basis of an 

advertisement about research on nutrition, usually this will attract people who have an 

interest in this topic and who already have a healthy diet (32, 34). As such, study 

participation will be associated with the outcome and the exposure of interest, which 

results in selection bias. Selection bias in case-control studies can also occur in the selection 

of cases, for instance when the exposure is related to survival and only cases who survive 



569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen
Processed on: 18-1-2022Processed on: 18-1-2022Processed on: 18-1-2022Processed on: 18-1-2022 PDF page: 210PDF page: 210PDF page: 210PDF page: 210

210 
 

are included (35), this bias is often referred to as survivor bias (35). Although selection bias 

can also importantly distort findings of population-based cohort studies, an important 

advantage of these studies compared to case-control studies is that selection at baseline is 

usually not directly related to the outcome of interest (32, 36). 

Second, population-based studies often routinely collect data on many population 

characteristics. These variables can be used to extensively adjust for confounding bias. 

Confounding for instance plays a role in the relation between gait and mortality risk, which 

was described in this thesis. Appropriate adjustment for body weight is necessary because 

high weight might be a shared cause of slower gait speed and mortality and could be 

confounding the association (37). In addition to the advantages of controlling for 

confounding, broad data collection provides the opportunity to study the interdependence 

of risk factors and prediagnostic markers of PD (38) and to combine multiple markers in a 

prediction algorithm for PD (26, 39), such as the PREDICT-PD algorithm (40) and the MDS 

research criteria for prodromal PD (26), which are pivotal for the selection of trial 

participants (11). Finally, the extensive data collection in population-based studies offers 

possibilities to study the combined effect of multiple risk factors on PD, as well as on clusters 

of chronic diseases (41), which is of interest because many risk factors and chronic diseases 

co-occur.   

Generalizability 

Population-based studies with continuous follow-up for the occurrence of PD based on 

clinical records of general practitioners, hospitals and nursing homes often include a 

broader population of people with PD than clinical studies. This could be explained by the 

more selective inclusion criteria of clinical studies, but also by the fact that not all people 

with PD regularly visit the hospital. For instance, older people with PD are less likely to be 

referred to the neurologist (42). Indeed, the mean age at diagnosis of PD is several years 

higher in population-based studies compared to clinical studies (the age distribution of 

parkinsonism diagnoses in the Rotterdam Study is shown in Figure 1) (43, 44). The results 

of population-based studies will thus be generalizable to a large population of people with 

PD (45).  

However, the results of population-based studies do not necessarily translate to all 

people with PD. Initially, the Rotterdam Study included only people above 55 years (46). In 

later years, the minimum age at inclusion was lowered to 40 years (31), following the 

realization that most causes of chronic diseases should already be sought earlier in life. In 

the current thesis, young-onset PD was thus not included in the incident analyses and 

because young-onset PD differs from older onset PD in symptomatology and possibly also 

in risk factor profile (3, 47), the findings of this thesis might not be applicable to this group 

of patients.  
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Figure 1. Age at diagnosis of parkinsonism in the Rotterdam Study. Panel A shows graph for incident events of 

parkinsonism and panel B for incident events of Parkinson’s disease. The histogram shows the number of incident 

events per age group and the line the incidence rate per 1000 person years (point shown halfway the age interval).  

Time trends 

Population-based studies offer an important advantage to studying trends over time in PD 

incidence and mortality because of the standardized criteria for determining PD (48, 49). 

This approach decreases the risk that improved recognition over time distorts incidence 

trends, which is an important pitfall in register-based studies (48, 50). In addition, this 

standardized case definition suffers less from the effect of changes in definitions of PD over 

time (28, 49), such as the removal of dementia as an exclusion criterion (28). Nevertheless, 

case finding in population-based studies still relies partly on the review of clinical records of 

neurologists, who will diagnose PD according to the current diagnostic standards. 

Furthermore, when considerable revisions are made to the diagnostic criteria of PD, 

population-based studies might need to update the research criteria for PD. In this regard, 

we are currently reassessing the PD cases in the Rotterdam Study according to the newest 

definitions, as is explained in Box 1. This exercise shows that changing criteria for PD in a 

cohort study can have an important impact on the number and certainty level of the events. 

If criteria are adapted during study follow-up, reassessment of all cases is thus warranted.  

Methodological challenges of population-based studies 

The following section provides a non-exhaustive overview of possible issues that might 

affect the internal validity of findings of population-based cohort studies. I will specifically 

focus on bias, reverse causation and sample size.  
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Box 1. Effect of a change in case definition of Parkinson’s disease in the Rotterdam Study 

Old criteria for Parkinson’s disease in Rotterdam Study 

PD in the Rotterdam Study used to be defined as probable or definite parkinsonism (hypo- or bradykinesia in 

combination with at least rest tremor, rigidity or postural instability; or an observation of parkinsonism without 

detailed account by a physician with extensive experience with parkinsonism), in which all causes of secondary 

parkinsonism as well as dementia before the onset of parkinsonism had been excluded, and at least one of the 

following: 

 A good response to antiparkinsonian medication  

 DaTSCAN findings consistent with PD 

 Diagnosis of PD confirmed by a neurologist 

Certainty criteria for PD were not specified and based on the consensus discussion. 

New criteria for Parkinson’s disease in Rotterdam Study 

The new criteria for PD in the Rotterdam Study are based on the MDS clinical diagnostic criteria for PD (28). 

Possible PD is defined as a diagnosis confirmed by a physician with extensive experience with parkinsonism 

without detailed information on clinical history, physical examination and response to medication. Probable 

PD is defined as parkinsonism (bradykinesia, in combination with either rest tremor, rigidity, or both) and: 

1. Absence of absolute exclusion criteria (e.g. absence of observable response to high‐dose levodopa 

despite at least moderate severity of disease). 

2. Presence of red flags (e.g. severe autonomic failure in the first 5 years of disease) counterbalanced 

by supportive criteria (e.g. presence of levodopa‐induced dyskinesia). 

3. No more than two red flags.  

Definite PD is defined as parkinsonism and: 

1. Absence of absolute exclusion criteria 

2. At least two supportive criteria 

3. No red flags 

Difference in events according to old and new criteria 

In total we reassessed 32 PD cases according to the new criteria for PD. One event was recoded to multiple 

system atrophy, one event to the new subtype PD plus cardiovascular disease and seven cases were recoded 

to unspecified. From the 24 cases that remained coded as PD (including the one with the new subtype), the 

certainty level was changed in ten instances: the certainty level increased for seven events and decreased for 

three events.  

Bias 

Information bias, confounding bias and selection bias were already introduced in the 

section above. In this section, I will briefly go over information bias and confounding bias in 

population-based studies and focus on possible sources of selection bias. 

First, information bias could arise both from misclassification of the determinant and 

misclassification of the outcome (32). Misclassification of PD events could occur for instance 

when only little information is available from clinical records. Fortunately, this outcome 

misclassification is expected to be non-differential and thus ratio measures, which were 

often used in this thesis, will not be affected. Non-differential misclassification of the 

determinant, for instance random measurement error in the assessment of diet, will be 

more problematic as this will usually lead to dilution of the effect towards the null. 
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Moreover, the effect of differential information bias, misclassification in the determinant 

related to the outcome or misclassification in the outcome related to the determinant, is 

difficult to predict because it could lead to an over- or underestimation of the effect and 

could thus importantly bias the results. This bias will become important when 

simultaneously collecting data on RBD and PD in the Rotterdam Study, as knowledge on 

RBD might influence classification of PD events. It is thus important to keep these 

assessments separated as much as possible.  

Second, confounding bias could affect the results of population-based studies despite the 

availability of information about many confounders. The small number of incident PD 

events could limit the possibility for extensive confounder adjustment because of model 

overfitting problems (51). This indeed was a problem which occurred in the study on 

orthostatic hypotension described in this thesis. A possible solution for this issue includes 

the use of propensity scores, which represent the probability of being exposed given 

participant characteristics (51, 52). These propensity scores can be calculated using simple 

logistic regression models with the exposure as a dependent variable and participant 

characteristics related to the outcome or both exposure and outcome as independent 

variables  (51, 53). The calculated propensity scores can be subsequently used for matching, 

adjustment or in more advanced inverse probability weighting methods (51, 52), the latter 

which also allows to account for selective loss to follow-up or competing events (54). 

However, these methods will only account for measured confounding. Residual 

confounding could still influence the findings because for many risk factors of PD 

mechanisms of action are not completely unravelled yet and thus confounders could be 

easily overlooked when studying the literature. A possible solution for this issue is an 

instrumental variable analysis, which can be used to control for unknown confounders (55). 

Third, similarly to case-control studies, selection bias can arise in prospective population-

based studies. One possible source of selection bias could be selective participation at 

baseline (56). The participation rate of the Rotterdam Study cohorts included in the current 

thesis is high: around 70% of invited people have actually participated (31). However, 

participation is much lower in many other population-based studies, such as the UK Biobank 

which only has a participation rate of about 6% (57). If the response is selective, for instance 

because it relates to the exposure and risk factors of the outcome, selection bias can occur 

(32, 56).  

Another important possibility of selection bias in prospective cohort studies occurs during 

study follow-up, for instance due to selective loss to follow-up or competing risks. For 

simplicity, I will take death as the competing event in the following examples. Given that 

many risk factors are shared between PD and death, such as physical activity and diet (1, 

58), people who are at highest risk of PD might also be at highest risk of death. Early death, 

however, prevents the occurrence of PD: one needs to survive in order to develop PD (54, 
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59). Death might thus be a source of selection bias in cohort studies which needs to be taken 

into account (54).  

Classic methods for the analysis of events occurring over time, such as Kaplan Meier 

curves and Cox proportional hazards models, treat death as a censoring event (60, 61). 

However, censoring assumes that death is non-informative (60). As was mentioned above, 

risk factors are often shared between the event of interest and the competing event and 

thus this assumption does not hold. How to appropriately take this issue into account in the 

data analysis is dependent on the type of question that is asked.  

For predictive questions, Fine and Gray models (62), multistate models (63), or a more 

recent framework by Van Geloven et al. (64) can be used. For causal questions, the 

statistical and epidemiological literature used to recommend presenting the cause-specific 

hazard ratio (65, 66). However, recent work has argued that this method often does not 

have a causal interpretation (59). Luckily, frameworks are now being developed to 

appropriately take into account competing events in longitudinal studies. In these 

frameworks, the competing event is considered a mediator between the exposure and the 

outcome (54, 59). In Figure 2 I present a directed acyclic graph (DAG) showing the 

competing event of death in the relation between orthostatic hypotension and PD, which 

will be used as an example in the following section.  

This DAG clarifies two types of questions that can be distinguished: the total effect, which 

is the risk of PD among participants with versus without orthostatic hypotension regardless 

of death; and the controlled direct effect, which is the risk of PD among participants with 

versus without orthostatic hypotension in a hypothetical scenario in which death could be 

prevented (54, 59). The total effect includes both the direct effect and the effect mediated 

by death (59); an observed protective effect of orthostatic hypotension on PD could thus 

result from a high risk of death associated with orthostatic hypotension, which precludes 

the occurrence of PD (59). The controlled direct effect is the effect of orthostatic 

hypotension on PD not mediated by death (54, 59). This effect relies on the strong 

assumption of uninformative censoring, which can be made more plausible when taking 

into account both baseline and time-dependent risk factors of the event of interest and the 

competing event.  

 
Figure 2. Directed acyclic graph (DAG) of the competing risk of death in the association between orthostatic 

hypotension and Parkinson’s disease. Death at time t determines that Parkinson’s disease at time t+1 cannot occur. 

Graph based on DAG published by Rojas-Saunero et al., 2021 (54). 

Orthostatic hypotension Parkinson’s disease (time t+1) Death (time t) 

Confounders 
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In our study on orthostatic hypotension I intended to answer an aetiological question. I 

determined the total effect and found no association between orthostatic hypotension and 

PD. However, I did find an association between orthostatic hypotension and death. The 

increased risk of death could have precluded PD and thus could have diluted the effect of 

orthostatic hypotension on PD. An alternative question which provides additional insights 

into the effect of orthostatic hypotension on PD not mediated by death, is the effect in the 

hypothetical scenario in which no participant died. To calculate this effect, construction of 

inverse probability weights for the competing event of death (for instance based on the 

baseline and time-varying covariables smoking, BMI, blood pressure and alcohol) would be 

necessary to simulate uninformative censoring. Future studies should attempt to explicitly 

determine the type of question asked, the possible influence of competing events on their 

results and the assumptions underlying their analyses.  

Reverse causality  

In 1965, Bradford Hill published nine criteria to consider when inferring causation from 

association (67). One of these criteria included temporality: in a causal association, the 

exposure must precede the outcome in time (68, 69). Hill argued that this criterion is of 

utmost importance for slowly progressive diseases because the early disease phase might 

cause the exposure of interest instead of the other way round (67, 69), which is of particular 

relevance to PD given the long duration of the prodromal phase (10, 24). For many assumed 

risk factors of PD, reverse causation might be an alternative explanation (70). Future trials 

intervening on such exposures will inevitably fail and thus the possibility of reverse 

causation warrants further study in observational research.  

An example of an exposure-outcome relationship that might be subject to reverse 

causation is the association between inflammation and PD risk which was discussed in this 

thesis. Inflammation has been described as a cause of α-synuclein aggregation, but also as 

a consequence thereof (13, 71-73). If an association would thus be found between 

inflammation parameters and the risk of PD, this might be explained by already ongoing 

pathology in the early phases of PD.  

Different solutions have been proposed to the problem of reverse causation in PD 

research. For instance, observational studies have excluded people with possible prodromal 

symptoms of PD or the first years of follow-up to diminish the possibility of reverse 

causation explaining the results (74, 75). However, as described above, prodromal PD can 

last many years and we still do not recognise this phase well, making these solutions only 

limitedly useful. Furthermore, when aiming to determine risk factors for conversion to PD 

in people who already have prodromal symptoms, these solutions will not work.  

Trial designs would provide a solution to reverse causation, but trials are often not 

possible, costly or unethical. Thus, natural experiments using instrumental variables have 

been suggested as an alternative. A well-known example of an instrumental variable 
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approach is Mendelian Randomization (MR), which uses a genetic variant as the 

instrumental variable (76, 77). Often, MR studies argue that they found evidence of a causal 

relation and that reverse causation cannot explain their findings (78, 79), however, even in 

such designs reverse causation cannot be completely averted (77).  

In order to diminish the chance of reverse causation, understanding the mechanisms of 

action of the exposure of interest is pivotal. In vitro studies and animal studies are essential 

to unravel these working mechanisms. In the example of inflammation, the 

pathophysiological mechanisms are complex and do not favour one direction of effect 

because evidence has been found both for the pathway of inflammation causing α-synuclein 

aggregation and the reverse pathway (13, 73). Aside from understanding working 

mechanisms, better recognition of the different phases of PD and MR approaches will thus 

be necessary to decrease the possibility of reverse causation in observational studies.  

Sample size  

The overall incidence rate of PD in the Rotterdam Study was 1.0 per 1,000 person years, 

with a total of 168 observed events as of January 1st, 2018. Because some exposures of 

interest were only measured in later follow-up rounds or measured in subsets of the 

population, the number of events drops rapidly for specific analyses. For this reason, some 

research questions of interest could not yet be studied in the Rotterdam Study. 

Furthermore, the small number of incident PD events gave rise to some additional 

challenges in the studies performed as part of this thesis.  

First, the small number of events resulted in more uncertainty about the estimates. If 

significance testing would have been performed, we would thus often have failed to reject 

the null hypothesis, even though the null hypothesis might actually be false (type II error) 

(80). Non-significant findings are often wrongly interpreted as the absence of an effect (80). 

The combined presentation of effect estimates and confidence intervals, which was also 

presented throughout this thesis, helps to prevent this erroneous interpretation. An 

additional advantage to reporting effect estimates with confidence intervals is that this 

leads to easier comparison and integration of results between studies.  

Second, the small number of events complicated the study of homogenous outcomes. PD 

is a highly heterogeneous disease with many different causes and symptoms (3, 10, 81). 

Some have even suggested that Parkinson’s disease should be called Parkinson’s syndrome 

or Parkinson’s diseases (3, 81). Taking into account this heterogeneity in population-based 

studies, for instance by stratification of PD subtypes, is essential, but not always possible 

given the small number of events.  
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Figure 3. Spread of pathology in Parkinson’s disease. Scenario 1 presents the subtype in which pathology originates 

in the gut and spreads to the brain via the vagal nerve (subtype with RBD in prodromal Parkinson’s disease), 

scenario 2 presents the subtype in which pathology initiates in the brain and spreads downwards (subtype without 

RBD or RBD in a later phase of disease). Figure based on Berg et al. (2021) (83) and Horsager et al. (2020) (84). 

FUTURE DIRECTIONS FOR POPULATION-BASED STUDIES OF PARKINSON’S DISEASE 

Parkinson’s disease as a multi-system disease 

Neuronal loss in the nigrostriatal dopaminergic system is a hallmark of PD pathology (82). 

However, neuronal loss and α-synuclein accumulation are known to be more widespread 

(82). Two subtypes for the propagation of α-synuclein pathology can be distinguished, the 

body-first and the brain-first subtype (both schematically shown in Figure 3) (83, 84). In the 

body-first subtype, α-synuclein spreads from the enteric nervous system via the vagal nerve 

to the dorsal motor nucleus of the vagal nerve, the locus coeruleus, substantia nigra and 

subsequently to the cortex (72). In the brain-first subtype, α-synuclein pathology 

propagation occurs in reversed order, starting in susceptible areas in the brain, such as the 

limbic system (83). The spread of misfolded α-synuclein might explain early symptoms of 

PD (83). The body-first and brain-first subtypes and their corresponding symptoms will need 

to be further disentangled in order to better understand the multi-system character of PD.  

Gut-brain axis 

In this thesis, I described the Mediterranean diet as a potential protective factor against the 

development of PD. The mechanisms underlying this association are still to be unravelled 

completely (85). Possibly, beneficial effects of the Mediterranean diet could be contributed 

to its richness of antioxidants which might reduce oxidative stress (85), its positive effects 

on the intestinal microbiome (86, 87) or its ability to reduce inflammation (85). These 
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potential mechanisms pave the way for future population-based studies investigating the 

gut-brain axis.  

First, oxidative stress is known to play an important role in the pathophysiology of PD 

(88). Besides diet, several other factors are known to influence oxidative stress. For 

instance, iron depositions are often found in the substantia nigra, putamen, red nucleus and 

globus pallidus of people with PD (89, 90). Iron could result in the formation of free radicals 

which might cause oxidative stress and neuronal death (88, 91). Contrarily, uric acid can 

bind iron and reduce its oxidizing potential and has indeed been shown to be reduced in PD 

(91, 92). Risk factors for oxidative stress, such as chronic kidney disease (93) or exposure to 

pesticides (94), are thus also potential risk factors for PD and require further study in a 

prospective setting.  

Second, an abnormal microbiome (dysbiosis) has been described in people with PD and 

even in people with RBD without manifesting parkinsonian symptoms (87, 95). Dysbiosis 

might disrupt the intestinal barrier, could induce systemic inflammation and lead to 

mitochondrial dysfunction (87) which could in turn cause α-synuclein misfolding (13, 72). In 

the Rotterdam Study, data on the gut microbiome has been collected in about 1400 

randomly selected individuals, which provides ample opportunity to further investigate the 

association of the microbiome with PD in the general population. Furthermore, alterations 

in the microbiome, for instance caused by an unfavourable diet, might lead to insulin 

resistance (85, 87) and diabetes, which have been previously linked to PD (96, 97). Future 

studies are warranted to determine the longitudinal relation between repeatedly measured 

glucose and insulin levels, as well as advanced glycation end products (AGEs) (98, 99) and 

PD risk. Finally, further studies on the mediating role of diabetes in the association of the 

microbiome and PD are of interest.  

Third, although mechanisms have not been unravelled completely, immune responses 

are known to play an important role in the pathophysiology of PD. It has often been 

described that infections, even common infections with Helicobacter pylori or the 

norovirus, and pesticide exposure (71, 100, 101) can cause a sustained intestinal 

inflammatory response which could act as a trigger of α-synuclein misfolding and 

aggregation (71). Further research of these triggers is an important focus for population- 

based studies. The most direct path of propagation of α-synucleinopathy from the gut to 

the brain is the vagal nerve (71), but peripheral immune cells could also induce 

neuroinflammatory responses through other pathways, for instance by disruption of the 

blood brain barrier (71, 72). In this thesis, I described lower lymphocyte counts in people 

with prevalent PD, but not yet before the PD diagnosis. Lymphocytes, however, are a 

heterogeneous group of cells with different functions. Previous studies have suggested that 

specifically T cell CD3+ and CD4+ subtypes are reduced in people with prevalent PD (102). 

It thus remains of interest to further study the association of lymphocyte subtypes with PD 
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risk and additionally to determine possible effects of humoral immune responses and 

cytokines in PD pathophysiology (103, 104). 

Autonomic dysfunction 

Autonomic dysfunction in PD can be observed in multiple systems, such as the 

gastrointestinal system, cardiovascular system and urinary system, which could get affected 

at different disease phases (105). In this thesis, I specifically focussed on cardiovascular 

autonomic dysfunction and described the association between orthostatic hypotension and 

PD.  

Although cardiac denervation can initiate several years before the onset of motor 

symptoms (83, 106, 107), I did not find a relation between orthostatic hypotension and the 

risk of PD. A very interesting follow-up study would be to determine whether the body- and 

brain-first subtypes differ in the occurrence of orthostatic hypotension. More specifically, 

does orthostatic hypotension arise in the prodromal phase of the body-first subtype and in 

the clinical phase of the brain-first subtype? This hypothesis is in line with previous 

observations of decreased cardiac sympathetic innervation in the prodromal disease phase 

of the body-first subtype and normal cardiac sympathetic innervation in this phase in the 

brain-first subtype (83). Another promising area of research regarding cardiovascular 

autonomic dysfunction includes the study of heartrate variability (105). Previous studies 

have shown that people with PD have reduced heartrate variability compared to controls 

(108) and one study also found an association of lower heartrate variability with an 

increased risk of PD (109). Replication of this finding is required and further study of the 

association with PD subtypes is of interest.   

Sleep 

The most characteristic sleep disorder associated with PD is RBD. In this thesis, I described 

the protocol we developed for a screening for RBD in the Rotterdam Study. The screening 

was intended to investigate the prevalence of RBD in the general population, but this data 

collection offers multiple opportunities for subsequent research. For instance, this 

screening allows to further study hallmarks of the body-first versus the brain-first subtype 

and to determine risk factors and markers of RBD conversion. In addition, RBD could be 

used as an earlier outcome measure of the body-first subtype, for instance in determining 

the relation with the gut microbiome. On the longer term, the association between RBD and 

PD in the general population should be studied because previous research was clinic-based 

and might not be generalizable to all people with PD (110).  

Some interesting future research questions regarding RBD require a different study 

design than the stepwise screening for RBD in the Rotterdam Study. For instance, little is 

known about the extent to which RBD is underdiagnosed (111, 112), especially among 

women who might show different dream-related behaviours (113). Furthermore, the 
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validity of a questionnaire-based screening for RBD requires further study. Finally, it is of 

interest to study the prevalence of isolated REM-sleep without atonia and the relation with 

RBD and PD. These questions would require assessments with questionnaires and 

polysomnography in a random sample of the general population instead of a stepwise 

approach as implemented in the Rotterdam Study. 

Besides RBD research, further studies of sleep in general in the prodromal phase of PD 

are warranted. Recently, subjective worsening of sleep quality and subjective shortening of 

sleep duration have been associated with PD risk (114). It would be of interest to determine 

whether these findings also apply to objective measurements of sleep. In the Rotterdam 

Study, objective measurements of sleep, including actigraphic and polysomnographic 

measurement, are available. Currently, the sample is too small to use this data, but in a few 

years valuable inferences, such as trajectories of objective alterations in sleep before PD, 

can be drawn from this data.  

Heterogeneity of Parkinson’s disease  

The heterogeneity of PD starts already in the prediagnostic phase (2, 10, 83), as can be 

observed from the varying pattern of spread of pathology (84, 115). Taking into account this 

heterogeneity is essential because a lack of insight into subgroup differences in prodromal 

PD precludes our understanding of the different pathophysiological processes involved in 

PD and hinders early disease recognition. Furthermore, trials will likely fail if we do not 

develop specific interventions for groups with similar disease mechanisms (81, 116). 

Heterogeneity in the prodromal phase of PD is understudied (2, 83). However, increasing  

attention is given to possible subtypes of prodromal PD (83). These subtypes require further 

investigation in longitudinal studies, for instance to determine phenotypic and imaging 

differences in the prodromal phase (83). In addition to differentiation by biological 

subtypes, stratification by basic patient characteristics, for instance sex and ethnicity, is 

essential (38, 117). The current MDS criteria for prodromal PD do not yet distinguish 

prodromal symptoms between men and women or people of different ethnicities (26). 

Nevertheless, some initial studies have shown important differences in prodromal 

symptoms between men and women (117, 118), for instance men were found to have more 

complaints of sexual dysfunction, memory and dream re‐enactment and women more 

complaints of unexplained weight change and anxiety (118). Symptoms in the clinical phase 

of PD have also been suggested to differ between people of different ethnicities (119, 120), 

but evidence regarding the prodromal phase is still very limited. The Rotterdam Study 

includes a predominantly white population and thus the heterogeneity with regards to 

ethnicity cannot be studied in this setting. More diverse study populations, as well as more 

elaborate stratification by population characteristics, symptoms and biomarkers are desired 

(121) to understand variations in occurrence and phenotype of PD and to elucidate complex 

interactions between risk factors (3, 48). 
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Holistic approach to studying risk factors 

The effect of separate risk factors on PD has been studied extensively (1, 122, 123). 

However, biologically, these risk factors are expected to overlap and interact (4, 124). 

Research focussing on the interplay between risk factors of PD is still in an early phase and 

could benefit from recent findings in dementia research (125, 126).  

Most studies investigating interactions between risk factors focus on gene-environment 

interactions (127, 128); the interaction between genetic mutations and pesticides is a major 

field of study herein (127). However, much is still unknown about the interaction between 

genetic and lifestyle factors. A recent Rotterdam Study paper suggested that a favourable 

modifiable risk factor profile could not offset the genetic predisposition to dementia (129). 

A similar research question is of great interest to the field of PD research because of its 

possible implications for trial design.  

Interactions between environmental or lifestyle risk factors of PD have not been studied 

yet. In the field of dementia research, recent studies have determined dose-response 

relationships between the number of modifiable risk factors and the risk of dementia (130), 

as well as population-attributable fractions for each modifiable risk factor separately and 

risk factors combined (131). These studies show the prevention potential of improving 

lifestyle and can target our focus towards the risk factors for which preventive interventions 

are most likely to succeed. These interventions may have to target different risk factors in 

early-, mid, and late-life, given that the pathophysiological mechanisms differ per disease 

stage (3) and some risk factors may have long latency periods (132, 133). Such a holistic 

approach to modifiable risk factors in population-based studies will help PD research to 

move towards prevention and disease-modification trials.  

Biomarkers 

Population-based studies can aid in the detection of markers for PD, primarily at very early 

disease phases (17, 134). Biomarkers will be necessary for the recruitment of participants 

in prevention and disease-modification trials (3, 16, 17). These markers of prediagnostic PD 

will probably need to be subtype specific. For instance, in the body-first subtype, 

progression of prodromal PD could be assessed with [123I]metaiodobenzylguanidine 

(MIBG) myocardial scintigraphy, whereas this will be unaffected in the prodromal phase of 

the brain-first subtype (83, 84). In addition, PD markers can act as surrogate outcomes in 

prevention and disease-modification trials (125, 135). Currently, objective measures of PD 

progression at early stages are lacking (116, 121). For instance, the MDS-UPDRS score is a 

valid tool to detect disease progression in clinical PD, but is not useful to detect minor 

alterations in prodromal PD (125). Technology-based markers, such as dual task gait 

measurements (136) and wearables to assess unsupervised walking (137, 138), are desired 

because these can objectify very subtle or fluctuating alterations (139, 140). Population-

based studies should develop normative values for these markers and detect whether 
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subtle changes in these tests can already be found in people who are to develop PD. Such 

measurements can then be used in a panel, combined for instance with blood or CSF 

measurements (17), to serve as surrogate outcomes of prevention trials. It must be noted, 

however, that an effect on surrogate endpoints does not necessarily translate to clinically 

relevant outcomes (125).  

Patient-driven questions 

In this thesis, I have described ethical dilemmas when screening for RBD in the general 

population. This work gave rise to many additional questions, such as: What impact does 

information about an increased risk of PD have on people with RBD? And how much 

information do people with RBD prefer to receive? Answering these questions requires a 

qualitative approach. Mixed-methods research, which includes the combination of 

quantitative and qualitative methods (141), is not yet common in epidemiology because of 

the different research paradigms underlying the approaches (141, 142). However, the 

combination of these methods is very valuable to contextualize quantitative findings and to 

provide more directly societally relevant answers. Furthermore, patients and study 

participants should be involved more often in constructing follow-up research questions 

and developing study protocols. A positive first step toward this includes the Rotterdam 

Study participant panel which was recently established to discuss study measurements and 

new research ideas with participants. Such initiatives help to further increase the value and 

impact of the research (143). Public engagement in science has become a prerequisite of 

many grant suppliers, which will hopefully stimulate researchers to involve the target group 

of their research more often in their studies.  

FROM POPULATION-BASED STUDIES TO TRIALS AND REVERSE 

Prevention and disease-modification trials aim to decrease the burden of PD by preventing 

or delaying the occurrence or progression of PD (125, 144). As visualized in Figure 4, 

prevention trials intervene at an earlier stage than disease-modification trials, which often 

target people in the prodromal phase of PD. Input from observational studies is necessary 

to guide prevention and disease-modification trials (11, 121).  

In order to inform choices regarding interventions in prevention and disease-modification 

trials, population-based studies should provide the best causative evidence possible. A 

valuable approach in this regard includes emulating a target trial. Trial emulation entails 

explicitly specifying the protocol of an intended (hypothetical) trial, including eligibility 

criteria and treatment strategies, and resembling this protocol as closely as possible in 

observational studies (145).  
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Figure 4. Graph representing a simplification of the objective of prevention and disease-modification trials. The 

dashed line in panel A shows the objective of prevention trials, which aim to avert deflection from normal and to 

prevent the disease from occurring. The dashed line in panel B shows the objective of disease-modification trials, 

which intervene at a later stage and aim to prevent or delay disease progression.  

A promising lifestyle intervention to decrease the risk of PD is physical activity. Higher 

levels of physical activity have been associated with reduced symptom burden in people 

with PD (146). Moreover, prospective studies have shown that higher levels of physical 

activity were associated with a decreased risk of PD (75). However, there still is a large gap 

between the protocol of these observational studies and real-world prevention trials. In 

order to bridge this gap and to more closely resemble the intended trial, we can attempt to 

emulate a target trial using observational data. In Table 1, I specify a possible target trial 

protocol to estimate the effect of a physical activity intervention on the 10-year risk of 

Parkinson’s disease in Dutch middle-aged individuals. Although this target trial protocol is 

only theoretical and might not be feasible in real-life, specifying this protocol can aid in 

defining the study approach for our observational study.  

In other fields, emulation of target trials in observational studies has already shown 

promising results, which more closely resemble real trial results than usual methods 

deployed in observational research (147-149). In the field of PD research, this approach is 

novel and provides promising perspectives for observational studies to ask the most 

meaningful questions and, by elucidating the research question, to facilitate 

communication (150). In addition, emulating a target trial helps observational studies to 

clarify assumptions underlying the analyses and to overcome common biases, such as 

immortal time bias and confounding bias (145, 150, 151). Emulating a target trial could be 

useful when trials cannot be performed because they are too costly, unethical or not timely 

(145). Furthermore, results from observational studies and trials could be combined, for 

instance to translate the results of a trial to a population with less restrictive eligibility 

criteria or to more long-term outcome measures instead of surrogate endpoints (149, 151).  
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Table 1. Protocol target trial and emulation protocol in observational study 

Protocol 
component 

Target trial Emulating target trial in 

observational study 

Eligibility 
criteria 

 Participants aged 40 to 60 years. 

 Capable of giving signed informed consent. If 

cognitive impairment or dementia: 

participant should be able to understand 

informed consent and trial procedure. 

 No parkinsonism or a history of 

parkinsonism. 

 None of the MDS exclusion criteria for PD 

(28). 

 No cardiovascular event in past year, no 

heart failure, amyotrophic lateral sclerosis, 

COPD GOLD 2 or higher, severe osteoarthritis 

(Kellgren and Lawrence class 4) or other 

functional impairment that makes physical 

activity intervention infeasible (assessed at 

inclusion). 

Idem. 

 MDS exclusion criteria based on 

information available from 

neurological screening at 

baseline. 

 Comorbidities assessed by self-

reporting and clinical record 

screening. Functional 

impairment assessed by 

activities of daily living 

questionnaire and physical 

examination at baseline. 

 Exclude participants without 

baseline information on physical 

activity. 

Treatment 
strategies 

Four intervention arms: 

1. No intervention. 

2. Initiate at least 100 minutes moderate 

activity or 50 minutes of vigorous activity per 

week at baseline and sustain during follow-

up.  

3. Initiate at least 150 minutes moderate 

activity or 75 minutes of vigorous activity per 

week at baseline and sustain during follow-

up.  

4. Initiate at least 200 minutes moderate 

activity or 100 minutes of vigorous activity at 

baseline and sustain during follow-up.  

Compliance to the assigned strategy will be 

assessed by remote monitoring using a mobile 

application.  

Idem.  

Questionnaires were filled out on 

average every four years with 

information on the mean number of 

hours per week spent in each activity.  

 

Treatment 
assignment 

 Random assignment to one of the four 
groups (equal group size). 

 Partial blinding because of different intensity 
of treatment strategies. 

No random assignment possible. 

Randomization emulated by 

adjustment for baseline confounding 

(age, sex, smoking, alcohol, BMI,  

etcetera). Missing covariables on 

baseline can be imputed.  

Follow-up Start follow-up: treatment assignment. 

End follow-up, whichever occurs first:  

 Diagnosis parkinsonism  

 Death 

Idem. 

Start of follow-up is defined as the 

date of the baseline home interview 

during which physical activity was 

assessed. Time-varying covariables 
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Table based on the examples found in the following studies: (145, 147-149, 154). 

COLLABORATIVE EFFORTS 

The importance of data harmonization and data sharing is increasingly recognised in the 

field of PD research (38, 152). Population-based studies provide unique design advantages 

for studying prediagnostic PD, but they remain relatively sparse with low event numbers in 

each study (1, 11, 122). It is therefore pivotal that population-based studies join forces. Data 

sharing enables population-based studies to study small effects, to perform subgroup 

analyses and to study interactions between risk factors (38, 152).  

In addition, replication and triangulation (combining the results of various study types 

with different potential sources of bias (155)) is needed to enhance the validity and 

trustworthiness of findings (156). If similar conclusions are drawn from different study 

populations, from different investigators, using different methods with distinct underlying 

theories and assumptions, we are more confident to base decisions on these findings (156, 

157).   

 Functional impairment that makes physical 

activity intervention infeasible (as described 

in eligibility criteria) 

 10 years after baseline 

Time-varying covariables (smoking, alcohol, BMI, 

etcetera) assessed with bimonthly questionnaires.  

assessed with questionnaires on 

average every four years.  

 

Outcomes PD within 10 years of study baseline, defined 

according to the MDS criteria for PD (28). 

Secondary outcomes: parkinsonism assessed with 

physical examination, objective motor functioning, 

neuropsychological tests, sleep questionnaire, 

anxiety and depression questionnaire.  

Idem. 

 

Causal 
contrast of 
interest 

Intention to treat effect: participants analysed 

according to intervention assigned to. Note, this 

method will lead to a dilution of the effect because 

of non-compliance to the assigned intervention, 

alternatively the adherence adjusted effect can be 

assessed (149).  

Idem.  

 

Analysis plan Comparison of 10-year risk of PD for the different 

treatment arms. Intention-to-treat analysis can be 

performed using inverse probability weighting or 

the G-formula (145, 153), which are also 

appropriate to calculate the adherence adjusted 

effects (149). 

 

Idem. 

To simulate random assignment to 

treatment, inverse probability 

weighting can be performed based on 

baseline covariables. Alternatively, 

the G-formula can be used to 

compare the natural course to the 

risk had all participants followed each 

of the interventions.  
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Finally, we need to share knowledge, skills and expertise and actively work together on 

complex research questions in the field of PD. Collaboration within existing teams, but also 

with other disciplines and stakeholders outside academia, such as people with PD, is 

indispensable (158, 159) and will contribute to a greater societal impact of research (158, 

159). Nevertheless, team science requires a lot of commitment, respect, basic 

understanding of each other’s fields and appropriate reward systems (158-160), which can 

be difficult to achieve. In the PD field, recently the Dutch Parkinson Alliance was founded 

(161), which includes an association aiming to connect PD researchers (162). Such initiatives 

help to adopt novel and more advanced methodologies, to avoid common pitfalls and to 

facilitate interdisciplinary collaboration (163). 

CONCLUSION 

Globally, more than six million individuals are living with PD and this number is expected to 

increase even further (48, 164). Because this disease has a major impact on the life of people 

with PD and their caregivers (165, 166), it is essential to lower the disease burden. In this 

thesis, I have highlighted the importance of population-based research to unravel the 

aetiology of PD, to earlier recognise PD and to understand PD progression. The studies 

described in this thesis have identified challenges and opportunities for future population-

based PD research. In the coming decades, we will move towards a new era of prevention 

and disease-modification trials, but even then population-based studies will continue to 

make pivotal contributions to the field. We will need to collaborate to gain further insight 

into the early phases of PD and to work towards the prevention of Parkinson’s disease. 
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SUMMARY 

The number of people living with Parkinson's disease (PD) is rising worldwide. In fact, PD is 

even considered the fastest growing neurological disorder. It is thus of great importance to 

unravel causes of the disease, to earlier recognise the disease and to increase our 

understanding of the disease progression. Hence, the aim of this thesis was to obtain 

population-based insights into the different phases of PD, the risk phase, preclinical phase, 

prodromal phase and clinical phase, in order to guide future prevention and disease-

modification trials.  

In Chapter 2 I discussed the very early risk and preclinical phases of PD. Insights into the 

risk phase are necessary to better understand the aetiology of PD, which in turn can guide 

intervention strategies for future prevention or disease-modification trials. One of the 

modifiable lifestyle factors which potentially influences the risk of PD is diet. In Chapter 2.1 

I described, in line with previous research, a protective effect of the Mediterranean dietary 

pattern on PD risk. Furthermore, I found that specific food groups, including dairy products, 

fruits, vegetables and sweet and savoury snacks, were related to PD risk. These results imply 

that diet could be a lifestyle-related cause of PD whose preventive potential should be 

studied further in upcoming trials. Additional understanding of the aetiology of PD can be 

obtained from the preclinical phase of PD, when biomarkers can unveil early disease 

pathogenesis. The immune system has been suggested to be implicated in the 

pathophysiology of PD and thus markers of peripheral immunity and inflammation might 

be altered in the preclinical phase of the disease. In Chapter 2.2 I described the temporal 

relation between peripheral immune and inflammation markers and PD. I found a lower 

lymphocyte count in people with prevalent PD as compared to people without PD. However, 

I did not observe an association between the lymphocyte count and PD risk, suggesting that 

the number of lymphocytes is not yet altered in the preclinical phase of PD. Although the 

lymphocyte count might not reveal preclinical PD, many other promising preclinical 

biomarkers of PD are currently studied to enable earlier disease recognition. For established 

markers of preclinical PD, we will need to construct normative values to identify individuals 

deviating from the expected level and thus at higher risk of PD. As an example of normative 

values, I presented general population reference values for gait speed in Chapter 2.3. These 

reference values are accessible through an easy-to-use application and will be useful for 

physicians in the clinical assessment of patients.  

In Chapter 3 I discussed the prodromal phase of PD. This phase is often studied because 

it may allow recognition of people at an early stage of PD for recruitment in disease-

modification trials. However, earlier recognition of PD comes at the price of ethical issues. 

In Chapter 3.1 I highlighted dilemmas regarding informed consent and risk disclosure that 

arise as a consequence of screening for REM-sleep behaviour disorder (RBD), a prodromal 

symptom of PD, in the general population. I combined our own experience in setting up a 

screening for RBD in the Rotterdam Study with recommendations in the literature and 
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concluded that study participants should be adequately informed about what they can 

expect when agreeing on participation, but should not be bothered with too detailed 

information on possible diagnoses or associated disease risks. These recommendations 

have to be evolved further and guidelines on ethical issues should be taken into account in 

research protocols of future studies on prodromal PD. Recognition of prodromal PD might 

be improved further by assessment of subtle alterations of motor functioning. In Chapter 

3.2 I described a letter we sent in response to a publication of the Tübinger evaluation of 

Risk factors for Early detection of NeuroDegeneration (TREND) study which assessed gait in 

prodromal PD. In this letter, I highlighted the importance of comparison of gait under single 

and dual tasking, the value of studying subtle motor function alterations in the upper 

extremities and the need for follow-up studies in unselected populations. The latter need 

was also apparent for the previously observed association between orthostatic hypotension 

and PD. Therefore, I described the association between orthostatic hypotension and PD in 

the general population in Chapter 3.3. This study suggested that orthostatic hypotension is 

more common in people with PD than in people without PD, but that orthostatic 

hypotension in the general population is not associated with an increased risk of PD. These 

findings thus contest the inclusion of orthostatic hypotension as a prodromal marker in the 

Movement Disorder Society research criteria for prodromal PD.  

In Chapter 4 I discussed the clinical phase of PD. This phase is well-known for the classic 

symptoms of bradykinesia, rigidity and resting tremor, but during this phase also non-motor 

symptoms, such as anxiety and depression, pose an increasing burden on daily life of people 

with PD. Recent studies have suggested a detrimental impact of the COVID-19 pandemic on 

both motor and non-motor symptoms of PD. In Chapter 4.1 I focussed specifically on the 

effect of the COVID-19 pandemic on symptoms of anxiety and depression in people with 

PD. Using data of the PRIME-NL study, a prospective cohort study of persons with 

parkinsonism and their caregivers, I showed that associations between COVID-19 stressors 

and anxiety and depression were especially pronounced in women, highly educated 

individuals and people with advanced PD. Furthermore, I found that a hypothetical 50% 

reduction of COVID-19 stressors could lead to substantial improvements in mental health 

and quality of life in people with advanced PD. These insights will help to guide highly 

needed tailored interventions for people with PD who are most vulnerable to the impact of 

the COVID-19 pandemic on mental health. In Chapter 4.2 I highlighted another aspect of 

the clinical phase of PD, the disease prognosis. I showed that people diagnosed with PD 

have a modestly reduced life expectancy compared to their peers in the general population, 

especially if the diagnosis is made before the age of 70. Previous studies also found an 

increased mortality risk in people with PD, but the novelty of this study was to express the 

survival in absolute numbers, which are more intuitive and easier to communicate to people 

with PD than relative risks. In the final study of this thesis, described in Chapter 4.3, I 

investigated what drives the association between gait and mortality. I found that even after 
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extensive adjustment for demographic and health-related factors, the relation between gait 

and mortality persisted. Yet, my results also pointed towards a role of neurodegeneration 

in this association, which demands further study by brain imaging and neurodegenerative 

biomarkers.   

In Chapter 5 I summarized and contextualized the main findings of this thesis,  I discussed 

methodological considerations and future directions for population-based studies. In 

addition, I shed a light on the role of population-based studies in the transition towards PD 

prevention and disease-modification trials. I concluded that population-based studies will 

remain pivotal and that collaborative efforts are highly needed to work towards the 

prevention of Parkinson’s disease.
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SAMENVATTING 

Het aantal mensen met de ziekte van Parkinson (ZvP) groeit wereldwijd. De ZvP wordt zelfs 

beschouwd als de snelst groeiende neurologische aandoening. Het is dus van groot belang 

om oorzaken van de ziekte te ontrafelen, de ziekte eerder te herkennen en meer grip te 

krijgen op het ziekteverloop. Het doel van dit proefschrift was daarom om populatie-brede 

inzichten te verkrijgen in de verschillende fasen van de ZvP, de risico fase, preklinische fase, 

prodromale fase en klinische fase, om toekomstige preventieve en ziekte-modificerende 

interventiestudies te sturen. 

In Hoofdstuk 2 besprak ik de zeer vroege risico en preklinische fasen van de ZvP. Inzichten 

in de risicofase kunnen ons helpen om de oorzaken van de ZvP beter te begrijpen, wat als 

leidraad kan dienen voor interventiestrategieën voor toekomstige preventieve en ziekte-

modificerende interventiestudies. Eén van de leefstijlfactoren die mogelijk het risico op de 

ZvP beïnvloeden is voeding. In Hoofdstuk 2.1 beschreef ik, voortbouwend op eerdere 

onderzoeken, een beschermend effect van het mediterrane voedingspatroon op het risico 

op de ZvP. Bovendien vond ik dat specifieke voedingsgroepen, waaronder zuivelproducten, 

fruit, groenten en zoete en hartige snacks, gerelateerd waren aan het risico op de ZvP. Deze 

resultaten impliceren dat voeding een levensstijl-gerelateerde oorzaak van de ZvP zou 

kunnen zijn, waarvan de mogelijkheid voor preventie verder moet worden bestudeerd. 

Verdere inzichten in de etiologie van de ZvP kunnen worden verkregen in de preklinische 

fase van de ziekte, wanneer de vroege pathogenese van de ziekte kan worden aangetoond 

met biomarkers. Eerder onderzoek heeft laten zien dat het immuunsysteem een belangrijke 

rol speelt bij het ontstaan van de ZvP, wat suggereert dat markers van perifere immuniteit 

en ontsteking al in de preklinische fase van de ZvP afwijkend zouden kunnen zijn. In 

Hoofdstuk 2.2 beschreef ik daarom de tijdsrelatie tussen perifere immuun- en 

ontstekingsmarkers en de ZvP. Ik vond een lager aantal lymfocyten bij mensen met 

prevalente ZvP in vergelijking met mensen zonder de ZvP. Ik heb echter geen verband 

waargenomen tussen het aantal lymfocyten en het risico op de ZvP, wat doet vermoeden 

dat het aantal lymfocyten in de preklinische fase van de ZvP nog niet afwijkend is en dus 

geen goede marker is voor preklinisch Parkinson. Momenteel worden er echter veel andere 

veelbelovende preklinische biomarkers van de ZvP bestudeerd om eerdere herkenning van 

de ZvP mogelijk te maken. Voor deze markers van preklinisch Parkinson moeten we 

normatieve waarden opstellen om te bepalen of een persoon afwijkt van het verwachte 

niveau en dus een hoger risico op de ZvP heeft. Als voorbeeld van zulke normatieve waarden 

heb ik in Hoofdstuk 2.3 algemene populatie referentiewaarden voor loopsnelheid 

gepresenteerd. Deze referentiewaarden zijn toegankelijk via een gebruiksvriendelijke 

applicatie en zullen van belang zijn voor artsen bij de klinische beoordeling van een patiënt. 

In Hoofdstuk 3 besprak ik de prodromale fase van de ZvP. Deze fase wordt momenteel 

door velen bestudeerd omdat het de herkenning van mensen in een vroeg stadium van de 

ZvP mogelijk kan maken. Vroegere herkenning van de ZvP gaat echter gepaard met ethische 
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kwesties. In Hoofdstuk 3.1 belichtte ik dilemma's met betrekking tot de informatieplicht en 

toestemmingsvereiste die optreden bij het screenen op REM-slaapgedragsstoornis (RBD), 

een prodromaal symptoom van de ZvP, in de algemene bevolking. Ik combineerde onze 

ervaring met het opzetten van een screening voor RBD in het Erasmus Rotterdam 

Gezondheid Onderzoek (ERGO) met aanbevelingen in de literatuur en concludeerde dat 

studiedeelnemers voldoende geïnformeerd moeten worden over wat ze kunnen 

verwachten bij deelname, maar niet lastig gevallen moeten worden met te gedetailleerde 

informatie over mogelijke diagnosen of bijbehorende ziekterisico's. Deze aanbevelingen 

moeten verder worden ontwikkeld in richtlijnen, die de gouden standaard moeten vormen 

voor toekomstig onderzoek naar de herkenning van de ZvP in de prodromale fase. Vroegere 

herkenning van de ZvP kan verder worden verbeterd door de beoordeling van subtiele 

veranderingen in motorisch functioneren. In Hoofdstuk 3.2 beschreef ik een brief die we 

stuurden naar aanleiding van een publicatie van de TREND (Tübinger evaluation of Risk 

factors for Early detection of NeuroDegeneration) studie waarin het looppatroon in de 

prodromale fase van de ZvP werd beoordeeld. In deze brief heb ik het belang van het 

vergelijken van het looppatroon onder enkel- en meervoudige taken benadrukt, de waarde 

van het bestuderen van subtiele motorische functieveranderingen in de bovenste 

extremiteiten besproken en de noodzaak van vervolgonderzoek in de algemene populatie 

onderstreept. Deze laatste behoefte bestond ook voor de eerder waargenomen associatie 

tussen orthostatische hypotensie en de ZvP. Daarom heb ik deze associatie in de algemene 

populatie beschreven in Hoofdstuk 3.3. De resultaten suggereerden dat orthostatische 

hypotensie vaker voorkomt bij mensen met de ZvP dan bij mensen zonder de ZvP, maar dat 

orthostatische hypotensie in de algemene bevolking niet geassocieerd is met een verhoogd 

risico op de ZvP. Deze bevindingen betwisten dus de inclusie van orthostatische hypotensie 

als een prodromale marker in de onderzoekscriteria van de Movement Disorder Society. 

In hoofdstuk 4 heb ik de klinische fase van de ZvP besproken. Deze fase staat bekend om 

de klassieke symptomen van bradykinesie, stijfheid en rusttremor, maar in deze fase 

vormen ook niet-motorische symptomen, zoals angst en depressie, een toenemende 

belasting op het dagelijks leven van mensen met de ZvP. Recente studies hebben een 

nadelig effect van de COVID-19 pandemie op zowel motorische als niet-motorische 

symptomen van de ZvP aangetoond. In Hoofdstuk 4.1 heb ik mij specifiek gericht op het 

effect van de COVID-19 pandemie op symptomen van angst en depressie bij mensen met 

de ZvP. Met behulp van gegevens van de PRIME-NL studie, een prospectieve cohortstudie 

van personen met parkinsonisme, hun naasten en zorgverleners, heb ik laten zien dat 

associaties tussen COVID-19 stressoren en angst en depressie vooral aan het licht kwamen 

bij vrouwen, hoogopgeleide personen en mensen met gevorderde ZvP. Bovendien ontdekte 

ik dat een halvering van de COVID-19 stressoren zou kunnen leiden tot substantiële 

verbeteringen van de mentale gezondheid en kwaliteit van leven bij mensen met 

gevorderde Parkinson. Deze inzichten kunnen helpen bij de ontwikkeling van hoognodige 



569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen569552-L-bw-Dommershuijsen
Processed on: 18-1-2022Processed on: 18-1-2022Processed on: 18-1-2022Processed on: 18-1-2022 PDF page: 241PDF page: 241PDF page: 241PDF page: 241

 Samenvatting 

241 
 

gepersonaliseerde interventies voor mensen met de ZvP die het meest kwetsbaar zijn voor 

de impact van de COVID-19 pandemie op mentale gezondheid. In Hoofdstuk 4.2 belichtte 

ik een ander aspect van de klinische fase van Parkinson, de ziekteprognose. Ik liet zien dat 

mensen met de ZvP een enigszins lagere levensverwachting hebben dan hun 

leeftijdsgenoten zonder de ZvP in de algemene bevolking, vooral als de diagnose wordt 

gesteld vóór de leeftijd van 70 jaar. Eerdere studies vonden ook een verhoogde mortaliteit 

bij mensen met de ZvP, maar drukten dit uit in relatieve risico's, die lastiger te 

communiceren zijn dan de beschreven absolute vermindering in levensverwachting. In de 

laatste studie van dit proefschrift, beschreven in Hoofdstuk 4.3, heb ik onderzocht wat het 

verband drijft tussen het looppatroon en mortaliteit. Ik ontdekte dat zelfs na uitgebreide 

correctie voor demografische en gezondheids-gerelateerde factoren, de associatie tussen 

het looppatroon en mortaliteit bleef bestaan. De resultaten van dit onderzoek wezen echter 

ook op een rol van neurodegeneratie in deze relatie, wat verder onderzoek vereist door 

middel van beeldvorming van de hersenen en het meten van biomarkers van 

neurodegeneratie.  

In Hoofdstuk 5 heb ik de belangrijkste bevindingen van dit proefschrift samengevat en in 

context geplaatst en heb ik methodologische overwegingen en toekomstige aanbevelingen 

voor populatieonderzoek besproken. Daarnaast heb ik een licht geworpen op de rol van 

populatiestudies in de overgang naar preventieve en ziekte-modificerende 

interventiestudies. Ik concludeerde dat populatiestudies cruciaal zullen blijven en dat 

gezamenlijke inspanningen hard nodig zijn om te werken aan de preventie van de ziekte van 

Parkinson. 
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ik het juiste formulier of dossiernummer niet kon vinden. Jij hebt zo veel taken, ik hoop dat 

je het met de versterking van het team rustiger krijgt (maar jou kennende…)! Frank, 

dankjewel voor jouw hulp bij de datasets en al jouw antwoorden op mijn vragen over de 

datawiki. Ik vond het erg leuk om samen te werken voor de pilot van de digital research 

environment en te horen over jouw eigen onderzoeksambities. Nano, ik heb ontzettend 

met je gelachen. Wat hebben we vaak technische problemen moeten oplossen: 

waterschade aan een computer, een kapotte loopmat, verlopen licenties, nóg een 

computer met remote toegang. Het is allemaal voorbij gekomen de afgelopen jaren, maar 

we hebben dat toch maar weer mooi gefixt!  

Dit onderzoek was niet mogelijk geweest zonder de deelnemers van ERGO. Ik heb me 

vaak beseft dat de getalletjes die ik zie in mijn datasets komen van mensen die zich geheel 

vrijwillig en met veel enthousiasme inzetten voor het onderzoek, heel veel dank hiervoor. 

Ik vond het mooi om te zien hoe ontspannen en gezellig de sfeer in Ommoord op het ERGO 

centrum is. Hierbij spelen de medewerkers van het centrum natuurlijk een essentiële rol. 

Jullie toewijding is ontzettend van belang om ERGO een succes te maken. Ik heb het altijd 

heel gezellig gevonden om op het onderzoekscentrum te zijn, bedankt hiervoor! Paulien, 

jou wil ik graag in het bijzonder bedanken voor jouw hulp bij het opzetten van de RBD 

screening. De dames van de FUP, Marja, Marlies en Anne-Monique, ook jullie wil ik hier 

specifiek noemen omdat jullie ontzettend belangrijk werk hebben gedaan voor mijn 

onderzoek en mij bovendien vaak hebben geholpen met problemen met de loopmat. En 

jullie maakten mijn bezoekjes ook nog eens altijd heel gezellig! 

Natalie, bedankt voor jouw tomeloze inzet voor de afdeling. Het was erg leuk om samen 

de kerstborrel te organiseren. Ik heb hier een hoop plezier aan beleefd. Veel dank ook voor 

jouw steun en hulp bij het opzetten van het wetenschapscommunicatie initiatief op de 

afdeling! Brenda, ik vind het heel knap hoe jij jouw vele taken weet te combineren. 

Dankjewel voor jouw hulp bij de METC aanvraag voor de RBD screening.  
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Sirwan, dankjewel voor al jouw enthousiasme, support en voor het feit dat jij ondanks 

jouw onmogelijke agenda altijd wel eventjes tijd maakt om te bellen. “Benader me 

laagdrempelig” is wat mij betreft jouw lijfspreuk geworden. Jij bent een ware mentor 

geweest tijdens mijn promotietraject en een inspirator als Parkinson onderzoeker. Ik vind 

het bewonderenswaardig hoe jij met veel energie jouw diverse werkzaamheden als 

gepassioneerde dokter en hoofdonderzoeker combineert, altijd met veel respect voor 

patiënten en collega’s. Hopelijk zullen we in de komende jaren nog veel samenwerken! 

Lieve collega’s van de 27e en 28e, bedankt voor al jullie input op mijn projecten, de leuke 

taartmomentjes, lunches, borrels en uitjes! Joyce, dankjewel voor de vele gezellige 

koffiebreaks, jouw luisterend oor, positiviteit en al jouw leuke verhalen. Ik vond het samen 

tennissen super leuk, hopelijk gaan we hiermee door (Eric en Sjoerd, are you in?)! Frank, 

het was een hele ervaring om samen met jou het overzicht van COVID-19 onderzoek op te 

zetten! Jouw oprechte interesse en passie voor wat je doet zijn een voorbeeld voor mij. 

Janine, ik vond het heel erg leuk, gezellig én nuttig om samen met jou de laatste fase van 

onze PhD door te brengen! Heel veel succes bij jouw verdediging binnenkort! Alis, door jou 

weet ik wat men bedoelt met rubber duck debugging. Dankjewel voor alle keren dat wij na 

het uitleggen van het probleem ineens wél de oplossing zagen. Ik vond het erg leerzaam en 

super gezellig om een aantal mooie projecten met je te mogen doen! Noor, wat ben jij druk 

met het regelen van de dataverzameling in Ommoord, jouw vragenlijstenonderzoek en een 

MBA erbij kon ook nog wel! Ondanks jouw drukke programma had jij altijd tijd voor 

gezelligheid. Ik vond het erg leuk om twee keer samen met jou het epi-ballen tennistoernooi 

te organiseren. Rowina, mijn gait buddy! We hebben elkaars PhD traject vanaf een afstandje 

gevolgd, maar ik heb je stiekem toch steeds beter leren kennen bij de gait 

consensusmeetings, borrels en in de Efteling. Jouw enthousiasme is aanstekelijk, houd dat 

vast! Maud, geweldig hoe jij de lead-singer was van onze kerstband! Ik vond het erg leuk 

om het COVID-19 project samen op te starten en waardeer jouw positiviteit, eerlijkheid en 

enthousiasme. Sanne, wat leuk dat we toch nog een project samen hebben kunnen doen. 

Ik vond het heel fijn om met je samen te werken en ben jaloers op jouw sportiviteit! Isabelle, 

dankjewel voor jouw gezelligheid, het organiseren van de leuke én nuttige cookiebreaks en 

voor jouw inzet voor de mentale gezondheid op de afdeling en het 

wetenschapscommunicatie initiatief! Silvan, hoe jij je tijdens je promotieonderzoek hebt 

ingezet voor het onderwijs, onderzoek en voor maatschappelijke initiatieven is voor mij een 

groot voorbeeld. Dank voor jouw altijd inspirerende woorden! Paloma, dankjewel voor al 

jouw behulpzaamheid en epidemiologische inzichten en voor het delen van jouw geweldige 

Tidyverse code. Kimberly en Lana, bedankt voor alle vegan tentjes in Rotterdam die ik door 

jullie heb ontdekt! Lana, het was erg leuk om samen te strijden voor een cursus over 

planetary health. Al is het niet gelukt, we zetten ons wel op een andere manier in voor een 

duurzame wereld! Cevdet, mijn wetenschapscommunicatie maatje! Ik ben erg trots op wat 

we al hebben opgezet voor de afdeling en weet zeker dat jij dit samen met het team tot een 
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succes weet te maken. Ik heb veel bewondering voor jouw YouTube kanaal en jouw inzet 

om wetenschap bereikbaar te maken voor het algemene publiek. Eline, wat zijn jullie een 

heerlijk gezinnetje met z’n viertjes en wat was het leuk om Merle en Rutger ontmoet te 

hebben. Ik vind het super knap hoe jij alles combineert en ondanks de drukte altijd zo scherp 

en behulpzaam bent! Amber, het was erg leuk om samen met jou en Joyce het virtuele uitje 

te organiseren. Ik heb enorm veel plezier gehad bij de voorbereiding! Jendé, dankjewel voor 

jouw gezelligheid, enthousiasme en je scherpe blik. Rebecca, Gennady, Daniel en Julia, 

bedankt voor jullie waardevolle inzichten en opbouwende feedback op mijn werk tijdens de 

neuromeetings! Sander, dankjewel voor al jouw hulp bij het ontdekken van R aan het begin 

van mijn PhD! Lieke, wat een bijzonder pad heb jij afgelegd en wat ben jij altijd behulpzaam, 

eerlijk en enthousiast, bewonderenswaardig! Tosca en Marije, beiden zijn jullie met je PhD 

gestart tijdens de COVID-19 pandemie, maar wat weten jullie daar een positieve draai aan 

te geven en wat brengen jullie veel vrolijkheid en gezelligheid. Tian, jouw focus is 

jaloersmakend! Erg gezellig dat jouw “vaste plek” tegenover mijn “vaste plek” was in de 

flexruimte. Dina, dankjewel voor de leuke samenwerking en jouw hulp bij het creëren van 

de polygenic risk scores. Sterre, leuk dat jij het stokje van mij hebt overgenomen. Veel 

succes met jouw PhD! 

En dan wil ik nog de vele collega’s van buiten de neuro-epi groep bedanken. Annemarie, 

ik waardeer jouw aanstekelijke enthousiasme en vond het heel leuk om een project te 

kunnen doen onder jouw begeleiding. Trudy, het was een erg waardevolle toevoeging aan 

mijn promotietraject om, samen met jou, Julia te mogen begeleiden in haar 

masteronderzoek. Dankjewel voor jouw hulp en enthousiasme! Karla, dankjewel voor al 

jouw hulp bij het opstarten van het polysomnografie onderzoek, ik heb erg veel van je 

geleerd! Maartje, veel dank voor jouw inzicht en hulp bij de RBD screening. Ik hoop dat de 

Epidemiologie en de Klinische Neurofysiologie nog veel zullen samenwerken de komende 

jaren! Jeremy, bedankt voor alle journal clubs die je hebt georganiseerd, deze hebben heel 

veel inspiratie en inzichten geboden voor mijn eigen onderzoek. Ik kijk uit naar het 

verschijnen van jouw Epi podcasts! Eline, eerst was jij voor mij een centraal persoon binnen 

Nihes en daarna werd je plotseling mijn collega! Ik waardeer jouw tomeloze enthousiasme 

en oprechte interesse in anderen. Ik kijk uit naar jouw kinderboek! Michelle, Annet, Paloma, 

Amy en Marlou (en inmiddels ook Ilse, Joëlle en Martijn), bedankt voor jullie inzet voor de 

seminar commissie! Ik vond het erg leuk om met jullie samen te werken aan de organisatie 

van inspirerende lezingen. Hopelijk kan er in 2022 weer eens een ijscokar komen! Jana, 

dankjewel voor de gezellige samenwerking en jouw leuke updates uit Manchester. Ik ben 

erg trots op het mooie artikel dat we hebben weten te maken van jouw korte 

onderzoeksperiode in Nederland! Jos van der Geest, dankjewel voor al jouw Matlab hulp. 

Ik heb nooit les van je gehad, maar weet dat je een geweldige docent bent! 
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Alle coauteurs die ik hierboven nog niet heb genoemd, Rikje Ruiter, Nicole Erler, Dion 

Groothof, Harmke Polinder-Bos, Eline Bunnik, Anouk van der Heide, Eline van den Berg, Bas 

Bloem, Rick Helmich, Berna Isik, heel veel dank voor de erg fijne samenwerking! 

Beste PRIME onderzoeksgroep, bedankt dat jullie mij hebben geadopteerd in jullie groep! 

Heel veel succes met al het mooie werk dat jullie doen. Hopelijk kunnen we de 

samenwerking voortzetten! 

Veel dank gaat ook uit naar mijn Nihes collega’s. Myriam Hunink, bedankt voor jouw 
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organisatie van een nieuwe Nihes cursus. Kim Verdel en Astrid Vrakking bedankt voor jullie 

hulp in de organisatie van deze cursus en Reinoud de Jongh, Athina Vidaki en Fred Balvert 
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Ashray, Evelien, Jule, Mariska, Mellan, Nica en Stefan, heel veel dank voor jullie 

enthousiasme en inzet voor de dataverzameling en cleaning. En veel succes allemaal met 

jullie master of nieuwe baan! Stefan, Ashray, Nica, met jullie heb ik heel wat uurtjes 

doorgebracht in NA2803. Het was altijd erg gezellig en ik heb hard gelachen om de 

nieuwsgierige blikken van langslopende collega’s. Sorry nog Ashray, voor die acteur die ik 

had ingehuurd voor jouw eerste telefoontje! Veel succes met het polysomnografie en gait 

onderzoek.  

Julia, het was erg leuk jou te begeleiden in jouw masteronderzoek. Je hebt het super goed 

gedaan en in een mum van tijd was het manuscript dan ook geaccepteerd. Ik hoop dat je 

door zult gaan in het onderzoek, want het ligt je erg goed! 

Lieve Marlou, ik ben ontzettend blij jou ontmoet te hebben tijdens mijn promotietraject 

en je beter te hebben leren kennen bij de seminar commissie, de organisatie van de 

kerstborrel en later tijdens onze vele fietstochtjes of andere activiteiten. Ik herken veel van 

mezelf in jou en ben blij altijd mijn ei bij je kwijt te kunnen over persoonlijke zaken. Ik hoop 

dat we in het voorjaar weer veel fietstochtjes kunnen maken! Fijn dat jij naast mij staat op 

deze bijzondere dag.  

Lieve Kyra en Chi, wat was het leuk om de master Clinical Research samen te volgen! Met 

jullie heb ik het onderzoek en alles wat daarbij komt kijken ontdekt en nu ben ik bijna doctor 

en jullie bijna dokter! Ik hoop dat we nog veel etentjes, verjaardagen en bruiloften mogen 

meemaken samen. Kyra, wat was het een leuke ervaring om samen eventjes in Cambridge 

te mogen studeren. Het wordt tijd voor een vervolgtripje naar Oxford met z’n drieën!  

Lieve Amy, op dag één van de geneeskunde bachelor heb ik jou ontmoet en daarna zijn 

we elkaar nooit meer uit het oog verloren. Ik ben blij dat wij altijd weer verder gaan waar 

we gebleven zijn, ondanks dat we elkaar soms een tijdje niet hebben gesproken. Ik hoop 

dat we nog vele mijlpalen mogen beleven samen! 

Lieve familie, bedankt voor al jullie belangstelling voor mijn PhD en de leuke vragen over 

mijn onderzoek. Heel fijn dat jullie erbij zijn op deze voor mij heel bijzondere dag. 
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Lieve Joke, Paul en Judith, bedankt dat ik jullie vakantiehuisje in Sint Maartensvlotbrug 

mocht kapen om virtueel les te kunnen geven. Ik vond het heel leuk dat jullie allemaal voor 

de buis zaten bij mijn ParkinsonNet presentatie en bedankt voor jullie interesse in mijn 

onderzoek en het doorsturen van de nieuwsberichten over Parkinson! En Marcel, heel 

gezellig dat jij je bij de familie hebt aangesloten. Ik kijk uit naar jullie bruiloft, Judith en 

Marcel!  

Lieve Edmundo en Sonia, bedankt voor al jullie support de afgelopen jaren. Edmundo, ik 

begon dit avontuur samen met jou tijdens het Erasmus Summer Programme. Ik weet nog 

goed dat we allebei op zoek waren naar nieuwe vrienden en dat we vanaf dag één al niet 

meer uitgepraat en uitgelachen raakten. Als ik een slechte dag heb, denk ik nog altijd terug 

aan ons plan B om een guacamole restaurant te starten. Dankjewel dat je mijn paranimf wil 

zijn. Sonia, ik ben heel blij dat ik jou heb ontmoet. Jij bent zo positief en behulpzaam en 

stiekem heb je ook heel scherpe humor! Ik hoop dat we nog veel weekendjes met zijn vieren 

door kunnen brengen en binnenkort een mooie reis door Mexico mogen maken!   

Lieve ADLLNMORRSSSTWefh (plus binnenkort nog zo’n kleintje!): jullie verdienen ook 

zeker een plekje hier in mijn dankwoord! Ik hoop nog veel trouwerijen, baby geboortes, 

verjaardagen, feestjes en weekendjes weg met jullie mee te maken. Ik ben blij dat jullie er 

altijd voor mij zijn. Toni, the mathemagician, beloofd is beloofd je hebt het gehaald tot mijn 

dankwoord! Dank voor jouw hulp bij het ontrafelen van de wiskunde artikelen. Oscar en 

Lieke, jullie vriendschap betekent heel veel voor mij. Toen ik te horen kreeg dat ik 

aangenomen was voor deze PhD stonden jullie meteen op de stoep met champagne om het 

te vieren! Op naar nog veel gezellige etentjes, spelletjesavonden en weekendjes weg! 

Lieve Sylke en Neelesh, bedankt voor alle koekjes die jullie in de loop der jaren aan mij 

hebben gedoneerd! Jullie weten mij altijd weer te verrassen met bijzondere uitstapjes, 

etentjes of nieuwe boeken. Sylke, ik vind het super knap hoe jij je verder ontwikkelt met je 

postmaster, dan weer een EMDR training en ook nog een succes weet te maken van een 

heel nieuwe locatie in Den Haag. Neelesh, jij bent ook lekker aan de weg aan het timmeren! 

Ik heb erg veel geleerd van jouw filosofische en politieke opvattingen. Als er nog eens een 

pubquiz wordt georganiseerd, weet ik je te vinden! Laten we nog heel veel ontbijtjes doen 

met z’n vieren en lekker samen blijven tennissen, Sylke! 

Lieve papa en mama, jullie zijn ontzettend belangrijk voor mij. Het is zo fijn om te kunnen 

rekenen op jullie onvoorwaardelijke steun. Bedankt dat ik bij jullie mijn verhaal altijd kwijt 

kan. Erg leuk dat jullie vaak hebben gekeken naar mijn online presentaties en mij hier altijd 

een goed gevoel over hebben weten te geven. Ik heb erg gelachen om jullie creatieve 

reacties als ik een gepubliceerd artikel doorstuurde en jullie herhaaldelijke vraag: “Gaat dat 

nou weer over gait”?. Ik beloof nooit meer over die rare term te beginnen na 17 maart! 

Bedankt voor wie jullie zijn en hoe jullie mij hebben gemaakt tot wie ik ben.  

Lieve Wouter, ik ben zo blij met jou in mijn leven. Jij bent er altijd voor mij en weet mij 

moed in te praten of af te remmen als dit nodig is. Jij laat mij gerust een uur doorpraten 
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over epidemiologische concepten of methodologische struggles en weet hier dan ook nog 

eens slimme vragen over te stellen. Dankjewel dat je dit hele proefschrift van begin tot eind 

hebt doorgelezen! Ik vind dat jij inmiddels ook de titel epidemioloog verdient. Jij kent mij 

als de beste en weet mijn gedachten te verzetten naar de echt belangrijke dingen in het 

leven. Laten we nog heel veel avonturen gaan beleven samen!  
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 Year ECTS 
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Scientific Writing 2018-2019 2.0 
Advanced Analysis of Prognosis Studies 2019 0.9 
Advanced Clinical Trials 2019 1.9 

Joint Models 2019 0.7 

Managing Science and Technology in Society  2019 6.0 

Pharmaco-epidemiology and Drug Safety 2019 1.9 

Scientific Integrity  2019 0.3 

How to Supervise Students 2021 0.5 

Implementation Science 2021 1.4 
   

Conferences   

Health Sciences Research Day, the Netherlands 2019 0.3 
International Congress of Parkinson’s Disease and Movement Disorders, Francea 2019 1.5 

European Academy of Neurology Congress, Online 2020 1.0 
International Congress of Parkinson’s Disease and Movement Disorders, Onlinea 2020 1.5 

International Congress of Parkinson’s Disease and Movement Disorders, Onlineb 2021 1.5 

World Congress on Parkinson's Disease and Related Disorders (IAPRD), Onlinea 2021 0.3 

American Academy of Neurology Annual Meeting, Onlinea 2021 1.0 

Dutch Epidemiological Conference (WEON), Onlineb 2021 0.5 

ParkinsonNet Congres, the Netherlandsb  2021 0.3 

Slaap2021, the Netherlandsb 2021 0.3 

   

Seminars and symposia   

Departmental seminars (Epidemiology and Neurology) 2018-2021 4.0 
Journal Clubs 2018-2021 2.0 

Workshops Vereniging voor Epidemiologie  2019-2021 0.5 
Workshops KNAW Samenweten  2021 0.5 

   

Teaching and supervision   

Practice of Epidemiologic Analysis, Teaching assistant software practicals 2020 0.1 
Principles of Research in Medicine and Epidemiology, Teaching assistant 2020 1.0 
Coordination NIHES course science communication 2020-2021 4.0 

Supervision: 

 Julia Strikwerda (Master student). Diet Quality and Risk of Parkinson’s 

Disease: the Rotterdam Study. 

 Stefan den Hoedt (Bachelor student). The Effect of a Cognitive Dual Task 

on Gait Characteristics in the General Population. 

2020-2021 3.0 
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 Janahan Ragunathan (visiting researcher). Gait speed reference values 

in community-dwelling older adults – Cross-sectional analysis from the 

Rotterdam Study. 

   

Other   

Peer review (Journals: Movement Disorders, Neurology, Alzheimer's & Dementia, 

European Journal of Epidemiology) 

 2.0 

Member seminar committee  2.0 

Pilot digital research environment  0.2 

Initiation COVID-19 research overview platform (continued by Health-RI)  1.0 

Chair science communication initiative  2.0 
a Poster presentation. b Oral presentation. 1 ECTS (European Credit Transfer and Accumulation System) equals a 

workload of 28 hours 
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