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Abstract

Objective

To evaluate the contribution of clinical information and biomarkers to the prediction of cognitive

decline in newly diagnosed Parkinson’s disease (PD) patients.

Method

Cognitive performance (Montreal Cognitive Assessment (MoCA) score), demographic and clinical

data, and biomarkers (ApoE status, cerebrospinal fluid (CSF) and dopamine-transporter

(DAT) imaging results were evaluated in 390 newly diagnosed PD patients in the Parkinson’s

Progression Markers Initiative. Using i) change in MoCA score over two years, ii) MoCA scores

at year two follow-up, and iii) a diagnosis of cognitive impairment (combined MCI or dementia)

at two years as outcome measures, the predictive values of (i) baseline clinical variables and (ii)

separate or combined additions of ApoE status, DAT-imaging and CSF biomarkers were assessed.

In addition, a prediction model using logistic regression analysis was run. Bootstrap

analysis, 10-fold cross validation and cohort splitting were performed for model validation.

Results

In multivariate analyses, baseline age, University of Pennsylvania Smell Inventory Test

(UPSIT) score, CSF Aβ1-42/t-tau ratio and ApoE status were associated with change in 

MoCA score over time; and baseline age, MoCA and UPSIT scores, and CSF Aβ1-42/t-tau 

ratio with MoCA score at 2 years. Accuracy of prediction of cognitive impairment using age

alone (AUC 0.68, 95% CI 0.60-0.76) improved significantly by addition of clinical scores

(UPSIT, REM-Sleep Behavior Disorder-Screening Questionnaire (RBDSQ), Geriatric

Depression Scale and MDS-UPDRS motor scores; AUC 0.76, 95% CI 0.68-0.83), CSF variables
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(AUC 0.74, 95% CI 0.68-0.81), or DAT-imaging results (AUC 0.76, 95% CI 0.68-0.83)). In

combination, the five variables showing the most significant associations with cognitive

impairment (age, UPSIT, RBDSQ, CSF Aβ1-42 and caudate uptake on DAT-imaging) allowed 

prediction of cognitive impairment at 2 years with an AUC 0.80 (95% CI 0.74-0.87, p<0.001).

Conclusion

In early PD, the occurrence of cognitive impairment two years later can be predicted with good

accuracy using a combination of age, non-motor assessments, DAT-imaging and CSF

examination.
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Introduction

Cumulative incidence of dementia in Parkinson’s disease (PD) is as high as 80% after 8 years

disease duration 1, and deterioration in cognition is a significant contributor to the

disability associated with PD 2;3. Mild cognitive impairment (PD-MCI) is a term used to denote

cognitive impairment falling short of dementia in PD 4, with current evidence suggesting that

almost all patients with PD-MCI will subsequently convert to dementia in the course of PD 4;5.

Early identification of those at risk of developing cognitive impairment in PD may help stratify

the early PD population for clinical trials and prognostic information, and improve

understanding the pathophysiology of cognitive decline in PD.

There are several possible mechanisms by which cognitive impairment develops in PD.

Pathological studies demonstrate that AD (-amyloid plaques and tau neurofibrillary tangles)

and PD pathology (cortical Lewy bodies) commonly coexist12. Dopaminergic deficits per se are

associated with cognitive impairment, as evidenced by the fact the administration of

levodopa early in the disease course can alleviate cognitive symptoms, especially the

frontal-executive type14, and that neuroimaging studies have shown relationships between

caudate and putamen dopamine transporter density and with prefrontal dysfunction in PD

patients15.

In terms of clinical predictors, age, male sex, education, lower baseline cognitive score, severity of

motor symptoms, hyposmia and REM-sleep behavior disorder (RBD) have all been suggested to

predict cognitive decline in PD6-9. Biomarker studies reported that dopamine depletion on DAT-
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imaging is associated with subsequent cognitive decline in PD10-13. A number of studies have also

examined the association of cognitive impairment in PD with CSF levels of α-synuclein, Aβ1-42, 

total tau (t-tau), phosphorylated tau 181p (p-tau), and Aβ1-42/t-tau ratio as well as ApoE4 

status 13;16;17. However, the results of previous studies have been conflicting on the

contribution of these CSF parameters for the prediction of cognitive impairment in PD18-22 and

to our knowledge no study has previously combined clinical, CSF and DAT imaging parameters

or calculated the predictive value of these variables for development of cognitive impairment

in PD. In this study we aimed to evaluate the extent to which the various clinical, imaging,

biomarker and genetic metrics can predict the development of cognitive impairment, both

individually, and in combination. Specifically, we hypothesized that adding CSF and DAT

imaging results to clinical assessments would significant contribute to prediction of cognitive

deterioration at 2 years.

Methods

The current study investigated clinical and biomarker predictors of cognitive decline in the

early stage of PD from the Parkinson’s Progression Marker Initiative (PPMI; http://www.ppmi-

info.org/wp-content/uploads/2013/02/PPMI-Protocol-AM5-Final-27Nov2012v6-2.pdf). The

PPMI is an ongoing, multicenter longitudinal study to assess progression of clinical features,

imaging and biomarkers of PD patients compared to healthy controls23. Assessments

comprise clinical evaluation of motor and non-motor features as well CSF examination and

ioflupane iodine-123 DAT SPECT (DATSCAN) imaging at baseline. The de-identified data is

made available to investigators. Baseline clinical and cognitive data 24 and the association of
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CSF Aβ1-42 with cognitive impairment at 2 years have previously been reported 13.

Participants

Only data from PD patients with 2 year follow up were included in this analysis. At baseline

participants were required to (1) have an asymmetric resting tremor or asymmetric

bradykinesia, or two of bradykinesia, resting tremor, and rigidity; (2) have a recent PD

diagnosis; (3) be untreated with medications for PD; and (4) have a dopamine transporter (DAT)

deficit on imaging. For comparison, we also analysed results in the HC group (n=178). The study

was approved by the Institutional Review Board at each site, and participants provided written

informed consent24. Data were downloaded on 1st April 2015.

Assessments included in this analysis

Outcomes: Cognitive decline was evaluated using (1) change in Montreal Cognitive Assessment

(MoCA), a scale for global cognitive abilities validated for use in PD25-27, from baseline to two-

year follow-up, (2) MoCA score at the 2-year assessment and (3) categorization as cognitively

impaired at 2 years. Cognitive tests that were performed and used to allow classification of

cognitive function were, (1) memory: Hopkins Verbal Learning Test—Revised (HVLT-R) 28; (2)

visuospatial function: Benton Judgment of Line Orientation29 15-item (split-half) version; (3)

processing speed-attention: Symbol-Digit Modalities Test (SDM)30; (4) executive function and

working memory: Letter-Number Sequencing (LNS) 31; and (5) semantic (animal) fluency32.

Individuals were categorized as having “Normal cognition”, “PD-MCI” or “Dementia”, according

to the PPMI protocol: PD-MCI was defined as scores on two or more of the HVLT Total Recall,
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HVLT Recognition Discrimination, Benton Judgment of Line Orientation, LNS, SFT, or SDM > 1.5

standard deviation below normal, and no functional impairment due to cognition impairment.

A diagnosis of dementia also required evidence of functional impairment.

Clinical variables included in the current study, as they have previously been reported to be

associated with cognitive decline in PD, included: age, sex, years of education, disease duration,

sense of smell assessed using the University of Pennsylvania Smell Identification Test (UPSIT)33,

RBD measured using the RBD Screening Questionnaire (RBDSQ)34, depression measured using the

15-item Geriatric Depression Scale (GDS) 35, PD severity measured using the MDS-UPDRS motor

score, and tremor-dominant, postural instability gait difficulty (PIGD) subtype, and

indeterminate motor subtypes36. For biomarker studies, we included DAT imaging data for

mean caudate and putaminal uptake relative to uptake in the occipital area, and asymmetry of

caudate and putaminal uptake (side with highest/side with lowest uptake) (http://www.ppmi-

info.org/study-design/research-documents-and-sops); Apo-E e4 status (e4 homozygous,

heterozygous, or negative ); and CSF results for α-synuclein (repeated for those with CSF 

hemoglobin<200ng/ml as the high α-synuclein content in blood may lead to high α-synuclein 

levels in traumatic taps), Aβ1-42, total (t-tau) and phosphorylated tau181 (p-tau), and total

protein (as described previously 16;23).

Statistical Analysis

Analyses were performed with data collected at baseline/screening (MoCA and DAT imaging)

and at 2-year follow up. MoCA change score was calculated as MoCA baseline score – MoCA 2-

year score. Variables were analysed for missing data. Comparisons between groups were made
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using Chi-Square tests, t-tests for normally distributed variables, and Mann-Whitney tests for

non-parametric data. We examined the residuals to ensure they fulfilled all linear regression

assumptions. The residuals were not negatively skewed when tested in the final model, checking

both graphically and using normality tests, while homoscedasticity and independence also

applied. Univariate and multivariate linear analyses with MoCA change scores between baseline

and two years assessment and with MoCA score at 2 years as dependent variables were

conducted using backwards linear regression analysis. Variables were entered as independent

variables if they had a univariate association with a p-value of less than 0.20 37;38. If

variables were highly correlated, the variable with the lower p-value was entered as

independent variable. MoCA scores at baseline were not included in multivariate linear

regression analysis to predict the change of MoCA score from baseline to 2 years to avoid

including them on both sides of regression equation39, but they were included in analysis with

MoCA scores at 2 years40 . Univariate logistic regression analysis was used to identify possible

risk factors for cognitive impairment (defined as either PD-MCI or dementia) at 2 years. We

used the Benjamini-Hochberg procedure41 controlling for a false discovery rate(FDR) of 0.05,

resulting in a significance level of p<0.0167 for this univariate comparison.

Several multivariate logistic regression models were then developed with cognitive

impairment at 2-year follow-up as dependent variable: using age only; then (a) age with

clinical variables; (b) age with DAT imaging results; (c) age with CSF biomarkers; and (d) age

with clinical, DAT imaging and CSF biomarkers. For these logistic regression models,

independent variables were included if they were not highly correlated (r>0.5) and were

significantly different between those with and those without cognitive impairment
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(p≤0.05) 42. For the model with combined clinical and biomarker variables, only independent

variables with a p-value of <0.005 were included to restrict the number of predictors for ease of

use in clinical practice and to avoid overfitting of the model 43;44. A bootstrap resampling

procedure with 1000 repetitions was applied to the final risk model. In order to confirm the

accuracy of prediction for internal validation, 10-fold cross-validation and cohort splitting were

used. Bootstrapping replicates the process of sample generation from an underlying population

by drawing samples with replacement from the original data set, which is of the same size as

the original data set, whereas in 10-fold cross-validation the data set is divided into k subsets,

and the holdout method is repeated k times. Each time, one of the k subsets is used as the test

set and the other k-1 subsets are put together to form a training set45. Moreover, we separated

the original dataset in development and validation samples, comprising 70% and 30% of the

original data set respectively (cohort splitting). Discrimination of the models was quantified via

an area under a receiver operating characteristic (ROC) curve;46 the predictive ability was

determined with Nagelkerke’s R2 index, and the calibration was tested with the Hosmer-

Lemeshow test for goodness of fit47. The logistic regression models were repeated and

presented with imputation of missing data in the independent variables using variable means.

Statistical analysis was carried out STATA 13.

To predict risk of individual patients, a risk model was constructed to calculate predicted risk in

the following way:

Patient’s risk of cognitive impairment at 2 years = exp(patient’s risk score) ÷ (1+exp(patient’s

risk score));
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where patient’s risk score = intercept + (bvariable 1×variable1) + (bvariable 2×variable2) +

(bvariable 3× variable3) + (bvariable4 ×variable4) + (bvariable5×variable5);

and bvariable1, bvariable2, bvariable3, bvariable4, and bvariable5 are the regression

coefficients.

Reference Range=exp(patient’s risk score +/- 1.96*Std.Error) ÷ (1+exp(patient’s risk score+/-

1.96*Std.Error))

Findings

393 subjects fulfilling PPMI criteria for newly diagnosis PD had 2-year follow-up. Three did not

have a baseline MoCA and were excluded. 318 had 2-year MoCA results available at the time of

data download, of whom 314 had undergone classification for cognitive impairment. There was

no significant difference in the tested variables between those with and without 2-year

cognitive follow-up data, except mean caudate asymmetry which was greater in those without

cognitive assessment at 2 years (p=0.02).

There were no missing values in age, gender, education years, disease duration, baseline MoCA

scores, UPSIT scores, MDS-UPDRS motor scores and motor subtype, two for GDS and 34 for

RBDSQ. Apo E status data was missing in 37 patients. No DAT imaging data were missing.

Baseline CSF data were missing in 10 patients for Aβ1-42 and α-synuclein, 12 patients for p-tau, 

14 patients for t-tau and 31 for total protein. We repeated analyses by imputing missing

predictor variable data with average means. These did not alter the overall results of any

analysis.
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Predictors of change in cognitive function over 2-year follow up

In multivariate analyses, change in MoCA scores from baseline to 2-year follow-up was

associated with age, UPSIT score, Apo E status, and CSF Aβ1-42/t-tau ratio (table 1). For 

Healthy Controls, change in MoCA score from baseline to 2-year follow-up was associated

with age, gender, and CSF Aβ1-42 (Table 1 Supplementary material). 

Predictors of cognitive function at 2 years follow up

In multivariate analyses, MoCA score at 2-years was associated with age, baseline MoCA and

UPSIT scores and CSF Aβ1-42/t-tau ratio (Table 1). For Healthy Controls, MoCA score at 2-years

was associated with age, gender, baseline MoCA score and CSF Aβ1-42. (Table 1

Supplementary material).

Prediction of classification of cognitive Impairment at 2 years follow up

Forty-nine participants with PD were classified as having PD-MCI at 2-year follow up, three

as demented and 262 judged as cognitive normal. Only two HC were classified as having

MCI and none as demented at two years and were not analysed further. At follow-up 233

of those without and 48 with cognitive impairment had been treated with antiparkinsonian

medication (p=0.47). Four patients in the group with cognitive impairment had been

started on medication for cognitive impairment. At baseline, participants with PD judged as

cognitively impaired (MCI or dementia) were older, had higher RBDSQ scores at baseline,

lower UPSIT scores, lower CSF Aβ1-42 and Aβ1-42/t-tau ratios, and lower mean caudate 

uptake and caudate and putaminal asymmetry (table 2).
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Using those clinical variables showing univariate association (p<0.05) with cognitive

Impairment at 2 years (age, MDS-UPDRS motor score, GDS, UPSIT and RBDSQ scores) as

independent variables in logistic regression analysis, prediction accuracy was greater than

for age alone (p=0.025; figure 1a). DAT imaging parameters with univariate association with

cognitive impairment (mean caudate uptake, caudate and putaminal asymmetry) also

increased the AUC over age alone (p=0.018; figure 1b), as did CSF Aβ1-42 (p=0.0195; figure 

1c). Combining the five variables most strongly associated with cognitive impairment in

univariate analysis, (age, UPSIT and RBDSQ scores, CSF Aβ1-42 and mean caudate uptake) 

gave an AUC of 0.80 (95% CI 0.74-0.87; p=0.0003 compared to age alone; figure 1d). All

risk models produced good discrimination and calibration, with the final risk model giving an

AUC 0.80, Nagelkerke’s R2 of 0.20 and acceptable goodness of fit (Hosmer-Lemeshow Chi-

Square 6.27; 8 df; p=0.62) in the final risk model. Whilst each model was significantly better

than age alone at predicting cognitive impairment at 2 years, there was no statistically

significant difference in AUCs between the models with Clinical variables, CSF and DAT imaging

parameters combined with age when they were compared in pairs. However, AUCs of both the

models with Clinical and with CSF parameters combined with age were statistically significant

different from the final model (p= 0.03 and p=0.02) and there was a trend for the model with

DAT imaging parameters (p=0.13; Supplementary Figure 1).

The results of the bootstrapped logistic regression analysis of the final model are given in table

3. Association of mean caudate uptake with cognitive impairment failed to reach significance

in this model (p=0.09) but removal of mean caudate uptake from the analysis did not change

the scores derived for the other factors.
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The results of the 10-fold cross-validation confirmed the final model, showing no statistically

significant difference in the performance of the final model between 10 different samples

(p=0.88); the results of the cohort splitting also showed no statistically significant difference in

the AUCs for the same model in the development and validation sample (Supplementary

Figures 2 and 3).

Using an example for the final model, a 70 year old patient with newly diagnosed PD who

has an UPSIT score of 22 and an RBDSQ score of 5 with a CSF Aβ1-42 of 399 pg/ml and a mean 

caudate uptake of 1.99 has a predicted risk of cognitive impairment at 2 years of 13% (7 – 18%).

If the patient was 50 years old, the predicted risk with these results would be 5% (1-9%). If the

70 year old patient had a CSF Aβ1-42 of 310pg/ml, an UPSIT score of 17, an RBDSQ score of 7 

and a mean caudate uptake of 1.79, it would be 34% (25-43%).

Interpretation

In this study we have identified clinical and biomarker predictors of cognitive impairment in the

first two years following initial diagnosis of PD. Early cognitive decline, a strong predictor of

development of dementia in PD, was associated with a number of clinical variables, whether

outcome at year 2 was change in MoCA scores, absolute MoCA scores, or classification of

cognitive impairment (MCI or dementia) based on investigator assessment and detailed

cognitive testing. Beside higher age, the strongest clinical predictors were reduced sense of

smell, the presence of REM sleep behavior disorder and, to a lesser degree, depression and

motor scores. There was evidence for a relationship between APOE genotype and MoCA

change score, similar to what has been reported previously in the general population and in

PD48;49. A significant association was also seen between MoCA change scores and lower CSF
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Aβ1-42/t-tau ratio. DAT imaging results, i.e. reduced mean caudate uptake and asymmetry and, 

to a lesser degree, lower putaminal asymmetry, were also predictive of cognitive impairment

after two years in multivariate analysis.

The prevalence of cognitive impairment in both the population and in patients with PD is

known to increase with advancing age50;51, and age was the strongest clinical predictor of

cognitive impairment in this analysis in patients and healthy controls. Although a trend was

seen towards cognitive impairment being associated with less formal education, which has

previously been reported to be a risk factor for cognitive deterioration in the general

population and PD50;52, this association failed to reach significance in the multivariate analyses;

male sex also did not further contribute to prediction of cognitive deterioration in participants

with PD, although this previously identified risk factor for cognitive decline6 was confirmed in

our healthy control population.

Patients with more severe motor symptoms and those with greater depression scores were

more likely to be classified as cognitively impaired, in line with previous reports of motor

severity and depression being predictors of cognitive deterioration in PD 6;51;53. The previously

postulated association of the PIGD subtype with worse cognition51;54;55 was not seen in this

early phase study, which may in part be due to instability of this categorization.

Some of the strongest associations with cognitive decline were seen with baseline UPSIT and

RBDSQ scores. Hyposmia has been reported as a risk marker for both PD56 and AD57 and has

previous been associated with cognitive decline in PD9;58. It has been postulated that sense of

smell reflects extrastriatal neurodegeneration in both AD and PD, and whilst the underlying

pathological basis for this unclear this may reflect early involvement of the olfactory bulb in
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both disorders 59-62. Similarly, RBD, even when assessed using a questionnaire (RBDSQ) rather

than a formal sleep study, was a useful predictor of cognitive impairment in this early disease

sample. Reduced and asymmetric DAT-tracer uptake particularly in the caudate was associated

with cognitive deterioration in line with previous studies which have implicated the caudate,

and to a lesser degree the putamen, in cognitive function in both health individuals 63 and

patients with PD64-67.

CSF Aβ1-42 results at baseline also contributed to predicting cognitive deterioration. CSF Aβ1-

42 level is a marker of CSF amyloid pathology of AD, inversely correlating to brain β-amyloid 

plaque load. Reduced CSF Aβ1-42 is a core feature of Alzheimer’s disease but is are also seen in 

other neurodegenerative disease and notably in Dementia with Lewy bodies and Parkinson’s

disease dementia, likely due to the deposition of both Parkinson’s and Alzheimer pathology in

the brain. 68. This study is not able to determine to what extent the underlying pathology of this

cognitive decline is concomitant Alzheimer’s versus Lewy Body pathology, but suggests that

amyloid deposition is an important contributor to development of cognitive impairment in early

PD. It is noteworthy that CSF t-tau was also associated with MoCA score at two years, reflecting

the contribution of neuronal loss in this neurodegenerative process. At least in AD studies levels

of CSF tau levels correlate more with measures of neurodegeneration (e.g. atrophy) and

cognitive decline than CSF Aβ1-42 level69. Previous studies examining the value of CSF

constituents as predictors of cognitive decline in PD have produced inconsistent results. In

some studies, lower levels of CSF Aβ1-42 without a contribution of p-tau or t-tau were reported 

18;20;70;71, whereas higher levels of CSF p-tau but not lower levels of Aβ1-42 were associated with 

cognitive decline in early PD in the DATATOP study21. Some studies also reported that higher α-
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synuclein predicted cognitive decline20;71 but the results from the DATATOP suggested this is

only seen in early disease19, whereas higher p-tau and p-tau/Aβ42 ratio in the same study were

associated with cognitive decline in more advanced disease suggesting different mechanisms

involved at these different disease stages21. In the present study CSF α-synuclein and p-tau 

levels, which have previously been reported to be significantly lower than in controls in this PD

population 16, were not helpful in predicting early cognitive deterioration in this population.

These differences between studies may reflect differences in sample sizes18;20, disease

stages18;20, variability in measurements of the different CSF proteins, or in assessments

methods between these studies, and highlight the need for improved standardization of CSF

protein measurements.

The main purpose of this analysis was to determine the value of clinical markers as well as

various widely available biomarkers at the time of diagnosis of PD in predicting the

development of cognitive impairment over two years. Clinical markers, particularly age, UPSIT

and RBDSQ, provided useful discriminative value over and above age alone. Similarly, addition

of CSF Aβ1-42, or caudate uptake and caudate and putaminal asymmetry on DAT imaging 

markers increased discriminative value of age for prediction of cognitive impairment, with

similar predictive values in all three models. Compared to age alone which has a predictive

value AUC of 0.68 (95% CI 0.60-0.76), a model taking into account both clinical variables and

biomarkers increased the AUC to 0.80 (95% CI 0.74-0.87). Therefore, combining these clinical

and biomarker variables may be most helpful in clinical practice and, importantly, in clinical

trials aiming to identify those at risk of cognitive decline. Thus, calculating a 5% risk with a

reference range of 1-9%, compared to a 13% (7-18%) or a 34% (25-43%) risk is likely to be
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clinically useful.

In the absence of pathological confirmation, the current data cannot determine the

pathological underpinning of early cognitive decline in PD, which is likely to be multifactorial.

Furthermore, the nigrostriatal dopaminergic deficit demonstrated on DAT imaging does not

necessarily reflect dopaminergic deficits in other brain areas. However, this analysis suggests

that the nigrostriatal deficit, which underlies the motor symptoms of PD, is not the primary

driver of cognitive changes seen at this early post-diagnostic stage.

Limitations of this study

This assessment only included the first two years post-diagnosis, with median duration since

diagnosis of 4 (IQR 2-8) months at baseline. Therefore, few patients had developed frank

dementia by clinical cognitive assessment. Whilst MCI is considered a pre-dementia phase, not

all patients will develop dementia. Nevertheless, previous studies have reported a very high

conversion rate of MCI to dementia in patients with PD with new diagnosis of MCI5. Our results

should therefore be considered in the context of predicting cognitive impairment rather than

dementia. In addition, classification of cognitive impairment was not usually performed at the

start of the study. However, even if MCI had been noted at inclusion, this may have reflected

this symptom already being present given the long pre-diagnostic phase of PD, as time of

diagnosis depends on many variables, including health-seeking behaviour and availability of

specialist access72. The changes in the main outcomes in the early phase of PD examined are

too small to distinguish those with slower or faster progression to clinical dementia, for which

longer follow-up will be required. Finally, the prediction formula should be further validated in

other samples and interpreted in the appropriate clinic context.
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However, strategies to identify which individuals with PD are at risk of developing cognitive

impairment may have prognostic implications for patients, and may allow for clinical trials to

prevent or slow the onset of cognitive decline with major implications for patients, families and

society. It is for instance unclear whether there are benefits of trialing ACHEI medications, with

proven benefit in PDD, at very early stages. Whilst considerably more work is required to

determine the pathological features underlying risk for cognitive impairment at this stage,

these results suggest that using clinical markers and currently available biomarkers it is possible

to define a population at high risk of cognitive decline who may benefit for interventions as well

as being the subject of future trials. Whilst these results need confirmation in further studies,

our results demonstrate that a simple algorithm combining age, presence of hyposmia and of

RBD, as well as CSF and DAT imaging parameters improves the predictive accuracy for cognitive

decline and, in the appropriate clinical context, clinicians and researchers can use the proposed

method to calculate risk of cognitive decline over two years for individuals with early with PD.

Acknowledgement:

Data used in the preparation of this article were obtained from the Parkinson’s Progression

Markers Initiative (PPMI) database (www.ppmi-info.org/data). For up-to-date information on

the study, visit www.ppmi-info.org. PPMI – a public-private partnership – is funded by the

Michael J. Fox Foundation for Parkinson’s Research and funding partners, including AbbVie,

Avid, Biogen, Bristol-Myers Squibb, Covance, GE Healthcare, Genentech, GSK, Lilly, Lundbeck,

Merck, Meso Scale Discovery, Pfizer, Piramal, Roche, Servier and UCB.



19

JMS acknowledges the support of the NIHR Queen Square Dementia BRU, the NIHR UCL/H

Biomedical Research Centre, Wolfson Foundation, EPSRC (EP/J020990/1), MRC (CSUB19166),

ARUK (ARUK-Network 2012-6-ICE; ARUK-PG2014-1946), and European Union’s Horizon 2020

research and innovation programme (Grant 666992).

Funding: The funders had no influence of the analysis of these data.

Author contributions: AS designed the analysis and wrote the first draft of the paper, AS, US

and ZA undertook the analysis, DW and JS contributed to the interpretation of the data and

writing of the manuscript.

All authors declare no conflict of interest.



20

Appendix.

PPMI Authors list

Steering Committee:

Kenneth Marek, MD1 (Principal Investigator); Danna Jennings, MD1 (Olfactory Core, PI; Site

Investigator); Shirley Lasch, MBA1; Caroline Tanner, MD, PhD9 (Site Investigator); Tanya Simuni,

MD3 (Site Investigator); Christopher Coffey, PhD4(Statistics Core, PI); Karl Kieburtz, MD,

MPH5 (Clinical Core, PI); Renee Wilson5; Werner Poewe, MD7 (Site Investigator); Brit

Mollenhauer, MD8 (Bioanalytics Core, co-PI; Site Investigator); Douglas Galasko,

MD27 (Bioanalytics Core, co-PI; Site Investigator); Tatiana Foroud, PhD15 (Genetics Coordination

Core and Biorepository, PI); Todd Sherer, PhD6; Sohini Chowdhury6; Mark Frasier, PhD6;

Catherine Kopil, PhD6; Vanessa Arnedo6

Study Cores:

Clinical Coordination Core: Alice Rudolph, PhD5; Cynthia Casaceli, MBA5

Imaging Core: John Seibyl, MD1 (Principal Investigator); Susan Mendick, MPH1; Norbert Schuff,

PhD9

Statistics Core: Chelsea Caspell4; Liz Uribe4; Eric Foster 4; Katherine Gloer PhD4; Jon Yankey MS4

Bioinformatics Core: Arthur Toga, PhD10 (Principal Investigator); Karen Crawford10

Biorepository: Paola Casalin11; Giulia Malferrari11

Genetics Core: Andrew Singleton, PhD13 (Principal Investigator)

Neuropsychological and Cognitive Assessments: Keith A. Hawkins, PsyD14

Site Investigators:



21

David Russell, MD, PhD1; Stewart Factor, DO16; Penelope Hogarth, MD17; David Standaert, MD,

PhD18; Robert Hauser, MD, MBA19; Joseph Jankovic, MD20; Matthew Stern, MD12; Lama

Chahine, MD12; James Leverenz, MD21; Samuel Frank, MD22; Irene Richard, MD23; Klaus Seppi,

MD7; Holly Shill, MD24; Hubert Fernandez, MD25; Daniela Berg, MD26; Isabel Wurster MD26;

Zoltan Mari, MD28; David Brooks, MD29; Nicola Pavese, MD29; Paolo Barone, MD, PhD30; Stuart

Isaacson, MD31; Alberto Espay, MD, MSc32; Dominic Rowe, MD, PhD33; Melanie Brandabur MD2;

James Tetrud MD2; Grace Liang MD2; Alex Iranzo, MD34; Eduardo Tolosa MD34; Shu-Ching Hu,

MD, PhD21; Gretchen Todd21

Coordinators:

Laura Leary1; Cheryl Riordan1; Linda Rees, MPH2; Alicia Portillo17; Art Lenahan17; Karen

Williams3; Stephanie Guthrie, MSN18; Ashlee Rawlins18; Sherry Harlan19; Christine Hunter, RN20;

Baochan Tran12; Abigail Darin12; Carly Linder12; Marne Baca21; Heli Venkov21; Cathi-Ann Thomas,

RN, MS22; Raymond James, RN22; Cheryl Deeley, MSN23; Courtney Bishop BS23; Fabienne

Sprenger, MD7; Diana Willeke8; Sanja Obradov24; Jennifer Mule25; Nancy Monahan25; Katharina

Gauss26; Deborah Fontaine, BSN, MS27; Christina Gigliotti27; Arita McCoy28; Becky Dunlop28; Bina

Shah, BSc29; Susan Ainscough30; Angela James31; Rebecca Silverstein31; Kristy Espay32; Madelaine

Ranola33

ISAB (Industry Scientific Advisory Board):

Thomas Comery, PhD35; Jesse Cedarbaum, MD36; Bernard Ravina, MD, MSCE36; Igor D. Grachev,

MD, PhD37; Jordan S. Dubow, MD38; Michael Ahlijanian, PhD39; Holly Soares, PhD39; Suzanne

Ostrowizki, MD, PhD40; Paulo Fontoura, MD, PhD40; Alison Chalker, PhD41; David L. Hewitt,

MD41; Marcel van der Brug, PhD42; Alastair D. Reith, PhD43; Peggy Taylor, ScD44; Jan Egebjerg,



22

PhD45; Mark Minton, MD46; Andrew Siderowf, MD, MSCE46; Pierandrea Muglia, PhD47; Robert

Umek, PhD48; Ana Catafau, MD,PhD48; Vera Kiyasova, MD, PhD50; Barbara Saba50

1 Institute for Neurodegenerative Disorders, New Haven, CT

2 The Parkinson’s Institute, Sunnyvale, CA

3 Northwestern University, Chicago, IL

4 University of Iowa, Iowa City, IA

5 Clinical Trials Coordination Center, University of Rochester, Rochester, NY

6 The Michael J. Fox Foundation for Parkinson’s Research, New York, NY

7 Innsbruck Medical University, Innsbruck, Austria

8 Paracelsus-Elena Klinik, Kassel, Germany

9 University of California, San Francisco, CA

10 Laboratory of Neuroimaging (LONI), University of Southern California

11 BioRep, Milan, Italy

12 University of Pennsylvania, Philadelphia, PA

13 National Institute on Aging, NIH, Bethesda, MD

14 Yale University, New Haven, CT

15 Indiana University, Indianapolis, IN

16 Emory University of Medicine, Atlanta, GA

17 Oregon Health and Science University, Portland, OR

18 University of Alabama at Birmingham, Birmingham, AL

19 University of South Florida, Tampa, FL



23

20 Baylor College of Medicine, Houston, TX

21 University of Washington, Seattle, WA

22 Boston University, Boston, MA

23 University of Rochester, Rochester, NY

24 Banner Research Institute, Sun City, AZ

25 Cleveland Clinic, Cleveland, OH

26 University of Tuebingen, Tuebingen, Germany

27 University of California, San Diego, CA

28 Johns Hopkins University, Baltimore, MD

29 Imperial College of London, London, UK

30 University of Salerno, Salerno, Italy

31 Parkinson’s Disease and Movement Disorders Center, Boca Raton, FL

32 University of Cincinnati, Cincinnati, OH

33 Macquarie University, Sydney Australia

34 Hospital Clinic of Barcelona, Barcelona, Spain

35 Pfizer, Inc., Groton, CT

36 Biogen Idec, Cambridge, MA

37 GE Healthcare, Princeton, NJ

38 AbbVie, Abbot Park, IL

39 Bristol-Myers Squibb Company

40 F.Hoffmann La-Roche, Basel, Switzerland

41 Merck & Co., North Wales, PA



24

42 Genentech, Inc., South San Francisco, CA

43 GlaxoSmithKline, Stevenage, United Kingdom

44 Covance, Dedham, MA

45 H. Lundbeck A/S

46 Avid Radiopharmaceuticals, Philadelphia , PA

47 UCB Pharma S.A., Brussels, Belgium

48 Meso Scale Discovery

49 Piramal Life Sciences, Berlin, Germany

50 Servier



25

Reference List

(1) Aarsland D, Andersen K, Larsen JP, Lolk A, Kragh-Sorensen P. Prevalence and
characteristics of dementia in Parkinson disease: an 8-year prospective study. Arch
Neurol 2003; 60(3):387-392.

(2) Coelho M, Marti MJ, Sampaio C, Ferreira JJ, Valldeoriola F, Rosa MM et al. Dementia
and severity of parkinsonism determines the handicap of patients in late-stage Parkinson's
disease: the Barcelona-Lisbon cohort. Eur J Neurol 2015; 22(2):305-312.

(3) Schrag A, Jahanshahi M, Quinn N. What contributes to quality of life in patients with
Parkinson's disease? J Neurol Neurosurg Psychiatry 2000; 69(3):308-312.

(4) Janvin CC, Larsen JP, Aarsland D, Hugdahl K. Subtypes of mild cognitive impairment in
Parkinson's disease: progression to dementia. Mov Disord 2006; 21(9):1343-1349.

(5) Pigott K, Rick J, Xie SX, Hurtig H, Chen-Plotkin A, Duda JE et al. Longitudinal study of
normal cognition in Parkinson disease. Neurology 2015; 85(15):1276-1282.

(6) Hu MT, Szewczyk-Krolikowski K, Tomlinson P, Nithi K, Rolinski M, Murray C et al.
Predictors of cognitive impairment in an early stage Parkinson's disease cohort. Mov
Disord 2014; 29(3):351-359.

(7) Campos LS, Guimaraes RP, Piovesana LG, de Azevedo PC, Santos LM, D'Abreu A.
Clinical predictors of cognitive impairment and psychiatric complications in Parkinson's
disease. Arq Neuropsiquiatr 2015; 73(5):390-395.

(8) Marion MH, Qurashi M, Marshall G, Foster O. Is REM sleep behaviour disorder (RBD) a
risk factor of dementia in idiopathic Parkinson's disease? J Neurol 2008; 255(2):192-196.

(9) Morley JF, Weintraub D, Mamikonyan E, Moberg PJ, Siderowf AD, Duda JE. Olfactory
dysfunction is associated with neuropsychiatric manifestations in Parkinson's disease.
Mov Disord 2011; 26(11):2051-2057.

(10) Alves G, Pedersen KF, Bloem BR, Blennow K, Zetterberg H, Borm GF et al.
Cerebrospinal fluid amyloid-beta and phenotypic heterogeneity in de novo Parkinson's
disease. J Neurol Neurosurg Psychiatry 2013; 84(5):537-543.

(11) Alves G, Bronnick K, Aarsland D, Blennow K, Zetterberg H, Ballard C et al. CSF
amyloid-beta and tau proteins, and cognitive performance, in early and untreated
Parkinson's disease: the Norwegian ParkWest study. J Neurol Neurosurg Psychiatry
2010; 81(10):1080-1086.

(12) Compta Y, Parkkinen L, Kempster P, Selikhova M, Lashley T, Holton JL et al. The
significance of alpha-synuclein, amyloid-beta and tau pathologies in Parkinson's disease
progression and related dementia. Neurodegener Dis 2014; 13(2-3):154-156.

(13) Terrelonge M, Jr., Marder KS, Weintraub D, Alcalay RN. CSF beta-Amyloid 1-42



26

Predicts Progression to Cognitive Impairment in Newly Diagnosed Parkinson Disease. J
Mol Neurosci 2015.

(14) Kaasinen V, Rinne JO. Functional imaging studies of dopamine system and cognition in
normal aging and Parkinson's disease. Neurosci Biobehav Rev 2002; 26(7):785-793.

(15) Watson GS, Leverenz JB. Profile of cognitive impairment in Parkinson's disease. Brain
Pathol 2010; 20(3):640-645.

(16) Kang JH, Irwin DJ, Chen-Plotkin AS, Siderowf A, Caspell C, Coffey CS et al.
Association of cerebrospinal fluid beta-amyloid 1-42, T-tau, P-tau181, and alpha-
synuclein levels with clinical features of drug-naive patients with early Parkinson disease.
JAMA Neurol 2013; 70(10):1277-1287.

(17) Toledo JB, Korff A, Shaw LM, Trojanowski JQ, Zhang J. CSF alpha-synuclein improves
diagnostic and prognostic performance of CSF tau and Abeta in Alzheimer's disease.
Acta Neuropathol 2013; 126(5):683-697.

(18) Siderowf A, Xie SX, Hurtig H, Weintraub D, Duda J, Chen-Plotkin A et al. CSF amyloid
{beta} 1-42 predicts cognitive decline in Parkinson disease. Neurology 2010;
75(12):1055-1061.

(19) Stewart T, Liu C, Ginghina C, Cain KC, Auinger P, Cholerton B et al. Cerebrospinal
fluid alpha-synuclein predicts cognitive decline in Parkinson disease progression in the
DATATOP cohort. Am J Pathol 2014; 184(4):966-975.

(20) Hall S, Surova Y, Ohrfelt A, Zetterberg H, Lindqvist D, Hansson O. CSF biomarkers and
clinical progression of Parkinson disease. Neurology 2015; 84(1):57-63.

(21) Liu C, Cholerton B, Shi M, Ginghina C, Cain KC, Auinger P et al. CSF tau and
tau/Abeta42 predict cognitive decline in Parkinson's disease. Parkinsonism Relat Disord
2015; 21(3):271-276.

(22) Brockmann K, Schulte C, Deuschle C, Hauser AK, Heger T, Gasser T et al.
Neurodegenerative CSF markers in genetic and sporadic PD: Classification and
prediction in a longitudinal study. Parkinsonism Relat Disord 2015; 21(12):1427-1434.

(23) Parkinson Progression Marker Investigators. Parkinson Progression Marker Initiative
(PPMI). Prog Neurobiol 2011; 95(4):629-635.

(24) Weintraub D, Simuni T, Caspell-Garcia C, Coffey C, Lasch S, Siderowf A et al.
Cognitive performance and neuropsychiatric symptoms in early, untreated Parkinson's
disease. Mov Disord 2015; 30(7):919-927.

(25) Litvan I, Aarsland D, Adler CH, Goldman JG, Kulisevsky J, Mollenhauer B et al. MDS
Task Force on mild cognitive impairment in Parkinson's disease: critical review of PD-
MCI. Mov Disord 2011; 26(10):1814-1824.



27

(26) Litvan I, Goldman JG, Troster AI, Schmand BA, Weintraub D, Petersen RC et al.
Diagnostic criteria for mild cognitive impairment in Parkinson's disease: Movement
Disorder Society Task Force guidelines. Mov Disord 2012; 27(3):349-356.

(27) Dalrymple-Alford JC, MacAskill MR, Nakas CT, Livingston L, Graham C, Crucian GP
et al. The MoCA: well-suited screen for cognitive impairment in Parkinson disease.
Neurology 2010; 75(19):1717-1725.

(28) Brandt J, Benedict RHB. The Hopkins Verbal Learning Test-Revised Professional
Manual. Odessa, FL: Psychological Assessment Resources; 2001.

(29) Benton AL, Varney NR, Hamsher KD. Visuospatial judgment. A clinical test. Arch
Neurol 1978; 35(6):364-367.

(30) Smith A. Symbol digit modalities test: Manual. Los Angeles: Western Psychological
Services; 1982.

(31) Wechsler D. Wechsler Adult Intelligence Scale, 4th ed. San Antonio: Psychological
Corporation; 2008.

(32) Gladsjo JA, Shuman CC, Evans JD, et al. Norms for letter and category fluency:
demographic corrections for age, education, and ethnicity. Assessment 1999; 6:147-178.

(33) Doty RL, Shaman P, Dann M. Development of the University of Pennsylvania Smell
Identification Test: a standardized microencapsulated test of olfactory function. Physiol
Behav 1984; 32(3):489-502.

(34) Stiasny-Kolster K, Mayer G, Schafer S, Moller JC, Heinzel-Gutenbrunner M, Oertel WH.
The REM sleep behavior disorder screening questionnaire--a new diagnostic instrument.
Mov Disord 2007; 22(16):2386-2393.

(35) Meara J, Mitchelmore E, Hobson P. Use of the GDS-15 geriatric depression scale as a
screening instrument for depressive symptomatology in patients with Parkinson's disease
and their carers in the community. Age Ageing 1999; 28:35-38.

(36) Jankovic J, McDermott M, Carter J, Gauthier S, Goetz C, Golbe L et al. Variable
expression of Parkinson's disease: a base-line analysis of the DATATOP cohort. The
Parkinson Study Group. Neurology 1990; 40(10):1529-1534.

(37) Mickey RM, Greenland S. The impact of confounder selection criteria on effect
estimation. Am J Epidemiol 1989; 129(1):125-137.

(38) Bursac Z, Gauss CH, Williams DK, Hosmer DW. Purposeful selection of variables in
logistic regression. Source Code Biol Med 2008; 3:17.

(39) Bland JM, Altman DG. Comparing methods of measurement: why plotting difference
against standard method is misleading. Lancet 1995; 346(8982):1085-1087.



28

(40) Vickers AJ, Altman DG. Statistics notes: Analysing controlled trials with baseline and
follow up measurements. BMJ 2001; 323(7321):1123-1124.

(41) Benjamini Y, Hochberg Y. Controlling the False Discovery Rate: A Practical and
Powerful Approach to Multiple Testing. J R Statist Soc B 2016; 57(1):289-300.

(42) Bursac Z, Gauss CH, Williams DK, Hosmer DW. Purposeful selection of variables in
logistic regression. Source Code Biol Med 2008; 3:17.

(43) Harrell JE. Regression modeling strategies: with applications to linear
models, logistic regression, and survival analysis. Springer; 2001.

(44) Omar RZ, Morton LS, Halliday DA, Danns EM, Beirne MT, Blot WJ et al. Outlet strut
fracture of Bjork-Shiley convexo concave heart valves: the UK cohort study. Heart 2001;
86(1):57-62.

(45) Efron B, Tibshirani R. An introduction to the bootstrap. Monographs on statistics and
applied probability. New York: Chapman & Hall; 1993.

(46) Hanley JA, McNeil BJ. The meaning and use of the area under a receiver operating
characteristic (ROC) curve. Radiology 1982; 143(1):29-36.

(47) Hosmer DJ. Applied logistic regression. John Wiley & Sons; 2004.

(48) Paul KC, Rausch R, Creek MM, Sinsheimer JS, Bronstein JM, Bordelon Y et al. APOE,
MAPT, and COMT and Parkinson's Disease Susceptibility and Cognitive Symptom
Progression. J Parkinsons Dis 2016.

(49) Ringman JM, Sachs MC, Zhou Y, Monsell SE, Saver JL, Vinters HV. Clinical predictors
of severe cerebral amyloid angiopathy and influence of APOE genotype in persons with
pathologically verified Alzheimer disease. JAMA Neurol 2014; 71(7):878-883.

(50) Zhu K, van Hilten JJ, Marinus J. Predictors of dementia in Parkinson's disease; findings
from a 5-year prospective study using the SCOPA-COG. Parkinsonism Relat Disord
2014; 20(9):980-985.

(51) Williams-Gray CH, Mason SL, Evans JR, Foltynie T, Brayne C, Robbins TW et al. The
CamPaIGN study of Parkinson's disease: 10-year outlook in an incident population-based
cohort. J Neurol Neurosurg Psychiatry 2013; 84(11):1258-1264.

(52) Dujardin K, Leentjens AF, Langlois C, Moonen AJ, Duits AA, Carette AS et al. The
spectrum of cognitive disorders in Parkinson's disease: a data-driven approach. Mov
Disord 2013; 28(2):183-189.

(53) Alzahrani H, Venneri A. Cognitive and neuroanatomical correlates of neuropsychiatric
symptoms in Parkinson's disease: A systematic review. J Neurol Sci 2015; 356(1-2):32-
44.



29

(54) Burn DJ, Rowan EN, Allan LM, Molloy S, O'Brien JT, McKeith IG. Motor subtype and
cognitive decline in Parkinson's disease, Parkinson's disease with dementia, and dementia
with Lewy bodies. J Neurol Neurosurg Psychiatry 2006; 77(5):585-589.

(55) Lyros E, Messinis L, Papathanasopoulos P. Does motor subtype influence neurocognitive
performance in Parkinson's disease without dementia? Eur J Neurol 2008; 15(3):262-267.

(56) Ponsen MM, Stoffers D, Booij J, Eck-Smit BL, Wolters EC, Berendse HW. Idiopathic
hyposmia as a preclinical sign of Parkinson's disease. Ann Neurol 2004; 56(2):173-181.

(57) Devanand DP, Lee S, Manly J, Andrews H, Schupf N, Doty RL et al. Olfactory deficits
predict cognitive decline and Alzheimer dementia in an urban community. Neurology
2015; 84(2):182-189.

(58) Hu MT, Szewczyk-Krolikowski K, Tomlinson P, Nithi K, Rolinski M, Murray C et al.
Predictors of cognitive impairment in an early stage Parkinson's disease cohort. Mov
Disord 2014; 29(3):351-359.

(59) Beach TG, Adler CH, Lue L, Sue LI, Bachalakuri J, Henry-Watson J et al. Unified
staging system for Lewy body disorders: correlation with nigrostriatal degeneration,
cognitive impairment and motor dysfunction. Acta Neuropathol 2009; 117(6):613-634.

(60) Devanand DP, Liu X, Tabert MH, Pradhaban G, Cuasay K, Bell K et al. Combining early
markers strongly predicts conversion from mild cognitive impairment to Alzheimer's
disease. Biol Psychiatry 2008; 64(10):871-879.

(61) Braak H, Alafuzoff I, Arzberger T, Kretzschmar H, Del TK. Staging of Alzheimer
disease-associated neurofibrillary pathology using paraffin sections and
immunocytochemistry. Acta Neuropathol 2006; 112(4):389-404.

(62) Hawkes C. Olfaction in neurodegenerative disorder. Adv Otorhinolaryngol 2006; 63:133-
151.

(63) Mozley LH, Gur RC, Mozley PD, Gur RE. Striatal dopamine transporters and cognitive
functioning in healthy men and women. Am J Psychiatry 2001; 158(9):1492-1499.

(64) Carbon M, Ma Y, Barnes A, et al. Caudate nucleus: influence of dopaminergic input on
sequence learning and brain activation in Parkinsonism. NeuroImage 2003; 21:1497-
1507.

(65) Bruck A, Portin R, Lindell A, et al. Positron emission tomography shows that impaired
frontal lobe functioning in Parkinson's disease is related to dopaminergic hypofunction in
the caudate nucleus. Neurosci Lett 2001; 311:81-84.

(66) Broussolle E, Dentresangle C, Landais P, et al. The relation of putamen and caudate
nucleus 18F-Dopa uptake to motor and cognitive performances in Parkinson's disease. J
Neurol Sci 1999; 166:141-151.



30

(67) Arnaldi D, Campus C, Ferrara M, Fama F, Picco A, De CF et al. What predicts cognitive
decline in de novo Parkinson's disease? Neurobiol Aging 2012; 33(6):1127-20.

(68) Gomperts SN, Locascio JJ, Rentz D, Santarlasci A, Marquie M, Johnson KA et al.
Amyloid is linked to cognitive decline in patients with Parkinson disease without
dementia. Neurology 2013; 80(1):85-91.

(69) Blennow K, Hampel H, Weiner M, Zetterberg H. Cerebrospinal fluid and plasma
biomarkers in Alzheimer disease. Nat Rev Neurol 2010; 6(3):131-144.

(70) Compta Y, Pereira JB, Rios J, Ibarretxe-Bilbao N, Junque C, Bargallo N et al. Combined
dementia-risk biomarkers in Parkinson's disease: a prospective longitudinal study.
Parkinsonism Relat Disord 2013; 19(8):717-724.

(71) Skogseth RE, Bronnick K, Pereira JB, Mollenhauer B, Weintraub D, Fladby T et al.
Associations between Cerebrospinal Fluid Biomarkers and Cognition in Early Untreated
Parkinson's Disease. J Parkinsons Dis 2015; 5(4):783-792.

(72) Dahodwala N, Karlawish J, Shea JA, Zubritsky C, Stern M, Mandell DS. Validation of an
instrument to measure older adults' expectations regarding movement (ERM). PLoS One
2012; 7(8):e43854.



Figure 1. Receiver Operating Characteristic Curves (ROC) for Prediction of Cognitive Impairment at 2 years
following diagnosis of Parkinson’s disease. Predictive value of a) Age only (AUC 0.68 (95% CI 0.60-0.76))
and Age with clinical variables (MDS-UPDRS motor, GDS, UPSIT and RBDSQ scores; AUC 0.76 (95% CI
0.68-0.83)), b) Age with DAT imaging (mean caudate uptake, and caudate and putaminal asymmetry; AUC
0.76 (95% CI 0.68-0.83)), c) Age with CSF Aβ1-42 (AUC 0.74 (95% CI 0.68-0.81)), d) Age with clinical
and personal variables, DAT imaging results and CSF Aβ 1-42 combined (AUC 0.80 (95% CI 0.74-0.87)). 



Table 1. Associations of MoCA change scores from baseline to two year follow up and MoCA scores at two years

Clinical markers Coefficient p-value Coefficient p-value Coefficient p-value Coefficient p-value

Age (yrs) 0.061 0.0001 0.045 0.01 -0.106 <0.0001 -0.049 0.003

Gender

Female*

Male 0.167 0.61 -0.764 0.03

Education (yrs) -0.059 0.28 0.064 0.30

Disease duration (mths) -0.034 0.13 -0.001 0.96

Motor subgroup

TD*

PIGD 0.268 -0.047

Inderminate 0.585 0.172

MoCA baseline score 0.667 <0.0001 0.572 <0.0001

GDS score 0.070 0.25 -0.063 0.35

MDS-UPDRS motor score 0.038 0.03 -0.068 0.0004

UPSIT score -0.064 0.001 -0.035 0.08 0.089 <0.0001 0.045 0.01

RBDSQ score 0.075 0.15 -0.078 0.18

Biomarkers

Apo E e4 status

No Apo e4 allel*

Heterozygous 0.740 0.658 -0.532

Homozygous 2.240 3.701 -1.047

DAT imaging

Mean putaminal uptake -0.798 0.14 1.122 0.06

Mean caudate uptake -0.641 0.02 0.574 0.06

Putaminal asymmetry -0.470 0.21 0.900 0.03

Caudate asymmetry 0.804 0.39 0.414 0.69

CSF markers (pg/ml)

Abeta1-42 -0.006 0.0002 0.004 0.02

Alphasynuclein -0.0003 0.21 0.0001 0.57

Alphasynuclein in those with haemoglobin<200ng/ml^ -0.0003 0.23 0.0001 0.68

total tau 0.019 0.03 -0.035 0.0004

Phosphorylated tau -0.003 0.83 -0.010 0.56

abeta/tau ratio -0.197 0.0002 -0.125 0.03 0.271 <0.0001 0.162 0.002

Total protein 0.015 0.07 -0.018 0.05

*Reference Category

In bold are variables included in multivariate linear regression analysis

MultivariateMultivariate

MoCA change score

0.96

0.33

Univariate

MoCA follow up score

0.57

0.03 0.01

Univariate



Table 2: Characteristics of patients with Parkinson's disease with and without Cognitive Impairment at 2 years

Patients without Cognitive Patients with Cognitive

Mean (SD) or n (%) Impairment at 2 years SD Impairment at 2 years SD p-value*

Clinical markers

N 262 52

Age (yrs) 60.18 9.926 66.12 7.833 <0.0001

Male gender (%) 170 (64.9) 38 (73.1) 0.25***

Education in years 15.65 2.598 14.62 3.748 0.06

Disease duration (mths) 6.66 6.6822 6.869 7.0968 0.84**

MoCA score 27.25 2.32 26.94 2.235 0.38

GDS score** 2 2 2 2 0.03

MDS-UPDRS motor score 20.44 8.404 23.21 10.434 0.04

UPSIT score 22.92 8.043 17.48 8.347 <0.0001

RBDSQ score 5.24 2.827 6.98 3.529 0.0003

Subgroup

TD 227(86.6%) 39 (75%)
PIGD 18 (6.9%) 8 (15.4%)

Indeterminate 17 (6.5%) 5 (9.6%) 0.11***

Genetic/Biomarkers

Apo E e4 (%) heterozygous - homozygous53 (22.4%) - 5 (2.1%) 11 (25.0%) - 1 (2.3%) 0.93***
DAT imaging

Mean putaminal uptake 0.84 0.28 0.76 0.29 0.07

Mean caudate uptake 2.07 0.54 1.77 0.55 0.0003

Putaminal asymmetry 1.54 0.42 1.40 0.35 0.03

Caudate asymmetry 1.22 0.17 1.15 0.13 0.009

CSF markers (pg/ml)

N 255 50

Abeta1-42 381.58 97.89 310.51 80.93 <0.0001

Alphasynuclein 1863.97 799.16 1753.13 688.45 0.36

Alphasynuclein in those with haemoglobin<200ng/ml^ 1819.86 737.13 1849.52 677.46 0.22

total tau 44.49 16.79 46.03 21.15 0.57

Phosphorylated tau** 12.00 7.40 11.55 10.20 0.49
Abeta1-42/tau ratio 9.44 2.97 7.84 3.06 0.0006

Total protein 42.92 18.91 48.93 23.65 0.06

*Wilcoxon, **non-parametric statistics (median, IQR, Mann-Whitney test) or *** Chi Square Tests
Significance level controlled for False Discovery Rate p<0.0167; TD; Tremor dominant; PIGD, Postural instability,



Table 3. Model for Prediction of Early Cognitive Impairment in Parkinson's Disease

Regression

Coefficient Lower Upper p-value

RBDSQ 0.123 1.131 1.001 1.277 0.048

CSFabeta1-42 -0.006 0.994 0.990 0.997 0.001

UPSIT -0.061 0.941 0.896 0.988 0.015

Mean Caudate Uptake -0.578 0.561 0.283 1.113 0.090

Age 0.051 1.053 1.005 1.103 0.029

Intercept -1.051 0.350 0.605

Bootstrapped results of multivariate logistic regression with all statistically

significant (P<0.0005) clinical and biomarker variables (including imputed missing values)

OR

95% C.I.for OR


