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Several studies have investigated the association of the Parkinson’s disease (PD) polygenic risk score (PRS) with several aspects of well-established PD. We sought to evaluate the association of PRS with the prodromal stage of PD. We calculated PRS in a longitudinal sample (n = 1120) of community dwelling individuals ≥ 65 years from the HELIAD (The Hellenic Longitudinal Investigation of Aging and Diet) study in order to evaluate the association of this score with the probability of prodromal PD or any of the established risk and prodromal markers in MDS research criteria, using regression multi-adjusted models. Increases in PRS estimated from GWAS summary statistics’ ninety top SNPS with p < 5 × 10–8 was associated with increased odds of having probable/possible prodromal PD (i.e., ≥ 30% probability, OR = 1.033, 95%CI: 1.009–1.057 p = 0.006). From the prodromal PD risk markers, significant association was found between PRS and global cognitive deficit exclusively (p = 0.003). To our knowledge, our study is the first population based study investigating the association between PRS scores and prodromal markers of Parkinson’s disease. Our results suggest a strong relationship between the accumulation of many common genetic variants, as measured by PRS, and cognitive deficits.
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INTRODUCTION

Currently, several non-motor symptoms have been associated with an increased risk to develop Parkinson’s disease (PD) in otherwise healthy individuals, while ongoing research aims to validate a variety of candidate PD biomarkers based on imaging, genetic, proteomic, or metabolomic signatures, supplemented by work on tissue markers accessible to minimally invasive biopsies. In fact, the recently defined MDS research criteria for prodromal PD include a combination of risk and prodromal markers, in an effort to define target populations of future disease modification trials (Heinzel et al., 2019a). Critically, these criteria have been prospectively validated in six independent cohort studies (Fereshtehnejad et al., 2017; Pilotto et al., 2017; Mahlknecht et al., 2018; Mirelman et al., 2018; Giagkou et al., 2020).

Additionally, genetic markers have been integrated in the MDS criteria for prodromal PD in order to improve the accuracy of prodromal PD diagnosis (Heinzel et al., 2019a). Individuals with rare high-penetrance genetic mutations are considered a distinct subgroup with a specific risk according to the mutation. For intermediate strength genetic factors, such as mutations in GBA and LRRK2, the prodromal PD risk is age-dependent and can be calculated, based on the penetrance of mutation and the PD risk, across different age groups. However, the cumulative predictive effect of common and low individual effect strength genetic risk variants has been recently introduced in the criteria. The aforementioned variable, PRS, has been introduced and likelihood-ratio (LR) is estimated according to its value (Heinzel et al., 2019a).

More specifically, polygenic score association analysis examines if a polygenic score, calculated as the cumulative risk of several small effect alleles detected by genome-wide association study (GWAS), confers a high risk for a disease and if the same sets of risk alleles are shared between cohorts/data sets. An influential role for polygenic inheritance in PD is strongly supported by a number of studies, that revealed a significant association between disease risk, age of onset, motor progression, and cognitive decline with polygenic risk scores (PRS), calculated from GWAS summary statistics for PD (Nalls et al., 2019).

However, all studies published today, examined the association of PRS with several aspects of well-established PD. There are no studies that investigate the association of this score with the probability of prodromal PD and its risk markers. In this study, we calculated PRS in a longitudinal sample of community dwelling individuals ≥ 65 years from the HELIAD study (The Hellenic Longitudinal Investigation of Aging and Diet) to evaluate the association of this score with the probability of prodromal PD. We further investigated whether there is an association between any of the established risk and prodromal markers in MDS criteria with PRS. The identification of the genetic influence on prodromal phase will allow the detection of a pure association between multiple domains of the disorder and PRS without the interaction of other clinical features.



MATERIALS AND METHODS


Study Population

The Hellenic Longitudinal Investigation of Aging and Diet (HELIAD) is a large-scale, population-based, multidisciplinary study designed to assess the prevalence, incidence, and risk factors of neuropsychiatric conditions of aging in Greece (Dardiotis et al., 2014). We randomly selected participants among community-dwelling individuals from two areas in Greece (age ≥ 65, no exclusion criteria), and qualified neurologists and other health professionals collected demographic, medical, environmental, neuropsychological, and lifestyle information. Senior or junior neurologists examined all participants. Details on HELIAD design, participation rates and clinical and neuropsychological evaluation have been previously published (Dardiotis et al., 2014; Ntanasi et al., 2017, 2020; Tsapanou et al., 2017; Kosmidis et al., 2018; Bougea et al., 2019; Maraki et al., 2019a,b; Giagkou et al., 2020). For the present study, we excluded from the analysis those participants who were diagnosed with PD or dementia with Lewy bodies (DLB) and participants for whom the presence or absence of these diagnoses could not be ascertained (Maraki et al., 2019b; Giagkou et al., 2020). The study protocol was approved by the relevant institutional review boards (University of Thessaly, Larisa, Greece, and the National and Kapodistrian University of Athens, Greece, Ethics Committees). All participants or authorized representatives gave their written informed consent prior to participation.



Clinical and Other Assessments

We collected information regarding sociodemographics (e.g., gender, age, years of education, number of vehicles, home size, rental vs. ownership status, type and amount of tobacco use). We used a structured pretested questionnaire to evaluate pesticide exposure and a semiquantitative food frequency questionnaire to evaluate coffee consumption. Physical inactivity was ascertained via a leisure activities structured questionnaire. We also collected information regarding medical and neurological conditions, neuropsychiatric symptoms, current medications, hospitalizations, and injuries of the participants, and information about the medical/neurological histories of the participants’ first-degree relatives. In addition, we conducted an extensive structured physical evaluation of the participant, including neurological signs and symptoms. We used the 15-item Geriatric Depression Scale (Fountoulakis et al., 1999) and the 7-item anxiety subscale of the Hospital Anxiety and Depression Scale (Michopoulos et al., 2008) to screen for depressive symptoms and anxiety during the preceding week, respectively. We used the 12-item Medical Outcomes Study Sleep Scale (Hays et al., 2005) to assess the quantitative and qualitative features of sleep during the preceding month and the Blessed Dementia Scale (Blessed et al., 1968) for the perceived changes in performance of daily activities and self-care habits. Parkinsonian signs and symptoms were evaluated using the UPDRSIII (Fahn and Elton, 1987). We also administered a structured questionnaire to determine whether core (e.g., Parkinsonism), suggestive [e.g., REM sleep behavior disorder (RBD)] or supportive features (e.g., systematized delusions) of the revised diagnostic criteria for Dementia with Lewy bodies were present (McKeith et al., 2005; Anastasiou et al., 2017). We also administered the 12-item Neuropsychiatric Inventory (Cummings, 1997). The information obtained was reviewed, and the clinical diagnosis of each participant was reached using published criteria at expert consensus meetings.



Calculation of the Probability of pPD

We collected data for the vast majority of 2019 MDS pPD markers (Berg et al., 2015; Heinzel et al., 2019b): 16 of 21 (seven out of the 10 risk markers and nine out of the 11 prodromal markers) (Maraki et al., 2019b; Giagkou et al., 2020). In more details, the risk markers assessed were: sex, pesticide exposure, non-use of caffeine, non-smoking status, presence of 1st degree relative with PD, Type 2 Diabetes mellitus (DM2) and physical inactivity. Information on occupational solvent exposure, substantia nigra hyperechogenicity and plasma urate were not available. The prodromal markers assessed were: possible RBD, subthreshold parkinsonism, constipation, excessive daytime somnolence, symptomatic orthostatic hypotension, erectile dysfunction, urinary dysfunction, depression or anxiety without depression and global cognitive deficit. Information on olfactory dysfunction and tracer uptake of the presynaptic dopaminergic system (single-photon emission computed tomography or positron emission tomography) were not available. As MDS and recent studies have suggested, pPD probability may be calculated using available markers in each cohort, although may be underestimated when markers are limited (Mahlknecht et al., 2016; Skorvanek et al., 2017). Details on how we evaluated the above risk and prodromal markers can be found in previous publications on the probability of pPD in HELIAD population (Bougea et al., 2019; Maraki et al., 2019a,b; Giagkou et al., 2020; Ntanasi et al., 2020).

We calculated the pPD probability for non-PD/DLB participants, according to MDS guidance (Berg et al., 2015; Mahlknecht et al., 2016; Heinzel et al., 2019b), as previously reported (Bougea et al., 2019; Maraki et al., 2019a,b; Giagkou et al., 2020; Ntanasi et al., 2020). In more detail, we determined prior (pretest) pPD probability according to the participant’s age. We calculated the individualized likelihood ratios (LRs) for every risk and prodromal marker; missing values were scored 1.0. We then computed the total risk LR and total prodromal LR separately by multiplying the corresponding markers. Next, these LRs were multiplied to provide the total LR. Then, we calculated the final posttest pPD probability by combining pretest probability with total LR. For the purpose of the present analysis, we used posttest pPD probability as a continuous variable, but also the cut-offs of 30% (possible/probable pPD), 50% and 80% (probable pPD) (Berg et al., 2014, 2015).



Genotyping and Imputation

Genome-wide genotyping was performed for 1,446 individuals in three different centers, at the “Centre National de Recherché en Génétique Humaine” (GNRGH, Evry, France), at Life and Braincenter (Bonn, Germany) and at the Erasmus Medical University (Rotterdam, Netherlands) using the Illumina Infinium Global Screening Array (GSA, GSAsharedCUSTOM_24 + v1.0), as part of the European Alzheimer DNA biobank (EADB) project. Base calling of the raw reads was performed at CNRGH. A detailed description of the EADB genotyping, QC and imputation can be found elsewhere. In summary, variants included in the marker list for removal, provided by Illumina, or variants not uniquely aligned in GRCh37 genome were excluded for further analysis. Moreover, variant intensity quality control (QC), was conducted for all autosomal variants, according to established thresholds, while sex-check was also performed using chromosome X variants (Grove et al., 2013).

Next, we performed sample quality control using PLINK v1.9 software (Purcell et al., 2007; Chang et al., 2015; Chang, 2020). Specifically, samples with missingness > 0.05, sex inconsistencies or with heterozygosity rate that deviated more than ± 6 SD from the mean, were excluded. To identify population outliers, we run Principal Component Analysis (PCA), using as reference dataset the population of 1000 Genome (phase 3) and we projected the combined dataset (1000 GP3 samples and the EADB samples) onto two dimensions, using the flashPCA2 software (Abraham et al., 2017). To control for cryptic relatedness, we excluded individuals with a kinship coefficient more than 0.125 (cut-off for third-degree relatives), yielding a final sample size of 1,120 unrelated individuals.

Regarding quality controls of variants, we excluded variants showing a missingness > 0.05 in at least one genotyping center or having a differential missingness test P < 10–10. The Hardy-Weinberg equilibrium test (p < 5e–8) was performed only in controls and for each genotyping center/country separately.

To improve the accuracy of imputation, we compared the frequencies of variants (chi-square test) against two reference panels, the population of the Haplotype Reference Consortium r1.1 (HRC) (McCarthy et al., 2016), excluding samples from 1,000 genomes as well as the Finnish and the non-Finnish population of Genome Aggregation Database v3 (gnomAD) (Karczewski et al., 2020). Variants showing a x2 > 3,000 in both HRC and gnomAD or a x2 > 3,000 in one reference panel and not present in the other were excluded. Finally, GWASs were performed between controls across genotyping centers to assess frequency differences between genotyping centers, using the software SNPTEST (Marchini et al., 2007), under an additive model and adjusting on associated Principal Components (PCs). Variants having a Likelihood Ratio Test of p < 10–5 were excluded. Furthermore, we removed ambiguous variants with Minor Allele Frequency (MAF) > 0.4 and we kept only one copy of any duplicated variants, prioritizing the one with the lowest missingness.

All samples and variants, passing the above QC metrics were imputed o Michigan Imputation Server (v1.2.4) (Das et al., 2016), using the TOPMed Freeze 5 reference panel. Phasing and imputation were performed using EAGLE v2.4 and Minimac4 v4-1.0.2 software, respectively.



Polygenic Risk Score Calculation

Imputed dosages for a total of 5,611,082 SNPs with MAF > 0.05, call rate > 95% and imputation quality score > 0.4 were converted to best-guess genotypes for PRS computation. The PRSice software1 (Choi and O’Reilly, 2019) was utilized to construct PRSs for each individual applying the clumping and thresholding (C + T) method, following the approach originally described by the International Schizophrenia Consortium (International Schizophrenia et al., 2009). Separate PRS for Parkinson’s disease were computed, as the weighted sum of the risk increasing alleles that each individual carries at each SNP locus multiplied by the effect size for the reference allele on the basis of large-scale genome-wide association (GWAS) meta-analysis summary data (i.e., discovery samples) (International Schizophrenia et al., 2009). Different sets of SNPs were filtered in the HELIAD sample (i.e., target sample) by applying increasing p-value thresholds to the discovery GWAS summary statistics and appropriate linkage disequilibrium (LD)-based SNP clumping (SNP with r2 > 0.1 in 250 kb-windows were removed) was performed to ensure that only independent markers are included in the computed PRS. Markers within the major histocompatibility complex (MHC) LD region on chromosome 6 (hg19; chr6:27–33 Mb) were also excluded from PRS computation process due to the high polymorphic nature of this region.

For each subject, we computed different genome-wide PRSs based on a priori set of eight P-value thresholds (PT) (i.e., 1e-4, 0.001, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5), to identify the best threshold for predicting the outcomes of interest.



Statistical Analysis

HELIAD participants with available data on PRS and probability of pPD were included in the present analysis. Normality of data was graphically explored using Q-Q plots. Values are presented as means ± SD or medians (Q1, Q3) for continuous, normally and not normally distributed, respectively, and as frequencies (%) for categorical variables. Differences between two groups (e.g., possible vs. not possible pPD, i.e., ≥ vs. < 30% pPD probability etc.) were tested by unpaired t-test or Mann–Whitney rank tests for normally and not normally distributed continuous variables, respectively, and Chi-Square tests for categorical variables. Differences between PRS quartiles were tested with one-way ANOVA followed by post hoc Student t-tests, or Kruskal–Wallis followed by Mann–Whitney rank tests, for normally and not normally distributed continuous, respectively, and Chi-Square tests for categorical variables.

The associations between PRS and probability of pPD (log-transformed data) were evaluated with linear regression analyses or logistic regression analyses [when probability of pPD was treated as dichotomous variable (i.e., ≥ 30% etc., probability of pPD)]. Furthermore, we used linear regression models to investigate relations between PRS and total LR for prodromal or risk markers (log-transformed data). We also used logistic regression analyses to investigate relations between PRS and each prodromal marker. All models were adjusted for MDSC1, MDSC2, age and sex. The PRS was entered into the models both as a continuous variable, as well as quartiles (comparing the fourth-higher vs. other quartiles). We did not adjust for age and/or sex when the dependent variable (e.g., probability of pPD) was calculated using age and/or sex among others (see above: calculation of pPD probability). Nevertheless, on a purely exploratory attempt, we calculated supplementary models adjusting for age and sex.

Reported p-values are nominal. Statistical significance was set at p ≤ 0.05. All data were analyzed using SPSS statistical software (SPSS 19.0, SPSS Inc., United States).



Sensitivity Analysis

In an effort to distinguish the association of PRS with cognitive dysfunction in the sole context of pPD we performed additional analysis excluding participants with dementia (n = 39) and those with mild cognitive impairment (MCI, n = 143). The diagnosis of dementia was based on Diagnostic and Statistical Manual of Mental Disorders -IV-text revision criteria [American Psychiatric Association [APA], 2000] while MCI was diagnosed according to Petersen Criteria (Petersen et al., 2018).




RESULTS


Genotyping and Subjects Characteristics

European ancestry of the cohort samples was confirmed with principal component analysis, as all samples clustered accordingly with European samples from the 1,000 G dataset. We excluded third degree relatives with pihat scores > 0.125 (n = 130).

Non-PD/DLB participants were included in our analysis and their main characteristics are shown in Table 1. Most participants (745, 66.5%) had less than 5% probability of pPD, while 5.3% of the sample had possible or probable pPD, i.e., 30% or more pPD probability (Table 1).


TABLE 1. Sample characteristics (n = 1,120).

[image: Table 1]


Association of the PRSs With the Probability of pPD

There were no significant associations between any pT cutoffs (pT: significance level probability value thresholds for SNP selection in the discovery sample) and the probability of pPD (p > 0.05). Additionally, for most pT cutoffs there was no association between PRS and total LR for risk markers (p > 0.05) as well as total LR for prodromal markers (p > 0.05). However, PRS estimated from 90 top SNPS with p < 5 × 10–8 was significantly higher in the possible/probable pPD group (i.e., in those with 30% or more pPD probability) (2.83 ± 8.85 vs. −1.85 ± 12.75, p < 0.001; Figure 1) and in those with 50% or more pPD probability (5.09 ± 9.23 vs. −1.77 ± 12.65, p = 0.001; Figure 2). Logistic regression models adjusted for MDSC1 and MDSC2 showed that increase in PRS was associated with increased odds of having 30 or 50% or more pPD probability (OR = 1.033, 95%CI: 1.009–1.057, p = 0.006; OR = 1.052, 95%CI: 1.015–1.089, p = 0.005), while further adjustment for age and sex did not change the results (OR = 1.036, 95%CI: 1.011–1.060, p = 0.004 and OR = 1.056, 95%CI: 1.019–1.096, p = 0.003, respectively).
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FIGURE 1. Boxplots of PRS for those having or not 30% or more pPD probability. P-value derived from unpaired t-test.
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FIGURE 2. Boxplots of PRS for those having or not 50% or more pPD probability. P-value derived from unpaired t-test.




Correlations Between PRSs and Prodromal Markers

Results of multi-adjusted logistic regression models (adjusted for MDSC1, MDSC2, age and sex) investigating the association between PRS and each prodromal PD marker revealed significant association between PRS and global cognitive deficit exclusively (p = 0.003). Increases in PRS were associated with increased odds of having global cognitive deficit (OR = 1.021, 95%CI: 1.007–1.035, p = 0.003). Therefore, those in the higher quartile of PRS had higher odds of having global cognitive deficit, compared to participants in the lower quartile of PRS (OR = 1.923, 95%CI: 1.202–3.076, p = 0.006, Figure 3).
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FIGURE 3. Odd ratios for PD prodromal marker Global Cognitive Deficit by PRS quartile (Q), com-pared to lower quartile in older population (n = 1,120). P-values derived from logistic regression models adjusted for MDSC1, MDSC2, age and sex. P for trend = 0.002. Q4 vs. Q1: OR = 1.923, 95%CI: 1.202–3.076, p = 0.006.




Sensitivity Analysis

Excluding participants with dementia (n = 39) or additionally removing participants with MCI (n = 143) associations of PRS with global cognitive deficit remained unchanged, i.e., increases in PRS was associated with increased odds of having global cognitive deficit (OR = 1.023, 95%CI: 1.008–1.038, p = 0.002; OR = 1.025, 95%CI: 1.007–1.044, p = 0.007; respectively), while those in the higher quartile of PRS had higher odds of having global cognitive deficit, compared to participants in the lower quartile of PRS (excluding participants with dementia: OR = 1.990, 95%CI: 1.209–3.277, p = 0.007; additionally removing participants with MCI: OR = 2.060, 95%CI: 1.123–3.778, p = 0.020).

Increases in PRS were associated with lower individual cognitive domain z scores (memory: b = −0.005, 95%CI: −0.008 to −0.001, p = 0.020, language: b = −0.005, 95%CI: −0.009 to −0.001, p = 0.015, attention-speed: b = −0.010, 95%CI: −0.016 to −0.005, p < 0.001, executive: b = −0.004, 95%CI: −0.007 to −0.000, p = 0.045) with the exception of visual-spatial functioning (b = −0.003, 95%CI: −0.008 to 0.001, p = 0.169). Including all cognitive domains z scores in the same model, PRS was negatively associated with attention-speed z scores (p = 0.012).

Increases in PRS were associated with higher odds of language and attention-speed deficits (OR = 1.015, 95%CI: 1.002–1.027, p = 0.025; OR = 1.013, 95%CI: 1.000–1.026, p = 0.042; respectively). When including deficits of all cognitive domains in the same model, PRS was not associated with any of them (p > 0.05), suggesting associative dependency.

When we excluded the prodromal marker of global cognitive deficit from pPD probability calculation, the associations of PRS with increased odds of having 30% or 50% or more pPD probability remained unchanged (OR = 1.031, 95%CI: 1.006–1.056, p = 0.013; OR = 1.048, 95%CI: 1.012–1.085, p = 0.009; respectively).

When we excluded the risk marker of having or not first-degree relative with PD from the calculation of pPD probability, results also remained unchanged, i.e., there were no significant associations of PRS with pPD probability (continuous variable) or total LR for risk markers (p > 0.05), while increases in PRS were associated with increased odds of having 30% or 50% or more pPD probability (OR = 1.031, 95%CI: 1.007–1.056, p = 0.010; OR = 1.052, 95%CI: 1.014–1.091, p = 0.006; respectively).

In addition, we performed the analysis splitting the sample according to whether they reported having first-degree relative with PD. In those having first-degree relative with PD (n = 43), we found that PRS was associated with increased pPD probability (continuous and the cut-off of 30% (n = 9), b = 0.017, 95%CI: 0.004–0.030, p = 0.013 and OR = 1.125, 95%CI: 1.011–1.253, p = 0.031; respectively), total LR for prodromal markers (b = 0.023, 95%CI: 0.007–0.039, p = 0.007) and higher odds of subthreshold Parkinsonism (OR = 1.257, 95%CI: 1.018–1.550, p = 0.033). On the other hand, in those had not first-degree relative with PD (n = 1074), PRS was associated with higher odds of having 30% or more pPD probability (OR = 1.024, 95%CI: 1.000–1.050, p = 0.050), 50% or more pPD probability (OR = 1.040, 95%CI: 1.002–1.081, p = 0.041) and global cognitive deficit (OR = 1.020, 95%CI: 1.006–1.034, p = 0.005).

Finally, when we used PRS higher quartile as a pPD risk marker, pPD probability was significantly lower than when we used the presence of first-degree relative with PD [2.50 (1.00, 6.63) vs. 2.74 (1.14, 7.08), p = 0.007]. However, this difference was not significant in those who had not first-degree relative with PD (p = 0.694), since 50% of this sample received the same LR (1.00), while 25% received greater (1.57) and 25% lower LR (0.45) when PRS higher quartile was served as a marker instead of the marker of presence of first-degree relative with PD.




DISCUSSION

In the present study, we explored the effect of genes on prodromal PD by screening and integrating PD- associated SNPs identified from large GWASs and building polygenic risk models. Such PRS reflect the cumulative genome-wide impact of common genetic variation on a given phenotype into a single measure of genetic risk. We used a large population-based cohort which enabled us to obtain more stable effect size estimates and better risk predictions. Several PRS models containing different numbers of SNPs were built for investigating possible associations with probability of pPD and its risk markers. A PRS model based on 90 SNPs (SNPs with a threshold of p < 5 × 10–8 from a large GWASs meta-analysis showed a significant association with pPD. Variants that do not reach GWAS significance do not seem to contribute to the prediction accuracy of pPD in our study.

Previous studies have shown that PRSs differentiated individuals already diagnosed with PD from unaffected individuals and several polygenic analysis have become standard tools for dissecting risk for polygenic disorders and related traits (Nalls et al., 2014). However, there are no studies that examine the relationship between PRS and pPD or with several prodromal markers. The results of our study suggest that PRS may further improve PD risk prediction. Hence, PRS can serve as a promising clinical tool in early screening and identifying at -risk asymptomatic individuals for disease prevention. PRSs could also lead to the reclassification of individuals more accurately into appropriate disease risk categories.

Furthermore, we found a significant correlation between PRS and global cognitive deficit, a prodromal marker of PD. However, we failed to detect other prodromal or risk markers associated with PRS. Additionally, the total LRs of risk markers was not associated with PRS.

This could be partly explained by the fact that several putative risk/protective factors for PD were not included in our analysis. In the HELIAD study, we had information on 13 of 17 MDS markers (eight of 10 prodromal) (Maraki et al., 2019a). Several risk assessments were based on questionnaires and we did not perform any specific tests for certain markers such as polysomnography for RBD, specific smell identification tests for olfactory dysfunction or questionnaires like Gastrointestinal Dysfunction Scale for Parkinson’s Disease (GIDS-PD) to quantitatively assess features of gastrointestinal dysfunction (GID) symptoms. Moreover, MDS pPD criteria are still undergoing validation and each criterion may not specific to pPD or may overlap with other neurodegenerative diseases. Therefore, although we have considered several comorbidities we cannot exclude or calculate the role of others.

For instance, olfactory dysfunction is one of the markers not included in our analysis. Olfactory dysfunction is common in Parkinson’s disease (PD) and often predates the diagnosis by years, reflecting early deposition of Lewy pathology, the histologic hallmark of PD, in the olfactory bulb (Fullard et al., 2017). Olfactory function is also correlated with other non-motor features of PD and may serve as a predictor of cognitive decline. Hyposmia/anosmia is often seen in SNCA, GBA and LRRK2 carriers. However, it has variable penetrance in both sporadic and monogenic PD (Chase and Markopoulou, 2020). Therefore, while the hyposmia has been implicated as a “genetic” marker of PD in familial cases it has not been evaluated in our cohort concealing a possible association.

In an effort to explain this significant association of PRS with global cognitive deficit in pPD, we present previous studies showing how cognitive function influences the risk of parkinsonism and the genetic basis of cognition in PD.

Cognitive impairment and dementia are well established disorders in PD. As many as 80% of patients who are alive, 10 years after diagnosis are expected to develop dementia (Davis and Racette, 2016; Aarsland et al., 2017; Darweesh et al., 2017). Based on these findings global cognitive deficit was included in the calculation of risk markers (Heinzel et al., 2019a).

We have also recently reported results from HELIAD study investigating associations between pPD probability and cognitive function showing that higher probability of pPD was associated with lower cognitive performance in all domains. This may reflect a widespread pathologic process and non-dopaminergic pathways involved in neurodegeneration (Bougea et al., 2019).

As far as the genetic background of cognitive deficit concerns, most of the patient cohorts investigating cognitive impairment in PD have used candidate gene approaches so far. For instance, GBA, one of the most important genetic factors for PD, has also been implicated in cognitive impairment in PD (Alcalay et al., 2012; Mata et al., 2016; D’Souza and Rajkumar, 2020). Other studies have assessed the role of LRRK2, MAPT and SNCA for dementia in PD but results have often been inconclusive or not replicated independently (Mata et al., 2014). There were few studies so far that linked the cumulative burden of PD genetic risk factors with patient’s cognitive deficit. Thus, a recent study showed that PRS was associated with significantly faster cognitive decline (Paul et al., 2018).

However, the main question, as far as cognitive decline in PD is concerned, is whether this association is driven by phenotypic and pathogenetic links with other neurodegenerative disorders. The sensitivity analysis that we performed, excluding participants with dementia and MCI, enforces the implication of an independent association. Therefore, this significant association between PRS and cognitive deficit is attributed solely to cognitive decline in the context of PD.

The assumption of a distinct genetic component of cognition in PD is supported by a number of studies investigating phenotypic and genotypic links between PD and other associated disorders. The Brainstorm Consortium, collaboration among GWAS meta-analysis consortia for 25 disorders, performed a comprehensive correlation analysis of brain disorders. Neurological disorders showed a limited extend of genetic correlation suggesting greater diagnostic specificity and more distinct etiologies (Brainstorm et al., 2018). The absence of genetic overlap between AD and PD reported that might be indicative of different biological pathways solidifies our findings.

In terms of the distinct cognitive impairment profile detected in PD, there are a number of studies showing that cognitive impairment involves executive, attention visuospatial and memory impairment with the language being usually preserved (Fang et al., 2020). Executive dysfunction is at the root of most cognitive changes in PD while the attentional deficit is always present and has been shown to interfere significantly in the patients’ quality of life (Jalakas et al., 2019). Our findings are in consistent with this distinct clinical characteristics and PRS has been associated with them. Attention speed deficit was the most significantly associated cognitive domain with PRS. Declining processing speed in PD seems to have structural correlates with cortical thinning in temporoparietal regions, changes in diffusion MRI, especially in the cingulum tract, and decreased functional connectivity in posterior brain networks (Jalakas et al., 2019). All this evidence highlights even further these interesting associations that we detected at a prodromal stage.

A robust argument that could explain the association of PRS with cognitive deficit in pPD is that many genes that are included in PRS such as GBA, SNCA and MAPT, have been linked with cognitive outcomes in PD separately. For instance, results from the more recent large studies including more than a thousand subjects indicate an effect of SNCA variability on cognitive decline in PD (Guella et al., 2016). GBA status has been identified as one of the primary biological factors associated with cognitive status (Phongpreecha et al., 2020). GBA carriers had worse performance across most cognitive measures and the effect of this genetic factor on cognitive decline has been highlighted in many studies so far (D’Souza and Rajkumar, 2020). Previous reports on MAPT and cognition are mixed, with some studies reporting faster decline in MMSE scores and greater dementia risk in PD patients with the H1 haplotype and others showing a greater association between the H1 haplotype and PD diagnosis among those with dementia (Williams-Gray et al., 2009; Seto-Salvia et al., 2011).

Although evidence supporting an influence of genetics on cognition in PD is beginning to accumulate, the existing studies present variable methodology, conflicting results and limited number of candidate genes. High quality standardized data on cognition is also lacking in most studies. Our study is the only population based prospective study to investigate PRS with many prodromal markers of Parkinson’s disease and to highlight a significant association between the accumulation of many common genetic variants and cognitive deficits. The identification of the genetic influence on prodromal phase is even more robust especially when certain criteria on prodromal disorders are well established. This procedure allows the detection of a pure association between multiple domains of the disorder and the genetic susceptibility without the interaction of other clinical features.
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