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Summary

Background—The Parkinson’s Progression Markers Initiative (PPMI) is an ongoing 

observational, longitudinal cohort study of participants with Parkinson’s disease, healthy controls, 

and carriers of the most common Parkinson’s disease-related genetic mutations, which aims to 

define biomarkers of Parkinson’s disease diagnosis and progression. All participants are assessed 

annually with a battery of motor and non-motor scales, 123-I Ioflupane dopamine transporter 

(DAT) imaging, and biological variables. We aimed to examine whether non-manifesting carriers 

of LRRK2 and GBA mutations have prodromal features of Parkinson’s disease that correlate with 

reduced DAT binding.

Methods—This cross-sectional analysis is based on assessments done at enrolment in the subset 

of non-manifesting carriers of LRRK2 and GBA mutations enrolled into the PPMI study from 33 

participating sites worldwide. The primary objective was to examine baseline clinical and DAT 

imaging characteristics in non-manifesting carriers with GBA and LRRK2 mutations compared 

with healthy controls. DAT deficit was defined as less than 65% of putamen striatal binding ratio 

expected for the individual’s age. We used t tests, χ2 tests, and Fisher’s exact tests to compare 

baseline demographics across groups. An inverse probability weighting method was applied to 

control for potential confounders such as age and sex. To account for multiple comparisons, we 

applied a family-wise error rate to each set of analyses. This study is registered with 

ClinicalTrials.gov, number .

Findings—Between Jan 1, 2014, and Jan 1, 2019, the study enrolled 208 LRRK2 (93% G2019S) 

and 184 GBA (96% N370S) non-manifesting carriers. Both groups were similar with respect to 

mean age, and about 60% were female. Of the 286 (73%) non-manifesting carriers that had DAT 

imaging results, 18 (11%) LRRK2 and four (3%) GBA non-manifesting carriers had a DAT 

deficit. Compared with healthy controls, both LRRK2 and GBA non-manifesting carriers had 

significantly increased mean scores on the Movement Disorders Society Unified Parkinson’s 

Disease Rating Scale (total score 4·6 [SD 4·4] healthy controls vs 8·4 [7·3] LRRK2 vs 9·5 [9·2] 

GBA, p<0·0001 for both comparisons) and the Scale for Outcomes for PD - autonomic function 

(5·8 [3·7] vs 8·1 [5·9] and 8·4 [6·0], p<0·0001 for both comparisons). There was no difference in 

daytime sleepiness, anxiety, depression, impulsive-compulsive disorders, blood pressure, urate, 

and rapid eye movement (REM) behaviour disorder scores. Hyposmia was significantly more 

common only in LRRK2 non-manifesting carriers (69 [36%] of 194 healthy controls vs 114 [55%] 

of 208 LRRK2 non-manifesting carriers; p=0·0003). Finally, GBA but not LRRK2 non-

manifesting carriers showed increased DAT striatal binding ratios compared with healthy controls 

in the caudate (healthy controls 2·98 [SD 0·63] vs GBA 3·26 [0·63]; p<0·0001), putamen (2·15 

[0·56] vs 2·48 [0·52]; p<0·0001), and striatum (2·56 [0·57] vs 2·87 [0·55]; p<0·0001).

Interpretation—Our data show evidence of subtle motor and non-motor signs of Parkinson’s 

disease in non-manifesting carriers compared with healthy controls that can precede DAT deficit. 
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Longitudinal data will be essential to confirm these findings and define the trajectory and 

predictors for development of Parkinson’s disease.

Funding—Michael J Fox Foundation for Parkinson’s Research.

Introduction

Slowing the progression of Parkinson’s disease remains a major unmet goal in therapeutics. 

Failure of previous studies to show slowing of disability in patients with Parkinson’s disease 

might be due to a late intervention in relation to progression of the neuropathological 

process. The current diagnosis is based on the set of clinical motor features that define 

Parkinson’s disease; however, these characteristics become apparent after 50–70% of 

nigrostriatal dopamine function has been lost.1,2 Therefore, intervention at the prodromal 

phase of the disease provides a window of opportunity. Non-manifesting gene carriers offer 

a unique population for potential future disease modifying and, ultimately, neuroprotective 

interventions. Mutations in Leucine rich kinase 2 (LRRK2) and heterozygous mutations in 

Glucosylceramidase β (GBA) are the two most common genetic risk factors for Parkinson’s 

disease, responsible for up to 10% of sporadic cases globally and up to 30% in some ethnic 

subgroups and cases with familial disease.3 Non-manifesting carriers represent an ideal 

population for disease-modifying interventions specifically targeting underlying gene-

dependent biology. The challenge is that both genetic mutations have low and variable (2–

30%) gene and age-dependent lifelong penetrance. Defining prodromal clinical and 

biological risk characteristics and establishing the trajectory change of these markers during 

the prodromal period and their contribution to risk of phenoconversion to motor 

parkinsonism are essential steps to allow therapeutics to move into the premanifesting 

population. The number of studies examining motor, non-motor, and imaging characteristics 

of non-manifesting carriers of LRRK2 and GBA mutations is growing. However, data are 

scarce from large, controlled, prospective studies comparing non-manifesting carriers with 

healthy controls, and newly diagnosed participants with sporadic Parkinson’s disease, as 

well as allowing comparison between cohorts of GBA and LRRK2 non-manifesting carriers.

The primary objective of this study was to systematically assess baseline clinical and 

dopamine transporter (DAT) characteristics of non-manifesting carriers of GBA and LRRK2 
mutations compared with healthy controls enrolled in the Parkinson’s Progression Markers 

Initiative (PPMI) study. We hypothesised that non-manifesting carriers will have several 

prodromal features of Parkinson’s disease that will correlate with reduced DAT binding. The 

secondary objective was to evaluate these characteristics in non-manifesting carriers of 

LRRK2 versus GBA mutations.

Methods

Study design

Data used in the preparation of this study were obtained from the PPMI database. PPMI is 

an ongoing observational, international, multicentre cohort study aiming to identify blood-

based, genetic, spinal fluid, and imaging biomarkers of Parkinson’s disease progression with 
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longitudinal follow-up in a large cohort. The aims and methodology of the study have been 

published elsewhere.4,5 Study protocol and manuals and are available online.

PPMI enrolled patients with early, untreated (de novo) Parkinson’s disease as well as healthy 

controls of similar age and sex between June 7, 2010, and May 27, 2013. The study was 

expanded in 2014 to include genetic cohorts with Parkinson’s disease as well as non-

manifesting carriers of mutations in the SNCA, LRRK2, and GBA genes. For this study, we 

used the baseline dataset for non-manifesting carriers of LRRK2 and GBA mutations 

enrolled between Sept 23, 2013, and March 25, 2019, from 33 participating outpatient 

Parkinson’s disease treatment centres worldwide.

Participants

Newly diagnosed, untreated patients with Parkinson’s disease and healthy controls were 

enrolled in PPMI on the basis of inclusion and exclusion criteria previously published.5 The 

cohort of carriers of non-manifesting LRRK2 and GBA mutations comprised male and 

female participants aged 45 years or older at baseline with a LRRK2 or GBA mutation 

confirmed by the genetic core. Participants were excluded if they had a clinical diagnosis of 

Parkinson’s disease based on established diagnostic criterial or conditions that precluded 

safe performance of lumbar puncture. Participants who were referred to sites as non-

manifesting carriers but determined to have Parkinson’s disease at the screening visit by the 

site investigator were excluded from this analysis. Recruitment of the cohort of non-

manifesting carriers was done via participating sites (existing databases) and a centralised 

recruitment initiative, described previously, specifically targeting first-degree relatives of 

patients with Parkinson’s disease of Ashkenazi Jewish descent.6 The study was approved by 

the Institutional Review Board at each site, and participants provided written informed 

consent. Data were downloaded on April 1, 2019.

Genetic testing was done by the centralised PPMI genetic testing core. All non-manifesting 

carriers received pretesting and post-testing genetic counselling by phone, done by certified 

genetic counsellors from the University of Indiana or by site-qualified personnel. The 

LRRK2 genetic testing battery includes G2019S and R1441G mutations. GBA genetic 

testing includes N370S (in all), and L483P, L444P, IVS2+1, and 84GG (in a subset of 

participants) mutations. Dual mutation carriers (LRRK2 and GBA) were excluded from this 

analysis (n=12). All PPMI participants subsequently had whole exome or genome 

sequencing. Two participants recruited into the cohort of healthy controls were identified to 

have a GBA or LRRK2 mutation and were excluded from the analysis.

Outcomes

All participants enrolled in PPMI received the PPMI standard test battery of assessments 

described in detail previously.7,8 In addition to mutation type, other demographic variables 

were collected, including sex, age, education, ethnicity, race, and family history. The clinical 

battery relevant to this analysis includes the Movement Disorders Society Unified 

Parkinson’s Disease Rating Scale (MDS-UPDRS), Montreal Cognitive Assessment 

(MOCA) for assessment of global cognitive abilities, the 15-item Geriatric Depression 

Scale, the Scale for Outcomes for Parkinson’s Disease—autonomic function (SCOPA-AUT), 
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State and Trait Anxiety Scale, Modified Schwab and England Activities of Daily Living 

Scale, the Questionnaire for Impulsive-Compulsive Disorders in Parkinson’s Disease, the 

Epworth Sleepiness Scale, the Rapid Eye Movement Behaviour Disorder (RBD) 

Questionnaire, and the University of Pennsylvania Smell Identification test (UPSIT). All 

participants were expected to have a DAT scan to assess DAT binding, analysed according to 

the PPMI imaging technical operations manual.8 Patients were enrolled into the Parkinson’s 

disease and healthy control cohorts on the basis of visual assessment consistent with 

regulatory-approved DAT read (normal vs abnormal). All participants had quantitative 

analysis using previously described methods to determine minimum putamen striatal binding 

ratio (SBR). Less than 65% of age-expected putamen striatal binding ratio was used as a 

cutoff for DAT deficit in this analysis.5 This cutoff was also used for quantitative analysis of 

DAT deficit in both cohorts.7 Quantitative data of DAT were used for this analysis; therefore, 

some participants might have a normal read on the visual analysis of the DAT scan and show 

signs of DAT deficit with quantitative analysis. PPMI also collects an array of CSF 

biomarkers, but these measures are available only for a small subset of participants in the 

genetic cohort (because they are processed in batches) and thus were not included in this 

report. This study is registered with ClinicalTrials.gov, number , and is closed to accrual.

Statistical analysis

Statistical analyses were done using SAS 14.3 (SAS Institute Inc, Cary, NC). We did t tests, 

χ2 tests, and Fisher’s exact tests to compare baseline demographics across groups at a 

significance level of 0·05. A method of inverse probability weighting was applied through 

the CAUSALTRT procedure, an estimation method designed primarily for use with 

observational data, to control for potential confounders, such as age and sex, which could 

affect outcome. To account for multiple comparisons reported, we applied a family-wise 

error rate to each set of analyses. A Bonferroni correction was made to adjust for number of 

comparisons of clinical characteristics and striatal binding ratios. The corrected significance 

level is 0·05 divided by the total number of comparisons provided for that table—ie, 

0·05/49=0·001 for clinical characteristics comparisons and 0·05/9=0·005 for striatal binding 

ratios.

Role of the funding source

Research officers (AR and SH) at the funding institution were involved in study design, 

interpretation of results, review and revision of this manuscript, and the decision to submit 

for publication. The corresponding author had full access to all the data in the study and 

takes responsibility for the integrity of the data and the accuracy of the data analysis. The 

corresponding author had the final decision to submit for publication.

Results

Of586 participants, 208 non-manifesting carriers of LRRK2 mutations, 184 non-manifesting 

carriers of GBA mutations, and 194 healthy controls were included in the analysis. Eight 

participants referred to sites as non-manifesting carriers were determined to have 

Parkinson’s disease at the screening visit by the site investigator, so they were excluded from 

this analysis. Participants with Parkinson’s disease (n=423) are included in the tables as a 
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reference cohort but no comparative analyses were completed as we expected significant 

differences in all outcome measures. Baseline demographics, family history of Parkinson’s 

disease, presence of DAT deficit, and type of genetic mutation (for the genetic cohorts) are 

presented in table 1. No difference was observed in age between non-manifesting carriers of 

LRRK2 or GBA mutations and healthy controls. More than 50% of participants were female 

in both cohorts of non-manifesting carriers, compared with male predominance (65%) 

consistently reported in all sporadic cohort studies of Parkinson’s disease.30 As expected, 

non-manifesting carriers of LRRK2 and GBA mutations had a high proportion of first-

degree relatives with Parkinson’s disease (178 [86%] of 208 and 140 [76%] of 184, 

respectively). Given that enrolment was focused on the Ashkenazi Jewish community, most 

LRRK2 mutations were G2019S and GBA mutations were N370S. 195 (94%) of 208 

LRRK2 and 179 (97%) of 184 GBA non-manifesting carriers had a DAT scan done at 

baseline. However, a delay occurred between the time that the scan was collected and the 

SBR values became available for analysis in the primary study database. Because of this 

delay, 162 (78%) of 208 LRRK2 and 124 (67%) of 184 GBA non-manifesting carriers had 

baseline DAT scan SBR values available for analysis at the time of data freeze.

The percentage of participants with DAT deficit was increased in those with LRRK2 
mutations, but decreased in those with GBA mutations, compared with healthy controls (18 

[11%] of 162 scanned participants vs four [3%] of 124 vs 12 [6%] of 191). No difference 

occurred in demographics between non-manifesting carriers who had versus those who did 

not have DAT SBR data (appendix).

Clinical characteristics in non-manifesting carriers of LRRK2 and GBA mutations were 

compared with healthy controls and with each other (table 2). Many variables of Parkinson’s 

disease significantly differed between healthy controls and non-manifesting carriers. Non-

manifesting carriers of LRRK2 and GBA mutations had higher scores on MDS-UPDRS total 

score and subscores, and lower MOCA scores than healthy controls. Both cohorts of non-

manifesting carriers had signs of autonomic dysfunction, as evidenced by higher SCOPA-

AUT scores, but standing blood pressures remained the same. Furthermore, domains known 

as premotor features of Parkinson’s disease, specifically olfaction, mood, anxiety, sleepiness, 

and RBD characteristics, were also compared with healthy controls. None of these 

characteristics was different in cohorts of non-manifesting carriers compared with healthy 

controls, aside from hyposmia that was present in non-manifesting carriers of LRRK2 
mutations but not in GBA mutations compared with healthy controls.

Comparison of the GBA versus LRRK cohort showed only significant differences in UP SIT 

score (worse in LRRK2 group; p=0·0071). No difference occurred in RBD scores between 

non-manifesting carriers of LRRK2 and GBA mutations.

Non-manifesting carriers of LRRK2 mutations had no difference in SBR values compared 

with healthy controls (table 3, figure). Non-manifesting carriers of GBA mutations had 

significantly higher (better) SBR values in all regions than did healthy controls and non-

manifesting carriers of LRRK2 mutations. Patients were enrolled in the Parkinson’s disease 

cohort or healthy control cohort on the basis of visual assessment, consistent with regulatory 

approved DAT read. As indicated in table 1, participants in both cohorts had quantitative 
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DAT that was not consistent with their visual assessment. Of the 12 participants in the 

healthy control group that had DAT deficit, which potentially could be evidence of early 

dopaminergic degeneration, none has converted to motor parkinsonism up to the date of data 

freeze for this analysis.

Discussion

We detail baseline clinical and DAT imaging characteristics of non-manifesting carriers with 

the two most common genetic mutations of Parkinson’s disease, LRRK2 and GBA, 

compared with healthy controls. These data have provided several novel observations and 

generated hypotheses that require additional longitudinal follow-up studies.

The most important observation in the study is higher prevalence of motor and non-motor 

features of Parkinson’s disease in non-manifesting carriers of GBA and LRRK2 mutations 

than seen in healthy controls. Although several studies have described clinical and biological 

features of Parkinson’s disease manifesting in genetic cohorts, few reports are available in 

non-manifesting carriers. Our data are in line with previously published results in cohorts of 

non-manifesting carriers of LRRK2 mutations.8–13 Only Pont-Sunyer and colleagues9 had a 

similarly large sample size, and, like our data, they reported higher MDS-UPDRS motor 

scores in non-manifesting carriers than in healthy controls. However, they did not identify a 

difference in MOCA scores or hyposmia. Arzi and colleagues11 reported data for 

quantitative imaging of non-manifesting carriers compared with healthy controls and 

identified marginally lower uptake (p=0·05) in the right dorsal striatum of non-manifesting 

carriers but no difference in clinical features, although both cohort sizes were small (n=31).

Few data are published for characterisation of GBA prodromal cohorts.14–16 Beavan and 

colleagues15 reported 2-year longitudinal data on clinical characterisation of heterozygous 

non-manifesting carriers of GBA mutations (n=28) versus healthy controls (n=26) and, 

similar to our findings, identified a difference in MOCA and UPDRS part 3 (motor) scores, 

but not in RBD, although they also reported higher prevalence of hyposmia, which was not 

seen in our cohort.

Our study included DAT imaging for most participants (73%). Not unexpectedly, only a 

minority of non-manifesting carriers had DAT deficit (11% of LRRK2 vs 3% of GBA non-

manifesting carriers). Considering that the number of participants with DAT deficit was 

small, we did not separately analyse subsets with DAT deficit versus without, but aim to do 

so in a future longitudinal analysis as the number of participants with DAT deficit increases. 

MDS-UPDRS motor scores increased in both groups of non-manifesting carriers compared 

with healthy controls despite low percentages of participants with DAT deficit, suggesting 

that early changes in MDS-UPDRS scores might be apparent even before reduction in DAT 

SBR. An alternative explanation might be that increases in MDS-UPDRS scores and other 

clinical scale scores in non-manifesting carriers are driven by examiners’ and participant 

bias. Although the protocol stipulated that a small proportion of non-carriers would be 

included in the cohort of non-manifesting carriers to maintain masking, investigators were 

aware of the mutation-positive status of the cohort in most cases but not DAT status. 

However, the magnitude of change in MDS-UPDRS scores in non-manifesting carriers 
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compared with healthy controls is small and variable and is unlikely by itself to predict who 

might progress to motor Parkinson’s disease.

We did not identify reduction in SBR values in non-manifesting carriers of LRRK2 mutation 

compared with healthy controls as was reported by other groups.9,12,17,18 This discrepancy 

in findings could be attributed to the difference in demographic characteristics of cohorts, 

predominance of G2019S mutation carriers, or other factors to be determined with 

longitudinal follow-up. The size of our cohort was substantially larger than previously 

reported cohorts. Unexpectedly, non-manifesting carriers of GBA mutation had increased 

SBR values in all striatal regions compared with healthy controls and non-manifesting 

carriers of the LRRK2 mutation; this increase was not observed in the LRRK2 cohort. This 

finding might represent compensatory upregulation of tracer uptake in the early stages of the 

degenerative process. This hypothesis is supported by data from non-human primates 

showing an increase in DAT binding in monkeys treated with α-synuclein delivered via 

Adeno-associated virus (AAV; Kordower, J, Rush University Medical Center, IL, USA) and 

rodents treated with AAV showing synuclein deposition before onset of neuronal loss.19 The 

biological factors that drive potential upregulation of DAT binding in non-manifesting 

carriers of GBA and not LRRK2 mutations remain to be determined. A similar finding of 

significantly increased striatal binding was reported in non-manifesting carriers of the 

22q11.2 mutation associated with age-related increased risk of Parkinson’s disease.20 This 

study used a radiotracer targeting the vesicular monoamine transporter radio ligand and 

reported only cross-sectional data. Alternatively, this upregulation could be a result of 

disruption of dopamine release before loss of dopaminergic terminals. Reduced synaptic 

dopamine might lead to reduced occupancy of dopamine transporters, thereby contributing 

to false estimation of DAT binding. Abnormal dopamine release has been shown in GBA 
transgenic mouse models.21 Longitudinal follow-up of our and other genetic cohorts of non-

manifesting carriers is crucial to further elucidate progression of DAT deficit in these 

groups.

Another strength of these data is the parallel ascertainment of non-manifesting carriers of 

GBA and LRRK2 mutations with the same scope of activities (they all had the same 

assessments under the same protocol). Data are scarce comparing non-manifesting carriers 

of LRRK2 and GBA mutations.22–25 Only one previous study to our knowledge has assessed 

presence of premotor features in Parkinson’s disease manifest GBA and LRRK2 mutation 

cohorts and it did not identify higher prevalence of prodromal symptoms than in sporadic 

Parkinson’s disease, although it was a retrospective analysis and did not include a healthy 

control group.24 Other previous studies have largely focused on the imaging characteristics 

of non-manifesting carriers.10,11,18,25

Carriers of the GBA mutation with Parkinson’s disease are reported to have higher incidence 

of cognitive dysfunction, hyposmia, and RBD, suggesting potentially rapid progression and 

widespread pathology.15,26,27 However, the time course remains unclear. Although 

prevalence of cognitive dysfunction was higher in non-manifesting carriers of GBA 
mutations based on MOCA scores than in healthy controls in our study, we did not identify 

higher prevalence of hyposmia, RBD, or sleepiness in that cohort, suggesting that these 

changes occur later in the progression of Parkinson’s disease pathology and might provide a 
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window of opportunity for early intervention. Additionally, the GBA cohort predominantly 

had the N370S mutation, which is a milder GBA mutation (ie, has less severe Parkinson’s 

disease manifestation than other GBA mutations) and might not result in more rapid disease 

progression than does idiopathic Parkinson’s disease. G2019S (LRRK2) cohorts generally 

are reported to have less disability and slower disease progression than sporadic Parkinson’s 

disease. Our analysis identified hyposmia as the only clinical feature different between 

cohorts of non-manifesting carriers of GBA and LRRK2 mutations, with an unexpectedly 

higher prevalence of hyposmia in the LRRK2 versus the GBA cohort. Evidence for a higher 

prevalence of GBA mutation in RBD patients is increasing.14,16 RBD scores remained the 

same in non-manifesting carriers of GBA mutations versus healthy controls, and in non-

manifesting carriers of GBA versus LRRK2 mutations. The same was reported for baseline 

data by Beavan and colleagues15 of non-manifesting carriers of GBA mutations; however, 

RBD significantly increased in a 2-year follow-up. Longitudinal follow-up of the cohort and 

participants who develop Parkinson’s disease will be essential to assess whether hyposmia 

and RBD occur as participants become closer to phenoconversion.

Abnormal DAT scan has been used to enrich hyposmic cohorts and was shown to 

successfully predict phenol-conversion to Parkinson’s disease over 4 years.7,28 It remains to 

be determined if the subset of non-manifesting carriers with DAT deficit will have a different 

longitudinal course. These data are being collected.

Both cohorts of non-manifesting carriers lack male predominance seen in cohorts of 

sporadic Parkinson’s disease. This is consistent with previously reported data in patients 

with LRRK2 and GBA mutations compared with sporadic Parkinson’s disease.24,29 

Considering that our participants are non-manifesting carriers, it remains to be determined 

whether this sex distribution will persist in the subset of participants who develop 

Parkinson’s disease. The biology of male predominance in Parkinson’s disease has not been 

well established but lack of such might point to the genetic effect being upstream of sex.

This analysis has several limitations. The cohort of non-manifesting carriers was enrolled 

using different methods for the LRRK2 group (local site enrolment targeting mostly family 

members of Ashkenazi Jewish patients with Parkinson’s disease known to the site and 

centralised enrolment) and GBA group (mostly centralised enrolment). This change in 

methods might account for the difference in percentage of scans with DAT deficit. Non-

manifesting carriers of LRRK2 (predominantly G2019S) and GBA (predominantly N370S) 

mutations represent selected mutations of both genes, increasing our ability to understand 

the effect of these mutations, but limiting conclusions on both mutations in general.

A substantial percentage of non-manifesting carriers of LRRK2 and GBA mutations did not 

have DAT scan SBR values (22% and 33%, respectively) at time of data freeze, which could 

affect the analysis and conclusions, although no difference was seen in baseline 

demographic characteristics between subsets with versus without DAT SBR values. Despite 

some missing data, to our knowledge, this study remains the largest reported cohort of non-

manifesting carriers with DAT imaging results. As data are acquired, future longitudinal 

analysis will include a full DAT SBR dataset.
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As discussed, higher MDS-UPDRS scores in both cohorts of non-manifesting carriers could 

be driven by bias of the investigators who, in most cases, were aware of the participant’s 

genetic status. The same could be true regrading participant-reported outcomes. However, 

consistency of findings across multiple domains suggests a biologically driven result rather 

than ascertainment bias. This analysis does not include data from spinal fluid or blood-based 

biomarkers as the analysis of these were not fully available during the writing of this paper 

and will be reported in future publications.

Finally, we recognise that these data only report baseline observations and longitudinal 

follow-up is crucial to confirm these findings and test the hypothesis that it is possible to 

predict those at risk to develop motor symptoms of Parkinson’s disease during the prodromal 

state. The PPMI study is committed to comprehensive longitudinal follow-up of these 

individuals and reporting these data as they are available.

We report baseline clinical and imaging characteristics of non-manifesting carriers of the 

two most common genetic mutations of Parkinson’s disease, in LRRK2 and GBA. Both 

cohorts show significant differences in several clinical variables compared with healthy 

controls despite a small proportion of non-manifesting carriers with DAT deficit. 

Interestingly, non-manifesting carriers of GBA mutations show increases in DAT SBR 

suggesting that some compensatory increase in DAT might occur early in the prodromal 

phase. These results provide another justification for targeting non-manifesting carriers as 

potential cohorts for future disease modifying interventions. Longitudinal data on the 

evolution of clinical and biological characteristics of both cohorts of non-manifesting 

carriers will be essential to define early characteristics that predict ultimate phenoconversion 

to Parkinson’s disease.
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Refer to Web version on PubMed Central for supplementary material.
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Research in context

Evidence before this study

We searched PubMed with the terms “Parkinson’s disease”, prodromal”, “non-manifest 

carriers”, “GBA”, “LRRK2” for articles published in English on or before May 25,2019, 

in any field. We identified a small number of studies (fewer than five) that described 

clinical characteristics of non-manifest LRRK2 mutation carriers compared with healthy 

controls and participants with newly diagnosed Parkinson’s disease compared with those 

with sporadic disease, and even fewer studies in non-manifest GBA mutation carriers. 

Published data indicated presence of subtle motor features of parkinsonism in non-

manifest LRRK2 mutation carrier cohorts compared with healthy controls and no 

difference on cognitive screening tests. Data from small non-manifest GBA mutation 

carrier cohorts compared with healthy controls show increases in motorfeatures of 

parkinsonism, worse cognitive and smell identification test performances, and with no 

difference in REM sleep behaviour disorder. There were no publications comparing large 

sized cohorts of GBA and LRRK2 non-manifest carriers within the same study assessed 

with the same clinical and imaging assessments.

Added value of this study

To our knowledge, this is the first report of comparative data from a large cohort of non-

manifest carriers of LRRK2 and GBA mutations versus healthy controls. We identified a 

significant difference in a number of motor and non-motor variables and cognitive 

features in both non-manifest carrier cohorts compared with healthy controls that were 

present despite lack of DAT deficit on DAT scans. Surprisingly smell scores were lower 

in LRRK2 but not in GBA non-manifest carriers compared with healthy controls as 

hyposmia is more prevalent in GBA-related Parkinson’s disease. Additionally, there was 

an increased DAT uptake in GBA non-manifest carriers compared with healthy controls. 

A novel finding is that clinical features can precede DAT abnormalities.

Implications of all the available evidence

These results support the existing hypothesis that it is possible during the prodromal state 

to predict those at risk of developing motor parkinsonism. Longitudinal data (ongoing) 

will be essential to confirm our data and establish risk factors and trajectory for 

development of motor parkinsonism. These data will be important for future development 

of novel therapeutics targeting population at risk for Parkinson’s disease.
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Figure: Striatal binding ratios for patients with Parkinson’s disease, healthy controls, and non-
manifesting LRRK12 carriers and GBA carriers
The minimum putamen striatal binding ratio differed significantly between GBA carriers 

and healthy controls (p<0·0001) but did not differ between LRRK2 carriers and healthy 

controls (p=0·257). The reference line indicates the cutoff for 65% age expected putamen 

striatal binding ratios used to define DAT deficit. DAT=dopamine transporter.
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