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Abstract
Background and Objectives
Evidence suggests that either family history or polygenic risk score (PRS) is associated with
developing Parkinson disease (PD). However, little is known about the longitudinal prognosis
of PD according to family history and higher PRS.

Methods
From the Parkinson’s Progression Markers Initiative database, 395 patients with PD who
followed up for more than 2 years were grouped into those with family history within first-
degree, second-degree, and third-degree relatives (N = 127 [32.2%]) vs those without (N = 268
[67.8%]). The PRS of 386 patients was computed using whole-genome sequencing data.
Longitudinal assessment of motor, cognition, and imaging based on dopaminergic de-
generation was conducted during the regular follow-up period. Effects of family history, PRS, or
both on longitudinal changes of cognition, motor severity, and nigrostriatal degeneration were
tested using a linear mixedmodel. The risk of freezing of gait (FOG) according to family history
was assessed using the Kaplan-Meier analysis and Cox regression models.

Results
During a median follow-up of 9.1 years, PD with positive family history showed a slower decline
of caudate dopamine transporter uptake (β estimate of family history × time = 0.02, 95% CI =
0.002–0.036, p = 0.027). Family history of PD and higher PRS were independently associated
with a slower decline of Montreal Cognitive Assessment (β estimate of family history × time =
0.12, 95% CI = 0.02–0.22, p = 0.017; β estimate of PRS × time = 0.09, 95% CI = 0.03–0.16, p =
0.006). In those 364 patients without FOG at baseline, PD with positive family history had a
lower risk of FOG (hazard ratio of family history = 0.57, 95% CI = 0.38–0.84, p = 0.005).

Discussion
Having a family history of PD predicts slower progression of cognitive decline and caudate
dopaminergic degeneration, and less FOG compared with those without a family history
independent of PRS. Taken together, information on family history could be used as a proxy for
the clinical heterogeneity of PD.

Trial Registration Information
The study was registered at clinicaltrials.gov (NCT01141023), and the enrollment began
June 1, 2010.

Introduction
Parkinson disease (PD) is the second most common neurodegenerative disorder encompassing
diverse motor and nonmotor symptoms.1 Clinical heterogeneity of PD is well recognized, and
clinical subtypes at diagnosis predict longitudinal progression and prognosis.2,3 Genetic factors also
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contribute to the clinical heterogeneity in PD.4 Pathogenic
variants in the establishedmonogenic cause of PD are associated
with variable clinical phenotypes.5 In addition, multiple com-
mon risk variants of PD were identified by genome-wide asso-
ciation (GWA) studies.6,7 Polygenic risk score (PRS) calculated
from these risk variants is related to the risk of developing PD,
earlier age at onset,8,9 and faster cognitive and motor
decline.10,11 However, one study reported slower dopaminergic
degeneration in those with higher PRS scores.12

A family history of PDwas reported in 15% of the patients13 and
is one of the strongest risk factors for PD.14,15 Previous studies
showed that a family history of PD is associated with the clinical
heterogeneity of the disease. One study showed that positive
family history of PD in first-degree relatives is associated with
slower progression of motor symptoms and cognitive decline.16

However, another study reported an association between a
family history of PD and the development of PD dementia
(PDD).17 Therefore, the association between the presence of
family history and longitudinal changes in clinical and imaging
features of PD needs to be thoroughly investigated. Further-
more, the effect of family history in PD on longitudinal com-
plications, such as freezing of gait (FOG), remains elusive.

While profiling genetic variants and computation of PRS di-
rectly measure the genetic information, family history indirectly
measures heritable susceptibility to the disease and provides
additional information by reflecting the effect of rare variants or
shared exposure to environmental factors.181920 Although evi-
dence suggests that either family history or PRS is associated
with clinical heterogeneity of PD, simultaneous consideration of
both pieces of information was not conducted in the previous
studies. In this study, we collected questionnaire-based family
history information and PRS from 395 newly diagnosed patients
of PD from the Parkinson’s Progression Markers Initiative
(PPMI) database. We examined the independent effects of
positive family history and PRS on the longitudinal prognosis of
PD, including cognition, nigrostriatal degeneration, and motor
complication. We hypothesized that the information on family
history could be a proxy for the clinical heterogeneity of PD.

Methods
Study Participants
The data and study documentation used in this study were
obtained from the PPMI cohort.21 The PPMI is a multicenter
observational study with clinical, imaging, and biological data to
identify biomarkers of PD progression. Inclusion criteria for

patients with idiopathic PD in the PPMI cohort were the fol-
lowing: (1) age 30 years or older, (2) untreated status with
dopamine replacement medication, (3) within 2 years of di-
agnosis, (4) baseline Hoehn and Yahr scale (HY) < 3, (5)
clinical features of the disease, and (6) having imaging evidence
for dopaminergic deficit consistent with PD.22 Data were
downloaded from the PPMI repository in February 2023. To
minimize a possible bias by the effects of known Mendelian
monogenic variants on the analysis, we excluded those with
known Mendelian monogenic variants in glucocerebrosidase
(GBA; G2019S and R1441G), leucine-rich repeat kinase 2
(LRRK2; N370S, L483P, L444P, IVS2+1, and 84 GG), or
synuclein alpha (SNCA; A53T).23 Finally, we evaluated 395
patients with sporadic PD who followed up for more than 2
years. Participants were planned to follow-up at 3-month in-
tervals during the first year followed by 6-month intervals.22

Standard Protocol Approvals, Registrations,
and Patient Consents
All procedures in the study involving human participants were
performed in accordance with the ethical standards commit-
tee at each participating institution, and written informed
consent was obtained from all participants. The study was
registered at clinicaltrials.gov (NCT01141023), and the en-
rollment began June 1, 2010.22

Clinical Assessment
At enrollment, age at the symptom onset of PD, sex, year of
education, and apolipoprotein E e4 (APOE4) carrier status
were investigated. For each patient, motor severity was assessed
usingMovement Disorder Society-Unified Parkinson’s Disease
Rating Scale part III score (UPDRS-III) and HY at every
scheduled visit, and cognition was assessed using Montreal
Cognitive Assessment (MoCA) at 12-month intervals. All
participants underwent dopamine transporter (DAT) single-
photon emission CT imaging using 123I-N-(3-fluoropropyl)-
2β-carboxymethoxy-3β-(4-iodophenyl) nortropane (FP-CIT)
following the PPMI imaging protocol at baseline and 12-, 24-,
and 48-month visits. Processed data were normalized to the
standard Montreal Neurologic Institute space, and the occipi-
tal cortex was used as a reference for quantitative analysis.
The mean striatal binding ratio (SBRs) was calculated as
Target   region−Reference  region

Reference  region . Count densities for the bilateral caudate
and putamen were used to calculate SBRs. Development of
FOGwas defined to be present if any of UPDRS items 2.13 and
3.11 score ≥1 during the follow-up period.24 The latency of
FOG was calculated from the baseline date to the visit when
FOG was first observed.

Glossary
CI = confidence interval;DAT = dopamine transporter; FOG = freezing of gait;GWA = genome-wide association;HR = hazard
ratio; LMM = linear mixed model; LRP = Lewy body-related pathology;MoCA =Montreal Cognitive Assessment;OR = odds
ratio; PD = Parkinson disease; PDD = PD dementia; PDf− = Parkinson disease without family history; PDf+ = Parkinson disease
with family history; PPMI = Parkinson’s Progression Markers Initiative; PRS = polygenic risk score; SBR = specific binding
ratio; SBRs = striatal binding ratio.
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Family History of the Study Participants
The family history of the study participants was collected at
the screening or the phase transition of the PPMI database.
Both the total number of family numbers and those with PD
or Parkinsonism were investigated using the case report form
of the PPMI (eTable 1, links.lww.com/NXG/A656). Repor-
ted family members include first-degree (biological mother
and father, full siblings, and children), second-degree (ma-
ternal or paternal grandparents, half-siblings, and maternal or
paternal aunts and uncles), and third-degree relatives (first
cousins). The participants were grouped as those with family
history (PDf+) if they had any first-degree, second-degree, or
third-degree relatives with PD; otherwise, they were grouped
as those without a family history (PDf−).

Genotyping and Calculation of Polygenic
Risk Scores
DNA samples were extracted from the whole blood of 386
patients and sequenced using an Illumina HiSeq X Ten Se-
quencer. Paired-end reads were aligned to the reference ge-
nome (hg38), and variants were called using the Genome
Analysis Tool Kit.25 We extracted the genotypes of the SNPs
with the following quality control criteria: SNPs on non-
autosomes, multiallelic, deviation from Hardy-Weinberg
equilibrium (p < 1E-6), and high rates of missing genotypes
(>0.05). PRS was computed using genotypes of 87 risk loci
for PD after excluding 3 multiallelic loci.6 Each PRS was
calculated by summing the risk alleles weighted by log-
transformed odds ratios (ORs). We also applied PRSice-2,26

which predicts PRS by applying multiple p-value thresholds,
using publicly available summary statistics of the GWA study,
which excluded data conducted by 23 and Me.

Statistical Analysis
Statistical analyses of the demographic and clinical data were
performed using R Statistical Software (version 4.2.1; R
Foundation for Statistical Computing, Vienna, Austria). The
independent t test and χ2 test were used to compare de-
mographic variables between PDf+ and PDf−. To evaluate the
effect of positive family history, PRS, or both on longitudinal
changes in clinical outcomes, we used linear mixed models
(LMMs) forMoCA,UPDRS-III, and subregional DAT uptake.
Predictors included time (follow-up years from baseline), di-
chotomized family history, and interaction between positive
family history and time (family history × time) for model 1;
time, PRS, and PRS × time for model 2; and time, family
history, PRS, family history × time, and PRS × time formodel 3.
Random intercepts and random slopes were included in the
models to allow the subject-specific cognitive changes. Each
interaction term was used to measure the effect of positive
family history or PRS on the rate of change of clinical out-
comes. Age at diagnosis, symptom duration, and sex were ad-
justed in LMMs for UPDRS-III and subregional DAT uptake.
Years of education were further adjusted in LMMs for MoCA.

Kaplan-Meier curves were used to visually compare the time
to onset of FOG according to family history. Then, risks for

developing FOG were further computed using Cox pro-
portional hazard models to estimate hazard ratios (HRs)
according to the presence of family history with adjustment
of age at the diagnosis, symptom duration, sex, years of ed-
ucation, and baseline UPDRS-III (model 1). Model 2 further
included PRS as covariates.

Data Availability
All data generated or analyzed during this study are available
from the PPMI website.21

Results
Baseline Characteristics
The baseline demographics and clinical characteristics of the
participants are presented in Table 1. Among 395 patients,
32.2% (N = 127) reported a family history of PD within third-
degree relatives. Baseline age, proportion of male sex, years of
education, symptom duration, and proportion of APOE4 carrier
status were comparable between the 2 groups. Follow-up du-
ration was significantly longer in the PDf+ group than the PDf−

group (mean [SD] years, 9.0 [2.3] vs 7.8 [2.7]; p < 0.001).
Clinical assessment, including UPDRS score, HY, MoCA score,
and subregional DAT uptake were comparable between the 2
groups.

Table 1 Demographics and Clinical Characteristics of the
Participants

Family
history (2)
(N = 268)

Family
history (+)
(N = 127) p Value

Age, y 62.2 (±9.5) 60.2 (±10.4) 0.057

Male, no. (%) 171 (63.8) 90 (70.9) 0.204

Education, y 15.7 (±2.9) 16.0 (±2.7) 0.397

Symptom duration, y 1.9 (±1.9) 2.2 (±2.2) 0.186

Follow-up duration, y 7.8 (±2.7) 9.0 (±2.3) < 0.001

APOE4 carrier, no (%) 65 (24.3) 29 (22.8) 0.855

MDS-UPDRS part I score 4.3 (±3.3) 4.2 (±2.9) 0.849

MDS-UPDRS part II score 5.9 (±4.3) 5.5 (±3.8) 0.475

MDS-UPDRS part III score 20.9 (±8.8) 20.3 (±9.0) 0.539

Hoehn and Yahr scale 0.081

1 118 (44.0) 61 (48.0)

2 150 (56.0) 64 (50.4)

3 0 (0.0) 2 (1.6)

MoCA 27.1 (±2.3) 27.1 (±2.3) 0.923

Abbreviations: Aβ = β-amyloid; APOE4, apolipoprotein E e4; MoCA = Mon-
treal Cognitive Assessment; MDS-UPDRS = Movement Disorder Society-
Unified Parkinson’s Disease Rating Scale.
Plus-minus values are the mean ± SD. Results from the t test or χ2 test were
used as appropriate.

Neurology.org/NG Neurology: Genetics | Volume 10, Number 1 | February 2024 3

http://links.lww.com/NXG/A656
http://neurology.org/ng


Polygenic Risk Score Between PDf+ and PDf2

Groups
The PDf+ group had higher PRS based on 87 risk variants of
PD (p = 0.026; Figure 1A). A trend for higher PRS computed
using PRSice-2 in the PDf+ group than the PDf− group was
observed (p = 0.052; Figure 1B).

Longitudinal Changes of Striatal DAT Uptake
According to Family History
In LMMs for caudate DAT uptake, the PDf+ group had a
significantly slower decline of DAT uptake than the PDf−

group (β estimate of family history × time = 0.02, 95% con-
fidence interval [CI] = 0.002–0.036, p = 0.027; Figure 2A and
model 1 in eTable 2, links.lww.com/NXG/A656), while the
rate of changes of putaminal DAT uptake was comparable
between the 2 groups (β estimate of family history × time =
0.01, 95% CI = −0.001 to 0.017, p = 0.100; Figure 2B and
model 1 in eTable 2). PRS was not associated with the lon-
gitudinal changes of DAT uptake in caudate and putamen
(model 2 in eTable 2). When both family history and PRS
were simultaneously considered, only family history was as-
sociated with a slower decline of DAT uptake (β estimate of
family history × time = 0.02, 95%CI = 0.001–0.035, p = 0.042;
model 3 in eTable 2).

Longitudinal Changes of Motor and Cognitive
Measures According to Family History
Over time, the totalMoCA scores of all participants deteriorated
after consideration of possible confounders (β estimate of

time = −0.20, 95%CI = −0.26 to −0.14, p = < 0.001; model 1 in
Table 2). The existence of family history was associated with
slower declines of MoCA scores (β estimate of family history ×
time = 0.12, 95% CI = 0.02–0.22, p = 0.017). Higher PRS was
also associated with slower declines ofMoCA score (β estimate
of PRS × time = 0.09, 95%CI = 0.03–0.16, p = 0.006; model 2).
When both family history and PRS were simultaneously con-
sidered (model 3), there were independent effects of family
history (β estimate of family history × time = 0.12, 95% CI =
0.02–0.22, p = 0.024) and PRS (β estimate of PRS × time =
0.08, 95% CI = 0.02–0.15, p = 0.014) on the decline rate of
MoCA scores.

In LMMs for motor severity scores, UPDRS-III was increased
longitudinally (β estimate of time = 2.14, 95% CI = 1.91–2.37,
p = < 0.001; model 1 in eTable 3, links.lww.com/NXG/
A656). However, neither family history, PRS, nor both did
not modify the longitudinal decline rate of UPDRS-III
(eTable 3).

Risk of Freezing of Gait According to the
Family History
Among 364 patients without FOG at baseline, FOG de-
veloped in 105 in PDf− and 79 in PDf+ during the follow-up
period. A log-rank test of Kaplan-Meier analysis revealed that
the PDf− group had a higher risk of FOG than the PDf+ group
(Plog-rank = 0.004; Figure 3). The Cox regression model
revealed that the PDf+ group had a lower risk of FOG de-
velopment than the PDf− group after adjusting for age at the

Figure 1 Distribution of Polygenic Risk Score for Parkinson Disease According to Family History

Distribution of polygenic risk score based on 87 variants of recent genome-wide association study (A) and computed using PRSice-2 (B). PDf− = Parkinson
disease without family history; PDf+ = Parkinson disease with family history.
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Table 2 Association Between Family History and PRS and Longitudinal Changes of Cognitive Score

Model 1 Model 2 Model 3

Predictors HR (95% CI) p HR (95% CI) p HR (95% CI) p

Age −0.07 (−0.09 to −0.04) <0.001 −0.06 (−0.09 to −0.04) <0.001 −0.06 (−0.09 to −0.04) <0.001

Sex, male −0.72 (−1.15 to −0.30) 0.001 −0.68 (−1.11 to −0.25) 0.002 −0.69 (−1.12 to −0.26) 0.002

Education 0.12 (0.05 to 0.19) 0.001 0.12 (0.05 to 0.20) 0.001 0.12 (0.05 to 0.19) 0.001

Symptom duration −0.01 (−0.11 to 0.10) 0.912 −0.001 (−0.107 to 0.104) 0.979 −0.004 (−0.110 to 0.101) 0.939

MDS-UPDRS part III −0.03 (−0.049 to −0.002) 0.031 −0.03 (−0.049 to −0.002) 0.036 −0.03 (−0.049 to −0.002) 0.037

Time −0.20 (−0.26 to −0.14) <0.001 −0.19 (−0.24 to −0.13) <0.001 −0.22 (−0.29 to −0.16) <0.001

Family history 0.27 (−0.16 to 0.71) 0.216 0.23 (−0.20 to 0.67) 0.296

Family history × time 0.12 (0.02 to 0.22) 0.017 0.12 (0.02 to 0.22) 0.024

PRS −0.03 (−0.31 to 0.26) 0.858 −0.04 (−0.33 to 0.24) 0.771

PRS × time 0.09 (0.03 to 0.16) 0.006 0.08 (0.02 to 0.15) 0.014

Abbreviation: CI = confidence interval; HR, hazard ratio; MoCA = Montreal Cognitive Assessment; MDS-UPDRS = Movement Disorder Society-Unified Par-
kinson’s Disease Rating Scale; PRS = polygenic risk score.
Data are the results of linearmixedmodels for longitudinal cognitive scoresmeasured byMoCA. Predictors formodel 1were time (y), family history, and time
× family history; those formodel 2 were time, PRS, and time × PRS; and those formodel 3 were time, family history, PRS, time × family history, and time × PRS.
The covariates included age, sex, education, symptom duration, and baseline MDS-UPDRS part III score.

Figure 2 Trajectories of Longitudinal Nigrostriatal Dopaminergic Degeneration According to Family History of Parkinson
Disease

Data are the results of linear mixed model analysis for longitudinal caudate (A) and putamen (B) dopamine transporter uptake using the time (y), family
history, and time× family history as predictors. Estimate, CI, and p values are the statistics of interaction terms between family history and year. The covariates
included age, sex, and symptom duration. CI = confidence interval; SBR = specific binding ratio; PDf− = Parkinson disease without family history; PDf+ =
Parkinson disease with family history.
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diagnosis, symptom duration, sex, years of education, and
baseline UPDRS-III (HR of family history = 0.57, 95% CI =
0.38–0.84, p = 0.005; model 1 in Table 3). When PRS was
further considered, the effect of family history on developing
FOG remained significant (HR of family history = 0.54, 95%
CI = 0.36–0.81, p = 0.003; model 2 in Table 3).

Discussion
In this study, we evaluated the association between family
history and PRS with the longitudinal prognosis of PD. The
major finding of our study is as follows: first, positive family
history was associated with a slower decline of caudate DAT
uptake. Second, positive family history and higher PRS were
independently associated with slower cognitive decline.
Third, positive family history was associated with a lower risk
of developing FOG. Our study suggests that those with a
family history of PD had better longitudinal outcomes. Fur-
thermore, collecting information on positive family history
has a clinical implication for predicting longitudinal outcomes.

Our first major finding is that positive family history was
associated with a slower decline of caudate DAT uptake.
Given that family history is one of the strongest risk factors for
developing PD15,27 and positive family history was associated
with a marker of vulnerability to nigrostriatal dysfunction,28 it
may be counterintuitive that the nigrostriatal degeneration of

the caudate is slower in those with family history. However,
this is in line with prior PPMI-based study which showed less
dopaminergic degeneration in PD patients with higher PRS.12

Furthermore, PD patients with a genetic variants on LRRK2
and GBA also showed a favorable trajectory of dopaminergic
degeneration.29,30 The observed phenomenon may be at-
tributed to the reduced spread of Lewy body-related pathol-
ogy (LRP) from the substantia nigra pars compacta, where
axonal terminals project to the putamen. On the contrary, the
longitudinal change of putaminal DAT uptake was compa-
rable between PDf+ and PDf−. This could be the floor effect
because putaminal DAT uptake is already decreased at the
time of diagnosis of PD. Taken together, although the risk of
developing PD is higher if there is a family history, the pro-
gression of the disease itself may be slower.

Our second major finding is that positive family history and
higher PRS were independently associated with slower cog-
nitive decline. This is consistent with a previous study which
revealed that positive family history in PD was associated with
slower deterioration of motor and cognitive scores.16 Caudate
has an abundant connection to various neocortical regions of
the brain consisting of corticostriatal circuits, and patients
with PD dementia showed a considerable loss of lateral do-
paminergic system to frontal, parietal, and temporal cortical
regions.31 Regarding relatively preserved caudate DAT avail-
ability in patients with a family history, a slower decrement in

Figure 3 Kaplan-Meier Curve Analysis for Freezing of Gait

Kaplan-Meier curve showing the risk of development of
freezing of gait by the presence of family history in patients
with newly diagnosed Parkinson disease. PDf− = Parkinson
disease without family history; PDf+ = Parkinson disease with
family history.
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MoCA score might be associated with a slower decrement in
caudate DAT availability. However, another study showed
that patients with a family history of PD had more frequent
dementia; however, regarding latency to develop dementia,
PD family history showed no effect on dementia develop-
ment.17 Although we could not evaluate the effect of family
history or PRS on the prevalence of dementia, as the de-
termination of dementia was not conducted in the initial
phase of the PPMI, family history and higher PRS were as-
sociated with slower cognitive decline. As pathologic corre-
lates of cognitive decline in PD are LRP in the neocortex,32

our data suggest slower propagation of LRP in those with a
genetic predisposition.

Our third major finding is that positive family history was
associated with a lower risk of developing FOG. The un-
derlying pathomechanism of FOG in PD is not well un-
derstood. However, genetic variants could partly explain the
heterogeneity of FOG in PD, as monogenic variants in
LRRK2 or GBA showed higher frequency of developing
FOG.33,34 By contrast, some genetic variations showed a
protective effect on the development of FOG.35 It is also
suggested that the combination of dysfunction in both nigral
and extranigral systems may contribute to the development of
FOG.36,37 A lower risk of developing FOG in patients with a
family history might be attributable to the slower decrease in
the caudate DAT availability, given that decreased caudate
DAT uptake was associated with FOG.38,39 Furthermore,
mixed pathology of cortical amyloidopathy is also associated
with FOG.38 Taken together, those with a family history of
PD might have some protective variants of FOG or have less
pathologic burden other than LRP.

On the contrary, longitudinal progression of motor severity
measured by the total UPDRS-III score was not associated
with family history nor PRS. Evidence on the effect of family

history or PRS on motor progression remains elusive. A
prospective cohort-based study showed slower progression in
PD patients with a family history.16 Different measurement of
motor severity in the previous study, which was qualitative
and was based on the patient’s subjective report, may explain
the different results. Regarding PRS, another study reported
that higher PRS was associated with faster motor and cogni-
tive decline.11 As we excluded those with monogenic variants
in GBA, LRRK2, or SNCA and used different risk loci for
calculating PRS, different results of PRS onmotor progression
could be achieved between studies. It may counterintuitive
that not UPDRS-III but only subscores for FOG is de-
teriorated in the PDf− group compared with the PDf+ group.
However, this finding is consistent with a previous longitu-
dinal study, which evaluated the clinical predictors for FOG.40

In the study, there was no significant interaction effect be-
tween time and group divided by the developing FOG, sug-
gesting that longitudinal changes of total UPDRS-III were not
different between those who experienced FOG and those who
did not. Given that the proportion of nonaxial symptoms,
such as rigidity, bradykinesia, and tremor, is higher than that
for axial symptoms in UPDRS-III and that overall motor se-
verity of PD is thought to be associated with dopaminergic
depletion in the putamen,41 we hypothesized that PD patients
with family history may have less progression in axial symp-
toms which is not explained by nigrostriatal degeneration
involving putamen.

Our study did not observe the association of PRS with
nigrostriatal degeneration and the development of FOG. This
relative lack of effect of PRS than family history could be
explained by the fact that variants used for the computation of
PRS were those from GWA studies of normal controls vs
patients with PD, exploring the risk variants of the disease.6 As
recent studies evaluated the variants associated with endo-
phenotypes of the disease,42‐44 future studies are warranted to
derive genetic risk scores for targeting to predict disease
progression in PD. For this reason, the meaning of PRS varies
depending on the study in which the value was calculated, and
the variability in the calculated value increases depending on
the patient group participating in the study. As shown in our
study, the clinical usability of family history and PRS are in-
dependent of each other, and this pattern has been reported in
other diseases, such as diabetes and stroke.45,46 Thus, further
development of a combined model to account for both family
history and PRS could be useful in explaining the clinical
heterogeneity of PD.47

Our study has some limitations. First, assessing family history
data of patients with PD is not always straightforward. It can
vary depending on the assessing method and informants.
Prior studies regarding the validity of family history data in PD
revealed substantial family information bias in the family
history method, overreporting family history of PD in patients
with PD, or their proxies.48 However, our study investigated
patients with PD only, eliminating the possible bias of family
information. Moreover, the PPMI cohort implemented a

Table 3 Cox Regression Analyses for Freezing of Gait
According to the Presence of Family History

Model 1 Model 2

Predictors HR (95% CI) p HR (95% CI) p

Age 1.02 (1.00–1.04) 0.016 1.02 (1.00–1.04) 0.016

Sex, male 1.33 (0.92–1.92) 0.132 1.33 (0.91–1.93) 0.138

Symptom duration 0.91 (0.80–1.02) 0.107 0.92 (0.82–1.05) 0.208

MDS-UPDRS part III 1.03 (1.01–1.05) 0.012 1.03 (1.01–1.05) 0.011

Family history 0.57 (0.38–0.84) 0.005 0.54 (0.36–0.81) 0.003

PRS 1.08 (0.84–1.39) 0.538

Abbreviations: CI = confidence interval; HR = hazard ratio; MDS-UPDRS =
Movement Disorder Society-Unified Parkinson’s Disease Rating Scale; PRS =
polygenic risk score.
Data are the results of the Cox regressionmodel for the presence of freezing
of gait. The predictor for model 1 was family history; and those for model 2
were family history and PRS. covariates included age, sex, symptom dura-
tion, and baseline MDS-UPDRS part III score.
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detailed form for family history data. Second, the in-
homogeneous follow-up duration between the two groups is
evident in our study, with the PDf+ group having a longer
follow-up duration than the PDf− group. However, despite
longer follow-up, PDf+ patients had less development of FOG
and a slower decline in MoCA and caudate DAT uptake.
Considering the higher possibility of worsening as the follow-
up duration lengthens, this finding could further assure our
results. In this study, we showed that those with a family
history had less cognitive decline and a lower risk of FOG
related to important milestones of the disease progression in
PD.3,49 Thus, collecting information on family history has a
clinical implication as a marker for disease heterogeneity
in PD.

Study Funding
This work was supported by a grant from the Korea Health
Technology R&D Project through the Korea Health Industry
Development Institute (KHIDI), funded by the Ministry of
Health & Welfare, Republic of Korea (grant number:
HI22C0977). PPMI—a public-private partnership—is funded
by the Michael J. Fox Foundation for Parkinson’s Research
(MJFF) and funding partners, including Abbvie, Acurex Ther-
apeutics, Allergan, Amathus Therapeutics, Avid Radiopharma-
ceuticals, BIAL Biotech, Biogen, BioLegend, Bristol Myers
Squibb, Celgene, Denali, 4D Pharma PLC, GE Healthcare,
Genentech, GlaxoSmithKline, Golub Capital, Handl Thera-
peutics, insitro, Janssen Neuroscience, Lilly, Lundbeck, Merck,
Meso Scale Discovery, Neurocrine Biosciences, Pfizer, Piramal,
Prevail Therapeutics, Roche, Sanofi Genzyme, Servier, Takeda,
Teva, UCB, Verily, and Voyager Therapeutics.

Disclosure
The authors report no relevant disclosures. Go to Neurology.
org/NG for full disclosures.

Publication History
Received by Neurology: Genetics July 14, 2023. Accepted in final form
October 2, 2023. Submitted and externally peer reviewed. The handling
editor was Editor Stefan M. Pulst, MD, Dr med, FAAN.

References
1. Poewe W, Seppi K, Tanner CM, et al. Parkinson disease. Nat Rev Dis Primers. 2017;3:

17013. doi:10.1038/nrdp.2017.13
2. Fereshtehnejad SM, Romenets SR, Anang JB, Latreille V, Gagnon JF, Postuma RB.

New clinical subtypes of Parkinson disease and their longitudinal progression: a
prospective cohort comparison with other phenotypes. JAMA Neurol. 2015;72(8):
863-873. doi:10.1001/jamaneurol.2015.0703

3. De Pablo-Fernández E, Lees AJ, Holton JL, Warner TT. Prognosis and neuropath-
ologic correlation of clinical subtypes of Parkinson disease. JAMANeurol. 2019;76(4):
470-479. doi:10.1001/jamaneurol.2018.4377

4. Blauwendraat C, Nalls MA, Singleton AB. The genetic architecture of Parkinson’s
disease. Lancet Neurol. 2020;19(2):170-178. doi:10.1016/S1474-4422(19)30287-X

5. Vollstedt EJ, Schaake S, Lohmann K, et al. Embracing monogenic Parkinson’s disease:
the MJFF global genetic PD cohort. Mov Disord. 2023;38(2):286-303. doi:10.1002/
mds.29288

6. Nalls MA, Blauwendraat C, Vallerga CL, et al. Identification of novel risk loci, causal
insights, and heritable risk for Parkinson’s disease: a meta-analysis of genome-wide
association studies. Lancet Neurol. 2019;18(12):1091-1102. doi:10.1016/S1474-
4422(19)30320-5

7. Nalls MA, Pankratz N, Lill CM, et al. Large-scale meta-analysis of genome-wide
association data identifies six new risk loci for Parkinson’s disease. Nat Genet. 2014;
46(9):989-993. doi:10.1038/ng.3043

8. Escott‐Price V, Nalls MA, Morris HR, et al. Polygenic risk of Parkinson disease is
correlated with disease age at onset. Ann Neurol. 2015;77(4):582-591. doi:10.1002/
ana.24335

9. PihlstrømL,FanCC,FreiO, et al.Genetic stratificationof age-dependent Parkinson’s disease
risk by polygenic hazard score. Mov Disord. 2022;37(1):62-69. doi:10.1002/mds.28808

10. Pihlstrøm L,Morset KR, Grimstad E, Vitelli V, Toft M. A cumulative genetic risk score
predicts progression in Parkinson’s disease. Mov Disord. 2016;31(4):487-490. doi:
10.1002/mds.26505

11. Paul KC, Schulz J, Bronstein JM, Lill CM, Ritz BR. Association of polygenic risk score
with cognitive decline and motor progression in Parkinson disease. JAMA Neurol.
2018;75(3):360-366. doi:10.1001/jamaneurol.2017.4206

12. Lee MJ, Pak K, Kim JH, et al. Effect of polygenic load on striatal dopaminergic
deterioration in Parkinson disease. Neurology. 2019;93(7):e665-e674. doi:10.1212/
WNL.0000000000007939

13. Deng H, Wang P, Jankovic J. The genetics of Parkinson disease. Ageing Res Rev. 2018;
42:72-85. doi:10.1016/j.arr.2017.12.007

14. Heinzel S, Berg D, Gasser T, Chen H, Yao C, Postuma RB, MDS Task Force on the
Definition of Parkinson’s Disease. Update of the MDS research criteria for prodromal
Parkinson’s disease. Mov Disord. 2019;34(10):1464-1470. doi:10.1002/mds.27802

15. Barrett MJ, Hac NE, Yan G, Harrison MB, Wooten GF. Relationship of age of onset
and family history in Parkinson disease. Mov Disord. 2015;30(5):733-735. doi:
10.1002/mds.26166

16. Gaare JJ, Skeie GO, Tzoulis C, Larsen JP, Tysnes OB. Familial aggregation of Par-
kinson’s disease may affect progression of motor symptoms and dementia. Mov
Disord. 2017;32(2):241-245. doi:10.1002/mds.26856

17. Kurz MW, Larsen JP, Kvaloy JT, Aarsland D. Associations between family history of
Parkinson’s disease and dementia and risk of dementia in Parkinson’s disease: a
community-based, longitudinal study. Mov Disord. 2006;21(12):2170-2174. doi:
10.1002/mds.21144

18. Mars N, Lindbohm JV, Della Briotta Parolo P, et al. Systematic comparison of family
history and polygenic risk across 24 common diseases. Am J Hum Genet. 2022;
109(12):2152-2162. doi:10.1016/j.ajhg.2022.10.009

19. Hujoel MLA, Loh PR, Neale BM, Price AL. Incorporating family history of disease
improves polygenic risk scores in diverse populations. Cell Genom. 2022;2(7):100152.
doi:10.1016/j.xgen.2022.100152

20. Lambert SA, Abraham G, Inouye M. Towards clinical utility of polygenic risk scores.
Hum Mol Genet. 2019;28(R2):R133-R142. doi:10.1093/hmg/ddz187

21. Parkinson’s Progression Marker Initiative. https://www.ppmi-info.org
22. Marek K, Chowdhury S, Siderowf A, et al. The Parkinson’s progression markers

initiative (PPMI)—establishing a PD biomarker cohort.Ann Clin Transl Neurol. 2018;
5(12):1460-1477. doi:10.1002/acn3.644

23. Nalls MA, Keller MF, Hernandez DG, Chen L, Stone DJ, Singleton AB, Parkinson’s
Progression Marker Initiative PPMI investigators. Baseline genetic associations in the
Parkinson’s progression markers initiative (PPMI). Mov Disord. 2016;31(1):79-85.
doi:10.1002/mds.26374

24. Jones JD, Kuhn TP, Szymkowicz SM. Reverters from PD-MCI to cognitively intact
are at risk for future cognitive impairment: analysis of the PPMI cohort. Parkinsonism
Relat Disord. 2018;47:3-7. doi:10.1016/j.parkreldis.2017.12.006

25. McKenna A, Hanna M, Banks E, et al. The genome analysis toolkit: a MapReduce
framework for analyzing next-generation DNA sequencing data. Genome Res. 2010;
20(9):1297-1303. doi:10.1101/gr.107524.110

26. Choi SW, O’Reilly PF. PRSice-2: polygenic risk score software for biobank-scale data.
Gigascience 2019;8(7):giz082. doi:10.1093/gigascience/giz082

27. Thacker EL, Ascherio A. Familial aggregation of Parkinson’s disease: a meta-analysis.
Mov Disord. 2008;23(8):1174-1183. doi:10.1002/mds.22067

28. Schweitzer KJ, Behnke S, Liepelt I, et al. Cross-sectional study discloses a positive
family history for Parkinson’s disease and male gender as epidemiological risk factors
for substantia nigra hyperechogenicity. J Neural Transm (Vienna). 2007;114(9):
1167-1171. doi:10.1007/s00702-007-0725-5

29. Simuni T, Brumm MC, Uribe L, et al. Clinical and dopamine transporter imaging
characteristics of leucine rich repeat kinase 2 (LRRK2) and glucosylceramidase beta

Appendix Authors

Name Location Contribution

Mincheol
Park, MD

Department of Neurology,
Gwangmyeong Hospital, Chung-
Ang University College of
Medicine, Korea

Drafting/revision of the
manuscript for content,
including medical writing
for content; major role in
the acquisition of data;
study concept or design;
analysis or interpretation
of data

Young-gun
Lee, MD,
PhD

Department of Neurology, Ilsan
Paik Hospital, Inje University
College of Medicine, Goyang,
Korea

Drafting/revision of the
manuscript for content,
including medical writing
for content; major role in
the acquisition of data;
study concept or design;
analysis or interpretation
of data

8 Neurology: Genetics | Volume 10, Number 1 | February 2024 Neurology.org/NG

https://ng.neurology.org/content/0/0/e200115/tab-article-info
https://ng.neurology.org/content/0/0/e200115/tab-article-info
https://www.ppmi-info.org
http://neurology.org/ng


(GBA) Parkinson’s disease participants in the Parkinson’s progressionmarkers initiative:
a cross-sectional study. Mov Disord. 2020;35(5):833-844. doi:10.1002/mds.27989

30. Simuni T, Uribe L, Cho HR, et al. Clinical and dopamine transporter imaging char-
acteristics of non-manifest LRRK2 and GBA mutation carriers in the Parkinson’s
Progression Markers Initiative (PPMI): a cross-sectional study. Lancet Neurol. 2020;
19(1):71-80. doi:10.1016/S1474-4422(19)30319-9

31. Sasikumar S, Strafella AP. Imaging mild cognitive impairment and dementia in Par-
kinson’s disease. Front Neurol. 2020;11:47. doi:10.3389/fneur.2020.00047

32. Aarsland D, Batzu L, Halliday GM, et al. Parkinson disease-associated cognitive im-
pairment. Nat Rev Dis Primers. 2021;7(1):47. doi:10.1038/s41572-021-00280-3

33. Wang C, Cai Y, Gu Z, et al. Clinical profiles of Parkinson’s disease associated with
common leucine-rich repeat kinase 2 and glucocerebrosidase genetic variants in
Chinese individuals. Neurobiol Aging. 2014;35(3):725.e1-725.e6. doi:10.1016/
j.neurobiolaging.2013.08.012

34. Mirelman A, Heman T, Yasinovsky K, et al. Fall risk and gait in Parkinson’s disease:
the role of the LRRK2 G2019S mutation. Mov Disord. 2013;28(12):1683-1690. doi:
10.1002/mds.25587

35. Factor SA, Steenland NK, Higgins DS, et al. Postural instability/gait disturbance in
Parkinson’s disease has distinct subtypes: an exploratory analysis. J Neurol Neurosurg
Psychiatry. 2011;82(5):564-568. doi:10.1136/jnnp.2010.222042

36. Weiss D, Schoellmann A, Fox MD, et al. Freezing of gait: understanding the com-
plexity of an enigmatic phenomenon. Brain. 2020;143(1):14-30. doi:10.1093/brain/
awz314

37. Snijders AH, Takakusaki K, Debu B, et al. Physiology of freezing of gait. Ann Neurol.
2016;80(5):644-659. doi:10.1002/ana.24778

38. KimR, Lee J, KimHJ, et al. CSFβ-amyloid(42) and risk of freezing of gait in early Parkinson
disease. Neurology. 2019;92(1):e40–e47. doi:10.1212/WNL.0000000000006692

39. Chung SJ, Yoo HS, Lee YH, Lee PH, Sohn YH. Heterogeneous patterns of striatal
dopamine loss in patients with young- versus old-onset Parkinson’s disease: impact on
clinical features. J Mov Disord. 2019;12(2):113-119. doi:10.14802/jmd.18064

40. Ehgoetz Martens KA, Lukasik EL, Georgiades MJ, et al. Predicting the onset of
freezing of gait: a longitudinal study. Mov Disord. 2018;33(1):128-135. doi:10.1002/
mds.27208

41. Rodriguez-Oroz MC, Jahanshahi M, Krack P, et al. Initial clinical manifestations of
Parkinson’s disease: features and pathophysiological mechanisms. Lancet Neurol.
2009;8(12):1128-1139. doi:10.1016/S1474-4422(09)70293-5

42. Alfradique-Dunham I, Al-Ouran R, von Coelln R, et al. Genome-wide association
study meta-analysis for Parkinson disease motor subtypes. Neurol Genet. 2021;7(2):
e557. doi:10.1212/NXG.0000000000000557

43. TanMMX, LawtonMA, Jabbari E, et al. Genome-wide association studies of cognitive
and motor progression in Parkinson’s disease. Mov Disord. 2021;36(2):424-433. doi:
10.1002/mds.28342

44. Liu G, Peng J, Liao Z, et al. Genome-wide survival study identifies a novel synaptic
locus and polygenic score for cognitive progression in Parkinson’s disease. Nat Genet.
2021;53(6):787-793. doi:10.1038/s41588-021-00847-6

45. Duschek E, Forer L, Schönherr S, et al. A polygenic and family risk score are both
independently associated with risk of type 2 diabetes in a population-based study. Sci
Rep. 2023;13(1):4805. doi:10.1038/s41598-023-31496-w

46. Hämmerle M, Forer L, Schönherr S, et al. A family and a genome-wide polygenic risk
score are independently associated with stroke in a population-based study. Stroke.
2022;53(7):2331-2339. doi:10.1161/STROKEAHA.121.036551

47. Lu T, Forgetta V, Richards JB, Greenwood CMT. Capturing additional genetic risk
from family history for improved polygenic risk prediction. Commun Biol. 2022;5(1):
595. doi:10.1038/s42003-022-03532-4

48. Elbaz A, McDonnell SK, Maraganore DM, et al. Validity of family history data on PD:
evidence for a family information bias. Neurology. 2003;61(1):11-17. doi:10.1212/
01.wnl.0000068007.58423.c2

49. Lawton M, Ben-Shlomo Y, May MT, et al. Developing and validating Parkinson’s
disease subtypes and their motor and cognitive progression. J Neurol Neurosurg Psy-
chiatry. 2018;89(12):1279-1287. doi:10.1136/jnnp-2018-318337

Neurology.org/NG Neurology: Genetics | Volume 10, Number 1 | February 2024 9

http://neurology.org/ng

