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Abstract.
Background: Identifying a meaningful progression metric for Parkinson’s disease (PD) that reflects heterogeneity remains
a challenge.
Objective: To assess the frequency and baseline predictors of progression to clinically relevant motor and non-motor PD
milestones.
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Methods: Using data from the Parkinson’s Progression Markers Initiative (PPMI) de novo PD cohort, we monitored 25 mile-
stones across six domains (“walking and balance”; “motor complications”; “cognition”; “autonomic dysfunction”; “functional
dependence”; “activities of daily living”). Milestones were intended to be severe enough to reflect meaningful disability. We
assessed the proportion of participants reaching any milestone; evaluated which occurred most frequently; and conducted a
time-to-first-event analysis exploring whether baseline characteristics were associated with progression.
Results: Half of participants reached at least one milestone within five years. Milestones within the cognitive, functional
dependence, and autonomic dysfunction domains were reached most often. Among participants who reached a milestone
at an annual follow-up visit and remained active in the study, 82% continued to meet criteria for any milestone at one or
more subsequent annual visits and 55% did so at the next annual visit. In multivariable analysis, baseline features predicting
faster time to reaching a milestone included age (p < 0.0001), greater MDS-UPDRS total scores (p < 0.0001), higher GDS-15
depression scores (p = 0.0341), lower dopamine transporter binding (p = 0.0043), and lower CSF total �-synuclein levels
(p = 0.0030). Symptomatic treatment was not significantly associated with reaching a milestone (p = 0.1639).
Conclusion: Clinically relevant milestones occur frequently, even in early PD. Milestones were significantly associated
with baseline clinical and biological markers, but not with symptomatic treatment. Further studies are necessary to validate
these results, further assess the stability of milestones, and explore translating them into an outcome measure suitable for
observational and therapeutic studies.

Keywords: Parkinson’s disease, disease progression, outcome measures, clinical trials as topic

INTRODUCTION

The progressive course and diverse motor and non-
motor features of Parkinson’s disease (PD) have been
recognized since the earliest descriptions of the dis-
order [1]. Although PD is classically defined based
on cardinal motor features, cognitive decline and a
spectrum of other non-motor features may emerge
and progress along the disease course and result in
substantial disability [2–6]. Identifying a clinically
meaningful progression metric for testing novel ther-
apeutics that reflects this heterogeneity has proven
to be a challenge. Several different ways of defining
progression have been implemented as outcomes in
trials based on motor, cognitive, or biomarker out-
comes [1, 7, 8]. However, none have been entirely
satisfactory for either confirming or rejecting putative
disease-modifying effects because they fail to capture
the protean features that progressive PD can pro-
duce. Defining progression has also proven difficult
for observational and biomarker verification studies
utilizing Parkinson’s Progression Markers Initiative
(PPMI) data and specimens, with challenges includ-
ing differences in ON vs. OFF state data completeness
patterns among sporadic vs. genetic PD cohorts [9]
and evidence that PD participants who dropped out
early had lower cognitive performance at their last
completed visit [10]. Thus, a challenge for future PD
research is to develop reliable and valid endpoints
that can account for progression across the spectrum
of clinical features and are versatile in the context of
incomplete data.

Change in the Unified Parkinson’s Disease Rating
Scale (UPDRS) [11] and Movement Disorder Soci-
ety UPDRS (MDS-UPDRS) [12] have been the most
common metrics for quantifying disease progression
[13, 14]. While the MDS-UPDRS has been useful for
testing symptomatic drugs, several limitations have
been recognized. First, only Part II measures func-
tional outcomes and is thus intrinsically clinically
meaningful. Second, the MDS-UPDRS, especially
the motor examination (Part III), is highly sensi-
tive to the impact of symptomatic treatment [15]. As
a result, disease-modifying therapies have typically
been tested during the brief period between diagnosis
and the initiation of symptomatic treatment and only
progression of motor disability may be assessed. In
this paradigm, only a small fraction of PD patients is
eligible to participate in disease-modifying trials, and
participants must often trade-off between the need for
symptomatic treatment and trial participation.

An alternative approach is to record the emer-
gence of clinically relevant outcomes. This approach
is accepted in other fields of medicine. For
example, in therapies for vascular disease, com-
posite outcomes combining mortality with nonfatal
events—including myocardial infarction, stroke, and
revascularization—are widely used and considered
to be a measure of clinically meaningful impacts
of the disease [16]. We sought to identify a simi-
lar approach to measuring progression in PD patients
as they move from diagnosis into the middle stages
of disease when disability becomes more apparent.
We utilized PPMI data to define and measure a
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composite endpoint comprised of 25 “progression
milestones” spanning six domains. These compo-
nents were selected based on expert consensus to
reflect meaningful PD disability such that meeting a
milestone would represent unequivocal disease pro-
gression. Primary analyses assessed the frequency of
reaching any milestone within a five-year follow-up
period after enrollment and explored whether base-
line factors—including demographic characteristics,
clinical features of PD, and cerebrospinal fluid (CSF)
and imaging biomarkers—were associated with time
to progression. In addition, sample size estimates
were calculated to evaluate proof-of-concept and pro-
vide a benchmark for future efforts to refine this
framework for possible use in therapeutic trials.

METHODS

Study sample

PPMI is a multicenter, international, prospec-
tive cohort study. Study aims and methodology
have been published elsewhere [17]. Study protocol
and manuals are available at https://www.ppmi-
info.org/study-design. PPMI sites received approval
from an ethical standards committee on human
experimentation before study initiation and obtained
written informed consent for research from all par-
ticipants in the study. PD participants included in this
analysis were recently diagnosed (mean [SD] dura-
tion from diagnosis: 6.6 [6.5] months) and untreated
with PD medications at the time of enrollment. Par-
ticipants were required to be aged 30 years or older
(at diagnosis); have a Hoehn and Yahr score of
<3; and either have two symptoms out of resting
tremor, bradykinesia, or rigidity (including either
resting tremor or bradykinesia), or asymmetric rest-
ing tremor or asymmetric bradykinesia. In addition,
all participants underwent a screening dopamine
transporter (DAT) or vesicular monoamine trans-
porter (VMAT) scan and were required to have
evidence of dopaminergic deficit consistent with PD.

Assessments

Baseline measures
All participants underwent a comprehensive base-

line evaluation—including clinical testing, imag-
ing assessments, and biospecimen collection—as
detailed elsewhere [18]. From these data, a pre-
specified set of candidate predictor variables were
considered for this analysis. This encompassed

demographics, including age, sex, and clinical site
(US vs. non-US); body mass index (kg/m2); ortho-
static (supine to standing) change in systolic blood
pressure; and duration of disease (months from diag-
nosis). Clinical assessments of motor and non-motor
PD characteristics comprised the MDS-UPDRS,
including Hoehn and Yahr stage and derived tremor
and postural instability/gait difficulty (PIGD) scores
[12, 19]; modified Schwab and England Activities
of Daily Living Scale (S&E); Montreal Cogni-
tive Assessment (MoCA); Scales for Outcomes
in Parkinson’s Disease-Autonomic (SCOPA-AUT);
15-item Geriatric Depression Scale (GDS-15); State-
Trait Anxiety Inventory (STAI); Epworth Sleepiness
Scale (ESS); REM Sleep Behavior Disorder (RBD)
Screening Questionnaire (RBDSQ); and University
of Pennsylvania Smell Identification Test (UPSIT).
Lastly, selected biomarker variables included two
dopamine transporter (DAT) specific binding ratio
(SBR) measures, mean striatum SBR and mean
putamen SBR; serum uric acid (urate); and four
CSF biomarkers: CSF total �-synuclein (�-syn)
was measured using a sandwich-type immunoas-
say kit (BioLegend; formerly Covance) [20] and
CSF amyloid beta (A�1–42), total tau (t-tau), and
phosphorylated tau181 (p-tau) were measured using
Elecsys electrochemiluminescence immunoassays
(Roche Diagnostics) [21].

Longitudinal measures
Time to initiation of PD medication was deter-

mined based on the initiation date of symptomatic
treatment for motor features of PD, as previ-
ously described [22]. Standard clinical metrics were
assessed at least annually after baseline (see Table 1).
This included the MDS-UPDRS, Hoehn & Yahr
stage, MoCA, SCOPA-AUT, S&E, and blood pres-
sure (supine and standing) measurements. Additional
measures included the standardized results (per
published norms) of a detailed cognitive battery,
described previously [23], evaluating four cognitive
domains: memory (assessed by the Hopkins Ver-
bal Learning Test-Revised [HVLT-R] immediate free
recall [i.e., total recall] and recognition discrimi-
nation index scores); visuospatial function (Benton
Judgment of Line Orientation 15-item [split-half]
version); processing speed-attention (Symbol-Digit
Modalities Test); and executive function and working
memory (Letter-Number Sequencing and semantic
[animal] fluency). Furthermore, cognitive categoriza-
tion assessments completed annually by PPMI site
investigators yielded two variables of interest: (1)

https://www.ppmi-info.org/study-design
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Table 1
Criteria used to define progression milestones

Progression milestone Assessment(s) Criteria

Domain 1: Walking and balance
Walking and balance MDS-UPDRS item 2.12 Response ≥3
Freezing MDS-UPDRS item 2.13 Response ≥3
Gait MDS-UPDRS item 3.10 Response ≥3 (ON or OFF)
Freezing of gait MDS-UPDRS item 3.11 Response = 4 (ON or OFF)
Postural instability MDS-UPDRS item 3.12 Response ≥3 (ON or OFF)
Hoehn and Yahr stage Hoehn and Yahr Stage Response ≥4 (ON or OFF)

Domain 2: Motor complications
Dyskinesias MDS-UPDRS items 4.1 and 4.2 Response ≥3 (on both items)
Fluctuations (functional impact) MDS-UPDRS item 4.4 Response ≥3
Fluctuations (complexity) MDS-UPDRS item 4.5 Response ≥3

Domain 3: Cognition
Cognitive impairment (MoCA)∗ MoCA Score<21
Cognitive impairment (MDS-UPDRS) MDS-UPDRS item 1.1 Response ≥3
Hallucinations MDS-UPDRS item 1.2 Response ≥3
Apathy MDS-UPDRS item 1.5 Response ≥3
Dementia (clinical diagnosis)∗ Site investigator assessment PDD (per Investigator)
Dementia (composite)∗ (1) Cognitive testing Impairment † on ≥2 cognitive domains; and

(2) Site investigator assessment Functional impairment (per investigator)

Domain 4: Autonomic dysfunction
Urinary incontinence∗∗ (1) MDS-UPDRS item 1.10 Response ≥3; and

(2) SCOPA-AUT items 8 and 9 Response ≥2 (on either item)
Orthostatic hypotension∗∗ (1) SCOPA-AUT item 15 Response ≥2; and

(2) Systolic blood pressure Change of ≥20 mm Hg (sitting to standing); and
(3) Diastolic blood pressure Change of ≥10 mm Hg (sitting to standing)

Syncope (MDS-UPDRS) MDS-UPDRS item 1.12 Response = 4
Syncope (SCOPA-AUT)∗∗ SCOPA-AUT item 16 Response ≥1

Domain 5: Functional dependence
Schwab & England Schwab & England Response<80

Domain 6: Activities of daily living
Choking MDS-UPDRS item 2.3 Response ≥3
Eating MDS-UPDRS item 2.4 Response ≥3
Dressing MDS-UPDRS item 2.5 Response ≥3
Hygiene MDS-UPDRS item 2.6 Response ≥3
Speech MDS-UPDRS item 3.1 Response ≥3 (ON or OFF)

Unless otherwise specified, milestones were assessed at 3, 6, 9, 12, 18, 24, 30, 36, 42, 48, 54, and 60 months. ∗Assessed at annual visits
only. ∗∗Assessed at 6 months and annual visits only. †Impairment defined as a test score ≥1.5 standard deviations below the standardized
mean score. MDS-UPDRS, Movement Disorder Society Unified Parkinson’s Disease Rating Scale; MoCA, Montreal Cognitive Assessment;
PDD, Parkinson’s Disease Dementia; SCOPA-AUT, Scales for Outcomes in Parkinson’s Disease-Autonomic.

clinical diagnosis of PD dementia (PDD) [24]; and
(2) presence of significant functional impairment due
to cognitive deficits.

Progression milestones

From the longitudinal assessments described
above, criteria were established for 25 progression
milestones spanning six clinical domains: “walking
and balance”; “motor complications”; “cognition”;
“autonomic dysfunction”; “functional dependence”;
and “activities of daily living.” Table 1 lists all mile-
stones, grouped by domain, and specifies the criteria
by which they were defined. Milestones were cho-
sen by a working group of clinical experts (AS,

TS, LMC, BM, DG, KLP, CMT, DW, KK, KMa)
based on knowledge of the existing literature [2–6,
25] and clinical experience. This process included
several sequential steps. First, the working group
convened for a series of meetings and agreed on an
overarching strategy of defining progression using a
multidimensional composite endpoint. Second, the
same panel reviewed the rating scales and other
outcome assessments included in the PPMI proto-
col and identified items that measured dysfunction
within the dimensions of interest (e.g., motor, cog-
nitive, autonomic); in doing so, a concerted effort
was made to omit items that are particularly sensitive
to the effects of symptomatic therapy (e.g., MDS-
UPDRS Part III items measuring tremor). Third, in
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cases where scale items had multiple levels, the panel
agreed upon levels that represented unequivocal and
at least moderately severe forms of the type of dis-
ability they were intended to capture and reflected a
degree of dysfunction that is recognized as clinically
meaningful within the expert community. Lastly, to
facilitate interpretability by grouping milestones into
categories that were consistent with clinical practice,
components of the composite endpoint were classi-
fied across six clinical domains.

Per protocol, most milestones were assessed quar-
terly for one year and semiannually thereafter;
however, three autonomic dysfunction milestones
were only assessed at six months and then annually,
and three cognitive milestones were only assessed
annually. As previously described [23, 26], the site
investigator’s determination of cognitive impairment
(from which two dementia-related milestones were
derived) was introduced after some participants had
already completed their baseline and 12-month visits;
consequently, most PD participants (74.9%) missed
this assessment at baseline and roughly a third missed
it at 12 months. Otherwise, missing data were rare. In
all instances of missing data, a conservative approach
was applied by which it was assumed that the corre-
sponding milestone criteria were not met.

A composite binary endpoint, defined as time to
first occurrence of any one of the milestones, com-
prised the primary outcome variable. Participants
who met milestone criteria at baseline and/or never
completed any follow-up visits were excluded.

Data sources

Using archived data (downloaded from
https://www.ppmi-info.org/access-data-specimens/
download-data and reflecting data captured
in the PPMI database as of June 30, 2020;
RRID:SCR 006431), two analysis data sets were
derived. The first data set computed the primary
endpoint based on data collected at the first five
annual follow-up visits only (i.e., the visits at which
all milestones were evaluated per protocol). A second
data set derived the primary endpoint from the first
five annual follow-up visits and seven additional
“interim” visits (scheduled at 3, 6, 9, 18, 30, 42,
and 54 months). Interim visits evaluated most,
but not all, progression milestones. To gauge the
possible implications of the frequency of endpoint
assessments on future study design, most analyses
evaluated both data sets. However, for ease of
interpretation and to ensure equal weighting across

milestones, models examining baseline predictors
of time-to-progression were fitted using annual data
only.

Statistical analysis

Figures were created using RStudio (Posit
Software, PBC, Boston, MA; posit.co;
RRID:SCR 000432) [27]. All other analyses
were performed using SAS v9.4 (SAS Institute
Inc., Cary, NC; sas.com; RRID:SCR 008567).
To identify baseline predictors of progression, a
time-to-event analysis was conducted using mul-
tivariable Cox proportional hazard models with a
backward selection approach. Time was calculated
from the date of enrollment until the date of the
first annual visit at which criteria for at least one
milestone were met. Participants who never met
milestone criteria were censored at the time of
their last completed annual visit. Participants who
met criteria for any milestone at baseline and/or
did not complete at least one annual follow-up
were excluded from all models. Ties were handled
using Efron’s approximation. For model fitting, a
covariate was included if it was associated with time
to progression at a significance level of 0.10 or less.
PD medication use (i.e., a binary indicator variable
for whether symptomatic therapy had been initiated)
was included as a time-dependent covariate. Due to
skewed distributions, rank values were used for all
CSF biomarker variables. For CSF total �-syn, all
values were included regardless of hemoglobin level;
however, sensitivity analyses were conducted that
excluded samples with hemoglobin levels exceeding
200 ng/mL [28]. To address multicollinearity during
model selection, the MDS-UPDRS total score was
considered for the multivariable model instead of
Hoehn & Yahr stage and PIGD Score. Similarly,
among biomarker variables, mean striatum SBR
was prioritized over mean putamen SBR and the
ratio of CSF t-tau/A�1–42 was favored over CSF
A�1–42 alone. This screening process revealed a set
of potential predictor variables, which made up an
initial “full model.” Subsequently, a backward selec-
tion process removed variables one at a time until all
variables remaining in the model were significant at
the 0.05 level. For all steps in the backward selection
process, sex and PD medication use were forced into
the model. Due to the exploratory nature of these
analyses, no adjustments were made for multiple
comparisons.

https://www.ppmi-info.org/access-data-specimens/download-data
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As secondary analyses, we performed sample
size calculations for a hypothetical trial targeting
80% power for a two-sided log-rank test (� = 0.05)
comparing the survival curves of two treatment
groups using a balanced design. Variable assump-
tions included study length (two vs. three years) and
the hazard ratio of the experimental group relative to
the comparison group (0.50 vs. 0.75). The compari-
son group’s survival curve was approximated using
a piecewise linear curve based on survival function
estimates derived from two separate data sources
(the “annual visits” vs. “all visits” data sets defined
above). Survival function estimates were computed
using Kaplan-Meier estimators, with time rounded
to the nearest 3 months (i.e., per-protocol time).

RESULTS

Supplementary Figure 1 presents a flow chart sum-
marizing how many participants were assessed at
each study time point. Out of 423 PD participants
enrolled, 32 (7.6%) met criteria at baseline for at
least one progression milestone. This included two
participants who met baseline criteria within two
domains (in one case, autonomic dysfunction and
walking and balance; in the other, autonomic dys-
function and activities of daily living) and 30 who did
so for one domain only (13 autonomic dysfunction,
five walking and balance, five cognition, four activ-
ities of daily living, three functional dependence).
These participants were excluded from all analyses.
The remaining 391 participants had a median dura-
tion of follow-up of seven years and a 5-year dropout
rate of 18%. Finally, 6/391 participants never com-
pleted any follow-up visits and were excluded from
additional analyses. Supplementary Table 1 presents
baseline demographic and disease characteristics for
the remaining participants.

Figure 1 depicts Kaplan-Meier estimates of
progression-free survival. The first curve, derived
from annual milestone assessments only (at 12, 24,
36, 48, and 60 months), reflects 376 participants who
were milestone-free at baseline and subsequently
completed at least one annual follow-up. Of these par-
ticipants, 166 (44.1%) met criteria for the composite
endpoint at one or more annual visits. Kaplan-Meier
estimates of the 12, 24, and 36-month progression
rates equaled 10.1%, 20.8%, and 30.6%, respectively.
By contrast, the second curve is derived from mile-
stone data collected across the first five annual visits
and seven additional interim visits (3, 6, 9, 18, 30, 42,

and 54 months). Out of 385 participants who were
milestone-free at baseline and returned for at least
one follow-up assessment (annual or interim), 193
(50.1%) met progression milestone criteria during at
least one of these 12 assessments, with correspond-
ing 12, 24, and 36-month progression rates of 16.6%,
27.7%, and 37.4%, respectively.

Table 2 summarizes the contribution of each
individual domain and milestone to the composite
endpoint, i.e., how frequently they coincided with the
initial event for a participant. Milestones within the
cognitive domain (met by 14.1% of participants based
on annual data only vs. 14.3% based on all avail-
able data) and functional dependence domain (12.0%
vs. 14.5%) were reached first most frequently in this
cohort. Collectively, milestones within the autonomic
dysfunction (10.9% vs. 10.1%) and walking and bal-
ance (6.6% vs. 8.1%) domains were the next most
prevalent. Across both data sources, the individual
milestone met most often was a S&E below 80.

Notably, at the time of the first milestone, most
participants met milestone criteria within a single
domain only. Among participants who progressed
at an annual follow-up, only 26/166 (15.7%) did
so across multiple domains concurrently, with 20
reaching milestones within two domains, four within
three domains, and two within four domains (data
not shown). Among these multi-domain progressors,
it was most common for one of the domains to
be functional dependence (18/26; 69%), followed
by walking and balance (12/26; 46%). By contrast,
milestones within the cognition and autonomic dys-
function domains were comparatively likely to occur
in isolation, with 43/53 cognitive (81%) and 33/41
(80%) autonomic progressors experiencing an event
within a single domain (data not shown).

Descriptive analyses also evaluated the frequency
of each milestone in isolation, i.e., if they ever
occurred regardless of whether a different one
occurred first (Supplementary Table 2). Based on data
collected at all study visits, 89 participants (23.1%)
ever met the functional dependence milestone, 82
(21.3%) ever reached at least one cognitive mile-
stone, and an appreciable number ever reached one
or more components of the autonomic dysfunction
(16.9%), walking and balance (14.3%), activities
of daily living (13.5%), and motor complications
(12.5%) domains. Relative to other components of
the composite endpoint, those in the activities of
daily living domain (choking, speech, dressing, eat-
ing, hygiene) were least likely to coincide with the
initial event; of the 52 participants who ever reached
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Fig. 1. Kaplan-Meier curves of progression-free survival, as defined by reaching any progression milestone, based on data collected at 12,
24, 36, 48, and 60 months (blue) versus 3, 6, 9, 12, 18, 24, 30, 36, 42, 48, 54, and 60 months (red). Each curve reflects de novo PD participants
who were milestone-free at baseline and completed at least one of the corresponding follow-up visits.

one of these milestones, only 19 did so at their first
event (see Table 1).

Table 3 summarizes the analysis of baseline pre-
dictors, which modeled time-to-progression based on
annual milestone assessments only. After adjustment
for sex and PD medication use, the final multivari-
able model included three predictors with positive
associations (age, MDS-UPDRS total score, GDS-15
score) and two predictors with negative associa-
tions (DAT-SPECT mean striatum SBR, CSF total
�-syn). That is, higher baseline age, MDS-UPDRS
total scores, and GDS-15 scores, as well as lower
baseline DAT-SPECT binding and CSF total �-syn,
predicted faster time to progression. Of note, initia-
tion of symptomatic treatment was not significantly
associated with time to progression (p = 0.1639).
Also, a sensitivity analysis excluding participants
with CSF hemoglobin above 200 ng/mL (a factor that
can potentially impact the results for CSF total �-
syn) from the final multivariable model yielded the
same conclusions, with the effect of CSF total �-
syn strengthening (hazard ratio [95% CI] per decile
decrease = 1.12 [1.05, 1.19]; p = 0.0004).

Additional analyses evaluated the stability of the
milestone-based approach at subsequent annual visits
(Supplementary Table 3). Of the 166 participants who
met criteria for the primary endpoint across the first

five annual visits, 14 withdrew without completing an
additional annual follow-up (note: 7/14 completed an
interim visit prior to withdrawal of whom six contin-
ued to meet milestone criteria). Among those who
remained active in the study, 125/152 (82%) con-
tinued to meet criteria for any milestone at one or
more subsequent annual visits. Further analyses indi-
cated that participants fell into three broad categories.
First, 84 (55%) demonstrated persistent dysfunction,
continuing to meet criteria for any milestone at the
next annual follow-up. Second, 41 (27%) temporar-
ily reverted, not meeting criteria 1 year later but
doing so eventually; the period of reversion ranged
from 2–5 years, with the majority recurring either
2 years (22/41) or 3 years (12/41) later (data not
shown). Third, 27 (18%) permanently reverted, not
meeting criteria for any milestone at any subsequent
follow-up. Compared to temporary reverters, per-
manent reverters completed fewer subsequent visits
(mean: 3.1 vs. 4.7) and were more likely to com-
plete ≤2 additional follow-ups (44% vs. 5%; χ2 [1,
N = 68] = 15.6, p < 0.0001).

Supplementary Table 3 also presents subgroup
analyses summarizing—separately by domain—how
often participants met milestone criteria within the
same domain at the next visit, within any domain
at the next visit, and within any domain at any sub-
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Table 2
Proportion of PPMI de novo PD cohort that met progression milestone criteria

at the time of first event or last follow-up

Data Source
Variable Annual Visits∗ All Visits∗∗

(N = 376) (N = 385)

Any domain
Overall (any milestone) 166 (44.1%) 193 (50.1%)

Cognitive domain
Overall (any milestone) 53 (14.1%) 55 (14.3%)
By milestone

Cognitive impairment (MoCA) 25 (6.6%) 19 (4.9%)
Dementia (composite) 13 (3.5%) 11 (2.9%)
Apathy 11 (2.9%) 18 (4.7%)
Cognitive impairment (MDS-UPDRS) 10 (2.7%) 11 (2.9%)
Dementia (clinical diagnosis) 3 (0.8%) 2 (0.5%)
Hallucinations 1 (0.3%) 1 (0.3%)

Functional dependence domain
Overall (Schwab & England <80) 45 (12.0%) 56 (14.5%)

Autonomic dysfunction domain
Overall (any milestone) 41 (10.9%) 39 (10.1%)
By milestone

Incontinence 20 (5.3%) 21 (5.5%)
Syncope (SCOPA-AUT) 20 (5.3%) 17 (4.4%)
Syncope (MDS-UPDRS) 2 (0.5%) 2 (0.5%)
Orthostatic hypotension 1 (0.3%) 1 (0.3%)

Walking and balance domain
Overall (any milestone) 25 (6.6%) 31 (8.1%)
By milestone

Postural instability 13 (3.5%) 22 (5.7%)
Walking and balance 8 (2.1%) 6 (1.6%)
Gait 7 (1.9%) 5 (1.3%)
Hoehn & Yahr 3 (0.8%) 1 (0.3%)
Freezing 2 (0.5%) 2 (0.5%)
Freezing of gait 1 (0.3%) 1 (0.3%)

Motor complications domain
Overall (any milestone) 19 (5.1%) 23 (6.0%)
By milestone

Fluctuations (complexity) 10 (2.7%) 11 (2.9%)
Fluctuations (functional impact) 11 (2.9%) 14 (3.6%)
Dyskinesias 0 0

Activities of daily living domain
Overall (any milestone) 17 (4.5%) 19 (4.9%)
By milestone

Choking 11 (2.9%) 12 (3.1%)
Speech 5 (1.3%) 3 (0.8%)
Dressing 1 (0.3%) 2 (0.5%)
Eating 1 (0.3%) 3 (0.8%)
Hygiene 0 0

For participants who ever reached any milestone, data only considers the initial event (i.e.,
first visit at which criteria for at least one milestone were met). Columns include participants
who were milestone-free at baseline and subsequently completed at least one of the specified
follow-up visits. ∗Derived from follow-up data collected at 12, 24, 36, 48, and 60 months.
∗∗Derived from follow-up data collected at 3, 6, 9, 12, 18, 24, 30, 36, 42, 48, 54, and 60
months. MDS-UPDRS, Movement Disorder Society Unified Parkinson’s Disease Rating Scale;
MoCA, Montreal Cognitive Assessment; SCOPA-AUT, Scales for Outcomes in Parkinson’s
Disease-Autonomic.

sequent visit. Depending on the domain, persistent
dysfunction at the next visit ranged from 29–50%
if restricted to milestones within the same domain

vs. 53–86% if expanded to any milestone from any
domain. Rates of permanent reversion (i.e., not meet-
ing criteria within any domain at any subsequent
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Table 3
Association between baseline features and time to reaching a progression milestone in PPMI de novo PD cohort

Screening Analysis Multivariable Analysis
Baseline Predictor HR (90% CI) p HR (95% CI) p

Demographics
Age (per 5-year increase) 1.25 (1.16, 1.35) <0.0001 1.25 (1.13, 1.38) <0.0001
Sex (male vs. female) 0.96 (0.73, 1.26) 0.8074 0.80 (0.58, 1.12) 0.1996
Clinical site (non-US vs. US) — 0.7010 Not Included
Body mass index — 0.6006 Not Included
Orthostatic systolic blood pressure change — 0.9589 Not Included

Motor features and overall disability
Disease duration — 0.2087 Not Included
MDS-UPDRS total score (per 5-unit increase) 1.23 (1.18, 1.30) <0.0001 1.18 (1.11, 1.26) <0.0001
Hoehn & Yahr stage (stage 2-3 vs. stage 1) 1.52 (1.17, 1.98) 0.0084 Not Included
PIGD score (per 0.1-unit decrease) 1.19 (1.13, 1.25) <0.0001 Not Included
Tremor score — 0.1286 Not Included
Schwab & England (per 10-unit decrease) 1.49 (1.20, 1.85) 0.0024 — N.S.
PD medication use (yes vs. no)∗ 1.06 (0.71, 1.60) 0.8075 0.69 (0.41, 1.16) 0.1639

Non-motor features
MoCA (per 1-unit decrease) 1.10 (1.04, 1.17) 0.0048 — N.S.
SCOPA-AUT 1.08 (1.06, 1.10) <0.0001 — N.S.
UPSIT (anosmia vs. other) — 0.1232 Not Included
UPSIT raw score (per 1-unit decrease) — 0.3262 Not Included
Epworth Sleepiness Scale 1.08 (1.04, 1.12) 0.0003 — N.S.
REM Sleep Behavior Disorder Screening Questionnaire 1.11 (1.06, 1.16) <0.0001 — N.S.
Geriatric Depression Scale (15-item) 1.10 (1.05, 1.15) 0.0004 1.07 (1.01, 1.14) 0.0341
State-Trait Anxiety Inventory total score 1.01 (1.00, 1.02) 0.0120 — N.S.

Biomarkers
DAT-SPECT mean striatum SBR (per 0.1-unit decrease) 1.11 (1.08, 1.15) <0.0001 1.07 (1.02, 1.12) 0.0043
DAT-SPECT mean putamen SBR (per 0.1-unit decrease) 1.11 (1.06, 1.17) 0.0006 Not Included
CSF A�1-42 (per decile decrease) 1.08 (1.03, 1.13) 0.0055 Not Included
CSF t-tau — 0.1965 Not Included
CSF p-tau — 0.2705 Not Included
CSF t-tau/A�1-42 (per decile increase) 1.07 (1.03, 1.12) 0.0106 — N.S.
CSF t-tau/A�1-42 (>0.222 vs. <0.222) 1.47 (1.10, 1.98) 0.0307 Not Included
CSF �-synuclein (per decile decrease) 1.07 (1.03, 1.12) 0.0097 1.09 (1.03, 1.15) 0.0030
CSF �-synuclein [Hb <200] (per decile decrease) 1.10 (1.05, 1.16) 0.0011 Not Included
Serum urate — 0.6648 Not Included

Reflects data collected at the first five annual follow-up visits only. Multivariable analyses forced sex and initiation of PD medication into the
final model. Unless otherwise indicated, hazard ratios for continuous variables were derived in terms of a 1-unit increase. ∗Time-dependent
covariate. CSF, cerebrospinal fluid; DAT-SPECT, dopamine transporter single photon emission computed tomography; Hb, hemoglobin; HR,
hazard ratio; MDS-UPDRS, Movement Disorder Society Unified Parkinson’s Disease Rating Scale; MoCA, Montreal Cognitive Assessment;
PIGD, postural instability/gait difficulty; SBR, specific binding ratio; SCOPA-AUT, Scales for Outcomes in Parkinson’s Disease-Autonomic;
UPSIT, University of Pennsylvania Smell Identification Test.

visit) were elevated among individuals whose ini-
tial event included milestones within the autonomic
dysfunction (22.5%) or motor complications (29.4%)
domains.

Sample size calculations

Table 4 presents sample size calculations, based
on the survival function estimates depicted in Fig. 1,
for a two-arm trial targeting 80% power. Estimates
vary depending on the source of survival estimates
(annual vs. all visits); proposed study length; and, par-
ticularly, the assumed treatment effect. For instance,
based on the rate of clinically meaningful outcomes

we observed in our data, a three-year study assuming
a 50% reduction in the hazard ratio would be pow-
ered at 80% with approximately 125–150 participants
per arm. Alternatively, a three-year study assuming
a more modest reduction in the hazard ratio (25%)
would likely require at least 600 participants per arm
to achieve 80% power.

DISCUSSION

The results of this study show that a set of clin-
ically meaningful milestones derived from widely
used assessment scales may have utility as a pro-
gression outcome in an early PD cohort. Participants
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Table 4
Total sample size calculations for a hypothetical two-arm trial

using a milestone-based composite endpoint

2-Year Study 3-Year Study
Data Source HR = 0.50 HR = 0.75 HR = 0.50 HR = 0.75

Annual Visits∗ 436 2078 292 1404
All Visits∗∗ 324 1552 236 1142

Hazard ratios of 0.50 and 0.75 denote an assumed reduction in the
hazard ratio of 50% and 25%, respectively, among the experimen-
tal arm relative to the comparison arm. All calculations specified
80% target power for a two-sided log-rank test at � = 0.05 and all
estimates reflect the total sample size required across two arms.
∗Control survival curve estimated based on progression milestone
data collected at 12, 24, and 36 months. ∗∗Control survival curve
estimated based on progression milestone data collected at 3, 6, 9,
12, 18, 24, 30, and 36 months. HR, hazard ratio.

in the PPMI de novo PD cohort were recently diag-
nosed and untreated at the time of entry, and then
followed quarterly for one year and semiannually
for four years thereafter. Half of this cohort reached
at least one milestone during this clinical follow-up
period, with over a quarter doing so within two years.
The most frequently reached milestones included loss
of functional independence, indicators of cognitive
impairment (in particular, a MoCA score below 21),
measures of dysautonomia (urinary incontinence and
syncope), and postural instability. The milestone def-
initions chosen for this study were intended to reflect
more severe forms of a given problem in order to
mitigate uncertainty regarding their functional rel-
evance. Importantly, the emergence of milestones
was largely independent of whether symptomatic
therapy had been initiated. Moreover, the compos-
ite endpoint appeared to be relatively stable; among
participants who reached at least one milestone and
remained active in the study, less than 20% per-
manently reverted to being “milestone-free” at all
subsequent visits. These features support the applica-
bility of a milestone-based outcome measure to assess
disease progression in early and middle stage PD.

Multivariable analysis indicated that baseline pre-
dictors of faster time to reaching a milestone included
advanced age, greater MDS-UPDRS total scores,
lower DAT-SPECT striatal binding, lower CSF total
�-syn, and higher GDS-15 depression scores. Sev-
eral of these baseline characteristics—including
age, lower DAT binding, and greater motor
impairment—have been reported to have poor prog-
nosis in prior studies [29–31], which provides
collateral support for our approach. The apparent util-
ity of CSF total �-syn to predict reaching a clinically
relevant milestone is especially interesting consid-

ering current literature demonstrating that PD is
associated with a small but significant decrease in
CSF total �-syn concentrations relative to healthy
controls [20, 32–34]. These predictors of risk for
reaching a milestone suggest enrichment strategies
to make clinical trials more efficient by building risk
factors into trial entry criteria.

A milestone-based outcome measure offers a
degree of adaptability that more conventional meth-
ods may lack. For instance, if a participant dropped
out early but reached a clinical milestone prior to
study withdrawal, this metric of progression would
be fully captured in a milestone-based time-to-event
model. Because the milestones derived from MDS-
UPDRS part III items (measuring gait, freezing of
gait, postural stability, and speech) are defined using
ON or OFF assessment scores, these components can
still be evaluated if either the OFF or ON assessment
could not be completed. Because of these properties,
our results suggest an approach to testing disease-
modifying therapies that may not be affected by
symptomatic treatment and could be implemented in
more naturalistic settings. Specifically, a milestone-
based composite endpoint could be considered for
trials evaluating novel therapeutics for PD as an add-
on to, rather than instead of, standard symptomatic
therapy.

Our sample size estimates, which are meant to
illustrate the conceptual feasibility of this framework,
indicate that the number of participants required for
a trial using a milestone-based approach over two to
three years would be comparable to a trial of untreated
patients using change in MDS-UPDRS over one year
of follow-up as the primary outcome measure. This
additional follow-up would potentially be balanced
by faster recruitment and greater generalizability. By
allowing treatment at any point, a milestone-based
approach would be both easier to recruit for and
more consistent with typical care of PD patients.
Furthermore, a milestone-based primary outcome is
intrinsically clinically meaningful, while changes in
a rating scale could be viewed as an intermediate
clinical outcome, without intrinsic meaningfulness
[35].

Outcomes measures comprised by a composite
of clinically relevant events have been applied in
other areas of medicine—including cancer [36], car-
diology [37], nephrology [38], and stroke [39]—and
have been acceptable to regulators [40]. Milestone-
based or composite outcomes have been employed
before in PD therapeutics, as well. The Deprenyl
and tocopherol antioxidative therapy of parkinson-
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ism (DATATOP) trial [1] defined its primary outcome
by a clinically relevant milestone, i.e., the need for
dopaminergic therapy. This is similar to our approach
but used a single rather than composite outcome.
Although a landmark trial, the DATATOP study has
been criticized because the outcome was sensitive to
the symptomatic effect of selegiline [41]. In this anal-
ysis, we focused to select outcomes that would not
be substantially influenced by treatment. In addition,
we included initiation of symptomatic treatment as
a time-dependent covariate in our analyses to con-
trol for its effect. The NET-PD study of creatine
(LS-1) [42] provides another relevant precedent for
our analysis. The LS-1 study used a global statis-
tical test (GST) composed of the modified S&E,
Symbol Digit Modalities Test, Parkinson’s Disease
Questionnaire (PDQ-39) [43], selected items from
the UPDRS and the Modified Rankin Scale [44].
Like our measure, this outcome is composed of clin-
ically meaningful components. Unlike our simple
composite measure, scores on the GST did not lend
themselves to intuitive clinical interpretation. Thus,
our framework for a composite of clinically meaning-
ful outcomes may represent a potential advance over
existing metrics in terms of robustness in the setting
of symptomatic treatment and clinical interpretabil-
ity. Other observational cohort studies have included
milestone-based or composite outcomes in their anal-
yses. This includes the CamPaIGN study, which
examined the “irreversible” milestones of postural
instability (Hoehn & Yahr stage 3), dementia, and
death [45]; and the Norwegian ParkWest study, which
evaluated the “advanced PD” milestones of visual
hallucinations, recurrent falls, dementia, and nurs-
ing home placement [46]. Other milestones reported
in the literature include severe dysphagia, auto-
nomic dysfunction (e.g., orthostatic hypotension),
and unintelligible speech [47]. Our study extends
the results of those analyses by including additional
clinical milestones and more intensive biomarker
assessments which potentially make our results
more relevant to implementation in therapeutic
research.

Our results must be considered in light of sev-
eral limitations. First, a multidimensional composite
may not be appropriate for interventions that are
intended to impact only certain contributors to PD
disability. Per FDA guidance, composite endpoints
should be chosen with an expectation that a given
intervention will “have a favorable effect on all the
components” [40]. It is possible that the pathophysi-
ological mechanisms underlying the various clinical

domains described herein (e.g., motor vs. cognitive
vs. autonomic) are too different to expect that a single
intervention could favorably affect all of them. How-
ever, given that the natural history of PD progression
is multifaceted, a clinical endpoint that encompasses
both motor and non-motor milestones may be the
most appropriate approach to assessing interventions
intended to slow overall disease progression [25].

Another limitation is the sheer size of a 25-item
composite. For context, a systematic review of 140
cardiovascular trials with a primary composite end-
point published between 2011 and 2016 found that
83% used endpoints with ≤4 components whereas
only 6% included ≥6 components [37]. The FDA
recommends choosing composite endpoints with
components of “reasonably similar”—and not “sub-
stantially different”—clinical importance, a standard
that is harder to establish with more components
and one to which our composite may not suffi-
ciently adhere [40]. For instance, we report cognitive
milestones defined by apathy and hallucinations.
Although both symptoms are reported to predict cog-
nitive impairment in PD [29, 48], they are proxy
measures and may not clear the bar of being “rea-
sonably similar” to other milestones (e.g., a site
investigator diagnosis of dementia). Our data are
meant to illustrate the usefulness of the concept of a
milestone-based outcome for PD trials. Future direc-
tions could include efforts, such as factor analysis,
to test our domain grouping system and simplify the
composite by removing redundancy and components
that contribute minimally to the overall endpoint.

Third, the criteria for our composite endpoint are
satisfied by the occurrence of a single rater-dependent
event recorded at a single time point, an approach
that prioritizes sensitivity over specificity and raises
important questions about reliability. We considered
an alternative strategy requiring that milestones be
evident at consecutive visits. However, this made
the endpoint less efficient, particularly if partici-
pants meeting criteria at baseline were excluded (in
which case the endpoint could not be met until the
second follow-up visit); and was insensitive to partic-
ipants who met criteria at a single visit and withdrew
before their next visit (due to worsening parkinson-
ism). Ultimately, we chose a first occurrence strategy,
concluding that experiencing something sufficiently
severe for the first time represents an important clin-
ical event even if it is not reported at the next visit.
Moreover, since cutoffs were made at severe mani-
festations of each clinical feature, we could envisage
medication changes and other therapeutic maneu-
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vers that could temporarily reduce the severity of
such problems, which then recur after a hiatus. That
said, nearly 20% of participants in our sample who
ever reached a milestone did not recur at any sub-
sequent visit. We acknowledge that this is not an
insignificant number and that efforts to mitigate such
occurrences are warranted. The domain-level analy-
ses reported herein (Supplementary Table 3) suggest
that milestones within certain domains (e.g., auto-
nomic dysfunction, motor complications) may be
less stable than others and future analyses evaluating
the stability of each individual milestone are being
planned.

Another important limitation to our study is the
lack of Patient and Public Involvement and Engage-
ment (PPIE). Milestones were carefully chosen by
a panel of clinical experts and anchored largely to
MDS-UPDRS items, which were developed with
extensive input from patient focus groups [12]. How-
ever, for a milestone-based composite measure to be
considered as the primary outcome in a therapeutic
trial, greater PPIE would be essential. One possibil-
ity would be to survey PD patients and care partners
on the relative “clinical importance” of the mile-
stones reported herein and elsewhere in the literature
[45–47]. Our composite also lacked a global qual-
ity of life measure, such as the PDQ-39, and other
patient-reported outcomes (PROs). Additional PROs
as well as objective digital measures have been added
to the PPMI battery and could be areas of future
research.

Other key limitations of our study that warrant fur-
ther investigation include its exploratory nature (e.g.,
no adjustment for multiple comparisons) and absence
of external validation. Importantly, efforts are under-
way to validate this milestone-based endpoint in
other early PD cohorts, including the STEADY-
PD III [49] and SURE-PD3 [50] trial cohorts and
their extension in AT-HOME PD [51]. Like PPMI,
these studies included participants with early-stage
PD who were not on levodopa or dopamine ago-
nists at enrollment. Furthermore, they are comparable
in mean age (PPMI = 61.5; STEADY-PD III = 62;
SURE-PD3 = 63) and, in the case of SURE-PD3,
were similarly enriched for evidence of dopamin-
ergic deficit at screening. Notably, however, these
cohorts are considerably younger and far less treated
than other PD populations, such as incident PD cases
enrolled in the population-based CamPaIGN (mean
age: 70.6) and PINE (mean age: 72.5) cohorts [52,
53]. As such, some important considerations will be
whether these findings are generalizable to future

studies that enroll older and more treated cohorts and
which segment of PD patients would be appropriate
for a clinical trial that implemented a milestone-based
outcome measure.

Also, since milestones were only evaluated at pre-
scheduled visits, it only known that criteria became
evident at some point during the interval between one
visit and the next. However, our analysis used the
approach, commonly applied in practice, of assum-
ing that event times were either observed exactly at
the end of said interval (imputed from the visit date
on which the milestone was first recorded) or right
censored, and then applying standard time-to-event
methods (i.e., Kaplan-Meier and Cox regression esti-
mates). Planned validation efforts will apply methods
tailored specifically to interval-censored data [54,
55]. More generally, the use of a time-to-first-event
analysis approach may be inefficient because it
ignores additional information (e.g., events at sub-
sequent visits, total number of milestones/domains
reached). Alternative approaches that may increase
study power include recurrent event models [56,
57] or repeated-measures analysis of an ordinal or
continuous “score” reflecting the sum of multiple
milestones/domains.

These methodological limitations are balanced
by important strengths. We conducted our study
in the context of the PPMI study which employs
rigorous, standardized data collection of motor,
non-motor and biomarker assessments in the con-
text of an international, multicenter cohort with
long-term follow-up [18, 23, 58]. In summary, the
results of this study show that clinically meaning-
ful milestones occur frequently within five years of
follow-up of patients recruited with early, untreated
PD, and are significantly associated with baseline
demographic characteristics, clinical features, and
objective biomarkers. These findings support the via-
bility of using a milestone-based outcome measure
in observational and biomarker verification studies.
Our results also have several important implications
for clinical trial design. First, stratification based on
baseline markers may reduce variability in progres-
sion in clinical trial cohorts, thus making trials more
efficient. Second and importantly, a composite mea-
sure based on the milestones we evaluated could
become a primary outcome in PD disease modifi-
cation trials. Additional follow-up and analysis of
PPMI data will address limitations in our study,
produce further validation and refine a framework
for efficient trials of potentially disease-modifying
therapeutics.
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