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Abstract.
Background: Objectively measuring Parkinson’s disease (PD) signs and symptoms over time is critical for the successful
development of treatments aimed at halting the disease progression of people with PD.
Objective: To create a clinical trial simulation tool that characterizes the natural history of PD progression and enables a
data-driven design of randomized controlled studies testing potential disease-modifying treatments (DMT) in early-stage PD.
Methods: Data from the Parkinson’s Progression Markers Initiative (PPMI) were analyzed with nonlinear mixed-effect
modeling techniques to characterize the progression of MDS-UPDRS part I (non-motor aspects of experiences of daily
living), part II (motor aspects of experiences of daily living), and part III (motor signs). A clinical trial simulation tool was
built from these disease models and used to predict probability of success as a function of trial design.
Results: MDS-UPDRS part III progresses approximately 3 times faster than MDS-UPDRS part II and I, with an increase of
3 versus 1 points/year. Higher amounts of symptomatic therapy is associated with slower progression of MDS-UPDRS part
II and III. The modeling framework predicts that a DMT effect on MDS-UPDRS part III could precede effect on part II by
approximately 2 to 3 years.
Conclusions: Our clinical trial simulation tool predicted that in a two-year randomized controlled trial, MDS-UPDRS part
III could be used to evaluate a potential novel DMT, while part II would require longer trials of a minimum duration of 3 to
5 years underscoring the need for innovative trial design approaches including novel patient-centric measures.

Plain Language Summary
To develop effective medicines that can slow down or stop the progression of Parkinson’s disease (PD), it is important to
accurately understand how the disease worsens over time. We used data from an observational study, led by the Michael J.
Fox Foundation, called the Parkinson’s Progression Markers Initiative (PPMI) to understand the natural progression of PD.
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We simulated clinical trials on a computer using different scales to measure the progression of PD. We specifically looked
at a physician-reported measure MDS-UPDRS part III, and at a patient-reported measure MDS-UPDRS part II of how PD
symptoms worsen over time. To measure the effect of a new medicine slowing down the progression of PD using patient-
reported measure MDS-UPDRS part II, we estimate that we may need to conduct a clinical trial of at least 3 to 5 years. On
the other hand, to measure an effect using physician-reported measure MDS-UPDRS part III, the duration of the trial could
be shorter than 2 years. We were also able to show that worsening recorded by the physician-reported measure MDS-UPDRS
part III could be predictive of a later worsening recorded by the patient-reported measure MDS-UPDRS part II. We concluded
that MDS-UPDRS part III may be a good endpoint for a clinical trial of a reasonable duration and that MDS-UPDRS part II
could be measured in longer studies, for example, open-label extensions.

Keywords: Disease modification, MDS-UPDRS, PPMI, natural disease progression, motor signs, functional impairment,
endpoints, probability of study success

INTRODUCTION

There are no treatments which can slow down or
stop the disease progression of people with Parkin-
son’s disease (PD) preserving their independence and
quality of life.1–4 Objectively measuring PD signs
and symptoms over time is critical for the success-
ful development of treatments aimed at halting the
disease progression of people with PD.

Quantitative approaches such as modeling and
simulation are recognized as fundamental for maxi-
mizing the chance of developing effective therapeutic
strategies in PD.5 Disease progression models, in
particular, constitute relevant tools to elucidate the
quantitative relationship between the patient popula-
tion and the progression of an endpoint or measure
of efficacy. Recent advances in the field of neurode-
generative diseases, particularly Alzheimer’s disease,
have highlighted the importance of focusing on dis-
ease progression and have underscored the necessity
of translating short-term effects on clinical rating
scales into slowing of progression or time delays con-
sidered as more patient-centric measures.6–8 Indeed,
a disease progression modeling framework enables
to establish that “for population X, endpoint Y is
expected to progress by Z points in a given time-
frame”. This is fundamental for optimally designing
clinical trials because, together with the hypothe-
sis regarding the pharmacological properties of an
experimental treatment, key design elements such as
patient population, i.e., stage of the disease, endpoint,
and other parameters such as treatment duration
and/or dose can be optimized.9

The Unified Parkinson’s Disease Rating Scale
developed by the Movement Disorder Society (MDS-
UPDRS)10 represents one of the most used tools
to assess PD progression. In particular, two out

of the four parts of the scale which focus on
motor manifestations—MDS-UPDRS part II and
part III—are extensively studied and commonly
considered as clinical endpoints for on-going disease-
modifying trials.

MDS-UPDRS part III measures motor signs as
assessed by clinicians, while MDS-UPDRS part II
measures the motor aspect of daily living and is a
patient self-reported assessment of motor symptoms
and their impact on daily functions.

To support successful drug development, it is crit-
ical to develop predictions about expected change
in the MDS-UPDRS sub-scores when a treatment
is slowing down the disease. In particular, is the
same magnitude of change expected for each of the
MDS-UPDRS parts? Are the parts expected to change
simultaneously, or is one preceding the others? And
finally: Is the probability to detect disease modifica-
tion in treatment trials significantly different when
using one part compared to another?

Complementing clinimetric approaches which
have generated important insights with respect to how
MDS-UPDRS part II and part III should or should not
be used in clinical trials,11,12 disease modeling can
be used to characterize disease progression longitu-
dinally and to disentangle the effect of symptomatic
treatments.13–15 Such models can also be extended
into clinical trial simulations. Altogether, the result-
ing framework can be used to make predictions about
the probability of trial success when using either
MDS-UPDRS part II or part III as endpoint in a
targeted specific patient population, such as early PD.

We developed such disease progression models
of early-stage PD leveraging natural history data
from real world data (RWD), integrating—by means
of pharmacological modeling—the effect of symp-
tomatic treatments. We then checked the accuracy
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of these models using the placebo data from Roche
clinical study PASADENA, a phase II study testing
prasinezumab in early-stage PD.16

We extended the disease progression models into
a clinical trial simulation framework to predict prob-
ability of study success of a randomized controlled
trial when MDS-UPDRS part II and III are consid-
ered as potential study endpoints under the hypothesis
of an effective intervention in slowing down disease
progression.

METHODS

Data from PPMI and PASADENA

Data from the Parkinson’s Progression Markers
Initiative (PPMI)17 from both PD and prodromal
cohorts, from the September 2022 release, was used
for the model development. Genetic forms of PD
were excluded by filtering out subjects with pres-
ence of LRRK2, GBA, or SNCA mutations due to
their impact on progression. Overall, data from a
total of 401 (PD) and 65 (prodromal) subjects were
included. The available time course data for MDS-
UPDRS parts I, II, and III were used for models’
development.

PASADENA is a phase 2 randomized, double-
blind, placebo-controlled trial, aimed at testing the
efficacy of prasinezumab in participants with early-
stage PD. Only the data from the placebo group (105
patients over a duration of 1 year) were used (after
1 year, patients from the placebo group were re-
randomized into one of the two prasinezumab dose
groups – see16 for further details). PASADENA data
were used as an external evaluation from the PPMI-
based model predictions of MDS-UPDRS parts I, II,
and III.

For both PPMI and PASADENA, the levodopa
equivalent daily dose (LEDD)18,19 was used as an
input of the mathematical model of disease pro-
gression integrating the effect of the symptomatic
treatments. Thus, the comparison with PASADENA
data was performed balancing for symptomatic
treatment use throughout the progression. Descrip-
tive summary statistics for MDS-UPDRS parts and
LEDD from both PPMI and PASADENA are pre-
sented in the Supplementary Material.

Disease progression modeling

There are multiple ways to model progression
of the clinical score and the effect of symptomatic

treatments.13 Over a pool of 32 different structural
models combining various growth laws (linear, logis-
tic or Gompertz) for the natural disease progression
and various treatment effects (direct or indirect, lin-
ear or nonlinear), we selected a logistic progression
model with a direct effect of symptomatic therapy on
the clinical score to report the results. This selection
is based on multiple criteria including past literature
evidence, parsimony and model diagnostics. Details
about the pool of 32 structural models can be found in
the Supplementary Material. Statistics from param-
eters’ values from the pool of models were also
calculated to confirm natural progression predictions.

In the logistic growth model, the MDS-UPDRS
parts I, II and III were described by the following
equation:

S (t) =
t∫
0

log (2)

Tprog

· S (τ) · (θ − S (τ)) dτ + α · D (t)

S (t = 0) = S0
(1)

Where S denotes the clinical score. The first term
in the first line of Equation (1) (mathematical inte-
gral) refers to the growth law (logistic model) while
the second term refers to the effect of symptomatic
treatments. The term S0 stands for the baseline of the
clinical score and θ for its maximal value, also called
plateau. The term α is the effect parameter of symp-
tomatic treatments. It can be negative (LEDD reduces
the score) or positive. The term D(t) denotes the dose
of treatment and is taken equal to the LEDD value,
normalized to the median of LEDD at the individual
level. The model parameters were used to estimate a
linearized natural disease progression speed, consid-
ered as a valid approximation of growth for the first
years of the disease.

The model contains 4 parameters, 3 for the nat-
ural disease progression and one for the effect of
treatment.

The regression problem was formulated using a
population approach where the parameters were asso-
ciated with random effects.20 Parameter estimation
was performed in R 4.2.1 with the nlmixr2 package.21

We have tested the relevance of including several
patient’s characteristics at baseline as model covari-
ates to improve the data fit. Following medical expert
guidance, we considered six potential covariates:
sex, age, time from diagnosis, MDS-UPDRS part III
score, Dopamine Transporter Single-Photon Emis-
sion Computerized Tomography (DaT-SPECT)22
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putamen SBR average, and Hoehn and Yahr stage.
The covariate search was performed on the selected
model using a stepwise covariate model building pro-
cedure to identify relevant covariates to parameter
estimates.23 More details can be found in the Supple-
mentary Material.

Clinical trials simulations

The calculation of the probability of study success
was performed based on a clinical trial simulation
framework.

As opposed to symptomatic treatments, which
alleviate symptoms without modifying the natural
progression of the disease, our focus is on treatments
expected to change disease progression trajectory due
to their impact on the underlying disease biology.
Such compounds aim at slowing down the progres-
sion of the disease.

Mathematically, taken the simplest assumption of
a linear progression, the magnitude of effect of such
intervention can be modeled too as a linear function
of time:

effecti (t) = progressioni · potency · time (2)

Where the subscript i denotes the endpoint (i.e.
MDS-UPDRS part II or part III). The term potency

being a number between 0 and 1, where 0 indicates
no effect and 1 indicates a total inhibition (stopping)
of the progression.

In our simulations, we assumed a treatment effect
between 20 and 50%, i.e., potency = [0.2, 0.5] in
Equation (4). A range that appeared reasonable for
the sake of such simulation exercise and given that
25% is frequently cited as an appropriate benchmark
for clinical meaningfulness in Alzheimer’s disease
studies.6–8 We assumed that the potency is the same
on the progression of observable clinical endpoints
such as MDS-UPDRS part III and part II reflecting
the effect on the progression of the true (unobserved)
disease. However, although the factor potency is
the same, the effect can be different as indicated in
the above equation because the natural progression
slopes can be different.

To quantify the probability of success of trials
using either MDS-UPDRS part III or part II, we sim-
ulated 10,000 clinical trials with a sample size of
n = 500 or n = 1000 following the methodology by
Mori et al.24

For each of these simulated trials and at different
time points, we sample the treatment effect on MDS-
UPDRS part III and part II from a normal distribution

with mean representing a signal effect and given by
Equation (2) above, and standard error representing a
noise, function of the trial size (the larger the trial, the
more precise is the estimates of the treatment effect).

A statistical test can further be calculated with the
signal to noise ratio and treatment success declared if
the p-value is lower than 5%; and probability of study
success derived from the results of the test (success
or not) over the 10’000 simulated trials. Additional
details can be found in the Supplementary Material.

RESULTS

Parameter estimates, inter-individual and
unexplained variability

All parameters of Equation 1 were estimated with
relatively high precision (narrow confidence inter-
vals) and their values are reported in Table 1.

Estimated baseline scores (i.e., at PD diagnosis)
were approximately 5 points for MDS-UPDRS parts
II and I (motor and non-motor aspects of daily living
or functional impairment) and 20 points for MDS-
UPDRS part III (motor signs). The natural disease
progression (given by Equation 3) was significantly
faster for MDS-UPDRS part III with approximately 3
points per year versus parts II and I which progressed
by approximately 1 point per year (Table 1 and Fig. 1).

Inter-individual variability (I.I.V) in parameters for
the MDS-UPDRS part I model was the highest (high-
est I.I.V. across all parameters). Variability in the
baseline score parameter for MDS-UPDRS parts I
and II were significantly higher than for part III (75
and 69% versus 41%). The unexplained (residual)
variability was also higher for parts I and II than for
part III: for part I, unexplained variability was quan-
tified with a proportional component of 30% of the
score plus an additive component of approximately
2 points. For MDS-UPDRS parts II and III, the best
models for the unexplained error were proportional
with magnitude of 40% and 20%, respectively.

While no relevant covariate was identified for
MDS-UPDRS part I, the MDS-UPDRS part III score
at baseline (diagnosis) was identified as a significant
covariate of MDS-UPDRS part II baseline. The asso-
ciation was positive (beta = 0.2, 95% CI = [0.1–0.4])
meaning that the higher MDS-UPDRS part III the
higher MDS-UPDRS part II at baseline. The intro-
duction of the covariate in the progression model
of MDS-UPDRS part II led to the reduction of the
I.I.V. of the baseline parameter from 69% to 61%.
For MDS-UPDRS part III, the Hoehn and Yahr stage
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Table 1
Summary of parameter estimates of the logistic growth model with symptomatic treatment effect of the time course of MDS-UPDRS parts III
(off), II and I. CI, confidence interval; I.I.V, Inter-individual variability; CV, Coefficient of variation (for parameters log-normally distributed);

sd, standard deviation (for parameters normally distributed)

Estimated S0 (baseline) θ (plateau) α (symptomatic) Tprog

Progression (95% CI) (95% CI) (sd) (95% CI)
Population
estimate

I.I.V
(CV)

Population
estimates

I.I.V.
(CV)

Population
estimate

I.I.V.
(sd)

Population
estimate

I.I.V.
(CV)

MDS-UPDRS
part I

1 point/year 4.3
(4.0–4.7)

75% 16.2
(14.3–18.2)

25% +0.2
(0 – +0.4)

2.8 69
(53–91)

91%

MDS-UPDRS
part II

1 point/year 5.5
(5.0–5.9)

69% 21.3
(19.2–23.6)

21% –0.5
(–0.7 – –0.3)

2.8 84
(68–104)

81%

MDS-UPDRS
part III (off)

3 points/year 20.5
(19.6–21.5)

41% 43.3
(40.7–46.2)

23% –0.6
(–1.13 – –0.1)

2.8 122
(99–151)

87%

Fig. 1. External evaluation of PPMI model on PASADENA placebo data. Prediction-corrected visual predictive check (pcVPC) of PPMI
model prediction (blue shaded areas, 90% confidence interval around the 5th, 50th, and 95th percentiles) with data from PASADENA placebo
cohort (black lines). Left panel: MDS-UPDRS part I; Middle panel: MDS-UPDRS part II; Right panel: MDS-UPDRS part III off. Time in
days.

was identified as a significant covariate of baseline
parameter estimates (beta = 0.5, 95% CI = [0.4–0.6]).
The introduction of the covariate in the progression
model of MDS-UPDRS part III led to reducing the
I.I.V. of the progression from 87% to 78% and of the
baseline parameter from 41% to 33%.

Model predictions were evaluated against data
from the placebo arm of PASADENA trial. The
corresponding prediction-corrected visual predictive
checks25 are presented in Fig. 2. The models describe
well the data of MDS-UPDRS part III and part II.
The evaluation showed a slight overestimation of the
lowest (5th) percentile of the data for part II. For
part I, the model performed worse and the evaluation
showed an overestimation of the median progression
time course. More details about models, parameter
formulation and prediction accuracy can be found in
the Supplementary Material.

Symptomatic treatments affect all MDS-UPDRS
parts

Results indicated that higher amounts of symp-
tomatic therapy are associated with slower progres-

sion of MDS-UPDRS part III. We estimated that 300
to 400 mg of LEDD would reduce the score by 1
point (population estimate of α is –0.6 points per
normalized LEDD and median LEDD across the pop-
ulation is approximately 200 mg – see Supplementary
Table 1). It is interesting to note that despite the
analysis of part III data “in off”, the model can still
detect the effect of symptomatic treatments highlight-
ing the importance of accounting for this factor when
estimating disease progression. For MDS-UPDRS
part II, higher amount of symptomatic therapy was
also associated with slower progression. However,
for MDS-UPDRS part I, the effect was in the opposite
direction, i.e., a higher amount of symptomatic ther-
apy could be associated with faster progression of part
I score, although minor (Table 1 for effect parameter
estimates and Fig. 2 for visual representation).

Motor signs appear earlier and progress faster
than functional impairments in early PD

A moderate level of correlation was found between
the random effects associated with the natural pro-
gression of the motor signs (part III) and the motor
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Fig. 2. Predicted time course of MDS-UPDRS part III OFF (blue), part II (orange), and part I (pink) from PPMI Parkinson cohort. Left: all
MDS-UPDRS parts together to appreciate the difference in time course; Right: scattered for more focus on each part (part III at the top and
parts I and II at the bottom). For each part, two curves are shown where the curve with the * (star) symbol designates the natural disease
progression curve. The other curve indicates the disease progression “as observed”, i.e., with the effect of symptomatic treatments. The
shaded area in between the two curves gives an indication of the magnitude of impact of symptomatic treatment on the progression of each
MDS-UPDRS parts.

aspects of daily living (part II) (Pearson coefficient
r = 0.4) and also between the motor and non-motor
aspect of daily living (part I) (r = 0.4). No correla-
tion was found between the progression of the motor
signs and non-motor aspect of daily living (Fig. 3,
left panel).

The moderate level of correlation between MDS-
UPDRS part III and part II supports the hypothesis
of a link between the dynamics of the two parts.

To estimate the lag time between the progression
of MDS-UPDRS part III and part II scores, we used
data from the prodromal cohort of PPMI. We found
that the prodromal stage is well described by a lin-
ear growth for MDS-UPDRS part III with a slope
of approximately 3 points/year. The estimated differ-
ence is 5 years between part III and part II onsets
(onset here taken as part II baseline score at PD diag-
nosis, i.e. ∼ 5 points) (Fig. 3, right panel).

Of note, for part II, the progression in the prodro-
mal cohort was slower than after PD diagnosis with
less than 0.4 points/year. Overall, these results con-
firm that MDS-UPDRS part III not only progresses
faster than part II but that it also precedes part II.
Moreover, these results suggest that in the earliest

stage of the disease, part II may progress even slower
than after diagnosis.

Detection of treatment effect on motor signs and
on motor aspect of experiences of daily living
may come two years apart in the early-stage of
PD even for trials with large sample size

The progression of 3 points/year and 1 point/year
were taken as the population estimation of progres-
sion for MDS-UPDRS part III and part II respectively.
Following our assumption that the disease-modifying
factor characterizing the effective hypothetical treat-
ment is the same on the progression of the true
(unobserved) disease, the progression of MDS-
UPDRS part III and part II (see Method section),
we illustrate in Fig. 4, why—although the factor is
conserved—the effect could be different given the
natural progression slope is different.

Figure 5 shows the result of the simulations for
hypothetical trials enrolling 500 or 1000 participants,
half of them being assigned to the treatment group.
The probability of success is consistently higher
when using MDS-UPDRS part III than with part II.
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Fig. 3. Left panel: pairwise Pearson correlation coefficients of inter-individual variabilities of the progression (Tprog). Only correlation
between part III and part II and between part II and part I were found significant (p < 0.001, indicated by three starts). Right panel: Backward
extrapolation of MDS-UPDRS part III scores supported by PPMI data in the Prodromal cohort which were modeled with a linear growth
model (blue dotted line).

Fig. 4. Schematic representation of disease progression and effect of a hypothetical DMT treatment. We represent the progression of MDS-
UPDRS part III and part II in thin dark blue and pink lines respectively. An effective treatment affects progression by a given factor, taken
here at 0.5 (50% reduction of progression). The translation of the same factor to MDS-UPDRS part III and part II results in different absolute
treatment effects due to the difference in natural progression (3 points/year versus 1 point/year). The two vertical red dotted lines represent
the start and end of a hypothetical clinical trial.

While the relative effect is exactly the same (35%
of reduction in Fig. 5 left panel), the translation into
the absolute score differs between MDS-UPDRS part
III and part II, and consequently the probability to

detect a treatment effect. Effect on part III ultimately
translates into a detectable effect on part II, the lag
time depending on the simulation scenario and func-
tion of the number of subjects in the trials as well as
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Fig. 5. Left: Predicted probability of study success as function of trial duration over 10’000 simulated clinical trials with 500 (lower curves)
and 1000 subjects (upper curves) with part II (pink) or part III (blue) or as study endpoint with a hypothetical treatment effect reducing
progression by 35%. Right panel: Time needed to achieve 90% probability of success for three different treatment potencies (20–50%) and
two different sample sizes (n = 500, 1000).

the potency of the treatment. With a potency of 35%
slowing down the progression of MDS-UPDRS part
III and II and a trial of 1000 subjects, we estimated
that effect on part II could be detectable 2 years after
effect on part III (4.5 years versus 2.5).

DISCUSSION

We present a comprehensive mathematical model-
ing of progression of MDS-UPDRS parts I, II, and III
in early PD. Aligned with what was already published
using PPMI data from de-novo patients,26 we found
that the natural progression of MDS-UPDRS part III
is significantly faster than parts I and II. The pre-
dicted time courses were validated externally using
the data from the placebo arm of the PASADENA
trial and accounting for the differences in the usage
of symptomatic treatments between PPMI and the
trial data. The faster progression of motor signs
(MDS-UPDRS part III) compared to the impact on
daily living (MDS-UPDRS part II) may indicate that
patients experience a period where motor symptoms
have begun to worsen, but their ability to perform
daily activities is not yet significantly affected. The
findings fully support clinical experience of the mea-
surable change in MDS-UPDRS part III and limited
change in MDS-UPDRS parts I and II but introduce
novel trial simulation approaches. We demonstrate
that all MDS-UPDRS parts are sensitive to change but
the magnitude and timeline are different. The model-
ing highlights a number of findings important for the
design of disease modification trials in early PD that
intend to use the scale.

Disease modifying trials with the typical 2-year
duration will have a challenge demonstrate meaning-
ful impact on part II even with a large sample size.
While the voice of the patient is and should remain of
the highest importance for a comprehensive assess-
ment of PD impact and thus for evaluating drug effect,
we showed that MDS-UPDRS part II as an endpoint
might require trials in early PD of at least 3 to 5
years duration. However, meaningful change can be
detected in part III and it predicts change in part II.
That means that MDS-UPDRS part III, although not
being reported by the patients, may still be a viable
alternative because effect could be detected earlier
and translate into effect on part II at a later time point.
This temporal discrepancy may reflect the progres-
sion pattern of PD, where motor symptoms become
more pronounced before the full impact on daily liv-
ing is reported by patients.

There are also a number of methodological inno-
vations to be highlighted, specifically the existence
of an effect of symptomatic treatments on all ana-
lyzed parts of MDS-UPDRS parts, including part III
in OFF state, strengthening the relevance of modeling
approaches accounting for such effects. As expected,
in MDS-UPDRS part III and part II, symptomatic
treatments lower the score which has to be built into
the models but for part I, symptomatic treatments
tend to increase the score. Although the magnitude
of effect was minor, this finding is in agreement with
reported negative effects of symptomatic treatment
on non-motor symptoms such as constipation.27

We identified a moderate correlation between
the estimated natural disease progression of MDS-
UPDRS parts III and part II, between part II and I,
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but not between part III and part I. This is consistent
with the fact that both part III and part II are about
the motor domain and that both parts II and I are
self-reported questionnaires.

The model also provided important novel obser-
vations for the prodromal population. We estimated,
through modeling MDS-UPDRS part III before PD
(prodromal cohort) that part III was at the level of
part II baseline (i.e., 5 points) approximately 5 years
before diagnosis. To our knowledge, this is the first
time that a link in terms of time delay is established
between MDS-UPDRS part III and II based on a
data-driven approach combining both prodromal and
PD cohorts of PPMI. With faster progression, earlier
onset and still, link to part II, MDS-UPDRS part III
may offer an advantage for identifying quicker and
with smaller trials compounds effectively slowing
down the disease.

The work presented has several shortcomings.
We have used the LEDD as the driver of phar-
macodynamics effect on disease progression of
MDS-UPDRS parts scores. While the concept of
LEDD is well accepted, there are large differences
in symptomatic treatments and thus, a more refined
analysis taking into account not only the dose but also
the class of molecules (e.g., amantadine derivatives,
COMT inhibitors, dopamine agonists, monoamine
oxidase B inhibitors) is an important next step as it can
have important implications for clinical trial design
too. In addition to that, PPMI collects medication list
as it stands at the annual visit while medications might
have been changed any time between the visits.

In our analysis, we excluded the genetic forms of
PD. This constitutes a strong assumption and a poten-
tial burden for patients who would not normally be
genetically screened. However, to ensure the robust-
ness of our model under different scenarios, we have
conducted a sensitivity analysis to assess the impact
of including genetic forms of PD in our results. Thus,
the analysis (reported in the Supplementary Material)
demonstrates that the inclusion of these subpopula-
tions does not significantly alter the values of the
estimates that were obtained. Therefore, we are con-
fident that the modeling approach remains valid even
in the absence of genetic screening. This sensitivity
analysis underscores the adaptability of our model
to various clinical settings and supports its potential
utility in broader PD populations.

The endpoints were modeled as continuous vari-
ables, while others have preferred item response
theory (IRT) or bounded integer modeling framework
given the composition of the scale.28–30 Replicating

the analysis with different modeling approaches can
increase the confidence in the results obtained. Also,
while PPMI constitutes a comprehensive database for
modeling early PD, other datasets exist and applying
the modeling analysis to such datasets will strengthen
the model predictions and overall results. Specifi-
cally, application of the model to larger prodromal
cohorts will be highly valuable. The level of correla-
tion between part III and part II progression was only
moderate. To further explore potential link between
the two parts (part III and part II), it would be interest-
ing to check if a model integrating the two dependent
variables and relying on the assumption of a “mech-
anistic” link between the two can successfully fit the
data. In such a model, MDS-UPDRS parts II and III
would be modeled with two compartments and the
progression of part II will be proportional to the pro-
gression of part III. In such a model, MDS-UPDRS
part II would lag behind part III due to its lower score
at baseline and its slower progression. Also, we did
not add a placebo effect in the models while eval-
uating predictions with PASADENA data. Further
evaluation is required given recent findings reported
in literature on transient placebo effect.31

Finally, the framework used for clinical trial simu-
lations is simplistic and based on strong assumptions
(e.g. same potency and noise on both parts), and thus
theoretical, highlighting the need to analyze real trial
data to check if the predictions obtained regarding
MDS-UPDRS part III and part II are correct. The
upcoming data from the open label extension of the
PASADENA trial will be particularly interesting in
this regard and might help us to refine this framework.

In conclusion, our work provides a novel approach
to model-based analysis of MDS-UPDRS. It high-
lights the limitation of the scale in detecting voice
of the patient in early disease, however it pro-
vides options to utilize the scale. We recognize
that the implementation of the hypothetical, data-
driven designs in real patient populations necessitates
additional considerations. Among these, inputs from
people living with PD are paramount to ensure that
the outcomes of such models are aligned with their
experiences and needs. As a next step, we are actively
involving people living with PD in the discussion
of assumptions and interpretations of our models to
ensure that our work not only advances scientific
understanding but also resonates with the experiences
of those affected by PD. Such efforts will inform the
extension of disease modeling approaches for clin-
ical measures of how a patient feels, functions and
survives to bridge the gap with true patient experi-
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ence and ultimately support the development of more
effective and meaningful therapeutic interventions
for PD.
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