RESEARCH ARTICLE

'.) Check for updates

Long-Duration Response to Levodopa in the PPMI-Cohort

Nils Schnalke, MD,"?"

Tim Feige, Tom Hahnel, MD,"

and Bjorn Falkenburger, MD'-2

-

ABSTRACT: Background: Treatment of Parkinson’s
disease (PD) with levodopa results in a sustained reduction
of symptoms. Although the plasma half-life of levodopa is
short, it elicits a lasting effect, the long-duration levodopa
response (LDR). A decrease in LDR as PD progresses has
been linked to motor complications, but long-term data on
the LDR and its clinical implications remain scarce.
Objectives: The aim is to analyze the magnitude and
impact of the LDR over time using data from the
Parkinson’s Disease Progression Marker Initiative (PPMI).
Methods: First, therapy-naive Movement Disorder Society-
Unified Parkinson’s Disease Rating Scale part Il (MDS-
UPDRS |ll) scores were predicted using a mixed linear
model (MLM) from n =245 untreated people with PD
(PwPD). This model yielded an increase of MDS-UPDRS llI
scores of 2.65 points per year. Using this model, we then
calculated LDR and short-duration response in longitudinal
data of 148 initially therapy-naive PwPD. Symptom progres-
sion was analyzed using correlation analyses and MLMs.
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Results: In the 98 PwPD with observed LDR, the LDR
accounted for approximately half of the total levodopa
response. No significant change in LDR magnitude was
observed over up to 10years (analysis of variance,
P = 0.14; generalized estimating equations, P = 0.26).
The LDR magnitude was not associated with the onset
of motor complications. PwPD with absent LDR (n = 50)
progressed faster than PwPD with observed LDR in sev-
eral motor and non-motor domains.

Conclusions: The LDR is a stable component of the
levodopa response and needs to be considered in clini-
cal trials. These findings argue against a declining LDR
as a major driver of motor fluctuations in PD. © 2026 The
Author(s). Movement Disorders published by Wiley Peri-
odicals LLC on behalf of International Parkinson and
Movement Disorder Society.
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Parkinson’s disease (PD) is characterized by signifi-
cant heterogeneity in symptoms and progression.' Sev-
eral factors have been described to influence disease
progression, including GBA1 heterozygosity” and
PD subtypes that are based on clinical symptoms in
data-driven approaches.’” Trials that modify disease
progression are urgently needed, and efforts to demon-
strate therapeutic effects via fluid biomarkers have
largely failed.®”

Clinical studies investigating effects on disease pro-
gression, therefore, typically use standardized clinical
scales such as the Movement Disorder Society-Unified
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Parkinson’s Disease Rating Scale part III (MDS-UPDRS
IMI), inferring disease modification from slower progres-
sion in the verum than in the placebo group.

Measuring disease modification via progression of
motor symptoms using the MDS-UPDRS I is ham-
pered by several problems. First, PD progresses slowly,
necessitating long follow-up durations to obtain mean-
ingful information about disease modification.® Second,
most disease modifying studies allow use of levodopa
and other standard of care (SoC) medications during
the trial, which obscures the progression of motor
symptoms. To mitigate this problem, the MDS-UPDRS
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Il is generally recorded in a practically defined off-
state, which is typically defined as more than 12 hours
after the last intake of levodopa or other dopaminergic
medication.”"" Whether this corresponds to a “true”
off-state seems questionable, as temporally differential
effects of levodopa on PD symptoms have already been
described in the 1960s."* They are termed the short-
duration and the long-duration levodopa response
(SDR and LDR)—with the latter lasting days to weeks
after discontinuation of levodopa.'® A recent study in
drug-naive patients in Ghana found that the LDR is
responsible for approximately 60% of the reduction in
UPDRS III scores in comparison to pre-drug baseline,'*
with others reporting similar effect sizes.®'> If the LDR
is unaccounted for, this significantly hampers the ability
of disease-modifying trials to detect differences between
(1) different patients and (2) different time points in the
same patients."®

To date, studies examining the development of the
LDR in larger cohorts remain scarce and it has not yet
been reliably quantified. Furthermore, it has not
yet been fully elucidated how LDR relates to disease
progression and the occurrence of dyskinesias. Specifi-
cally, it has remained controversial whether the LDR is
lost’*'” or preserved'* as PD progresses. Using the
pragmatic definition of the LDR previously proposed,'
we, therefore, investigated the long-term development
of the LDR using publicly available data from the
Parkinson’s Progression Marker Initiative (PPMI).

Methods

Dataset

Publicly available data of de novo people with PD
(PwPD) from the PPMI cohort (NCT04477785) were
downloaded in November 2023. For patients on dopa-
minergic medication, the yearly PPMI follow-up visits
include at least one MDS-UPDRS III assessment in the
off condition and a second rating in the on condition.
The PPMI dataset is publicly available, and the original
study was performed in accordance with the Declara-
tion of Helsinki. Written informed consent was
obtained from all participants and each separate PPMI
center received approval from the respective ethics
committee, '®

Definition of SDR and LDR

Definitions of SDR and LDR were chosen to be con-
sistent with previous studies.®'*!'> The SDR was
defined as the difference in the MDS-UPDRS III after
the acute levodopa challenge compared with the MDS-
UPDRS III score before the acute levodopa challenge
(MDS-UPDRS III off~MDS-UPDRS III on).

The LDR was defined as the differences between the
MDS-UPDRS 1III score in the practically defined off

condition and the estimated MDS-UPDRS III score “as
if levodopa had never been initiated” (drug-naive).

A “measured LDR” was defined for the first study
visit after initiation of levodopa as the difference
between the last pre-levodopa MDS-UPDRS III score
and the first practically defined MDS-UPDRS off
score after levodopa initiation (Fig. S1). This yields
exactly one “measured” LDR per study participant.

For time points later than 1 year after levodopa initi-
ation, a “model-derived” LDR was defined as the differ-
ence between the “predicted naive” MDS-UPDRS III
(see below) and the MDS-UPDRS III scores obtained
during the study visits in the practically defined off state
(MDS-UPDRS 1II off).

The total response (TR) to levodopa was defined as
the sum of LDR and SDR, that is, as the difference
between the “predicted naive” MDS-UPDRS III and the
MDS-UPDRS III on.

Calculation of Predicted Drug-Naive MDS-
UPDRS Il Scores

“Predicted naive” MDS-UPDRS III scores were
obtained using a mixed linear model (MLM) based on
untreated PPMI participants. The MLM included
245 PwPD from the PPMI cohort with at least three
consecutive MDS-UPDRS III assessments without any
antiparkinsonian medication. We used a random inter-
cept and a fixed slope, with the first MDS-UPDRS III
score of each participant included as a covariate. A lin-
ear model (as opposed to non-linear models) was con-
sidered appropriate as motor disability has been shown
to progress similarly to a linear function.'”*° The
model converged when three consecutive MDS-UPDRS
III scores were used. Including additional demographic
variables did not improve the model fit. When using a
random slope, the model did not converge. The slope
parameter of this model using all available data of the
245 PwPD corresponded to an increase of 2.65 points/
year on the MDS-UPDRS III scale, which is in line with
a previously published estimate of 2.4 points/year.'”
Additionally, this is in line with a recently published
scale-independent long-term progression estimate of
2%lyear of the maximum disability (MDS-UPDRS III
maximum: 132 points, 2.65/132 = 0.02).?! As untrea-
ted motor progression might be steeper, this approach
likely yields a conservative estimate of MDS-UPDRS III
progression over time and, consequently, a conservative
estimate of LDR magnitude.?’

Simulation of a Clinical Trial

To demonstrate the effect of the LDR in the context
of a clinical trial investigating disease-modifying effects,
we selected PPMI participants into a “trial cohort”
using the following inclusion and exclusion criteria.
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Inclusion Criteria

(1) We selected PwPD within 2 years after PD diag-
nosis without any PD medication at the baseline visit
(as per PPMI inclusion criteria) and restricted our anal-
ysis to PwPD who had at least one levodopa challenge
within 1.5 years after initiation of levodopa to improve
comparability between off scores.

(2) An initial treatment with dopamine agonists (DAs)
(ie, after baseline but before the start of levodopa) was
allowed if it was subsequently discontinued and if the
MDS-UPDRS III off assessment was not conducted while
DAs and levodopa were prescribed at the same time.

(3) To obtain a meaningful number of PwPD, SoC
drugs other than DAs were allowed after baseline (ie,
monoamine oxidase B [MAQO-BJ-inhibitors [selegiline,
rasagiline, safinamide], amantadine and anticholinergic
drugs).

Exclusion Criterion

(1) Participants in whom the change in MDS-UPDRS
IIT in the off-condition at any point during the study was
more than 20 points in 1.5 years were excluded. This
threshold corresponds to a more than fourfold higher
change compared to previously published PPMI data'’
and suggests alternative causes of parkinsonism.**

With these criteria, our analysis included 148 PwPD,
which were filtered from 1710 participants from the
total dataset. For eligible PwPD, we included all study
visits that included a levodopa challenge in the absence
of concomitant DA and levodopa treatment.

This “trial cohort” was not identical to the cohort used
to calculate the predicted naive MDS-UPDRS III score
(“MLM cohort™). Sixty-four PwPD were part of both
datasets. Baseline MDS-UPDRS III scores were moder-
ately different (Table S1). We, therefore, performed a
sensitivity analysis using propensity score matching
based on baseline MDS-UPDRS III and disease duration.
Re-fitting the “predicted naive MDS-UPDRS III” model
to this matched subgroup yielded a highly similar pro-
gression estimate for disease progression (2.26 points/
year for the matched subgroup), supporting the robust-
ness of the modelling approach (Table S2).

Statistical Analyses

Statistical analyses were conducted in Python 3.10
and JASP 0.18.3. Statistical significance was set at a
two-tailed P < 0.0S5.

PwPD of the “trial cohort” were classified as “LDR
observed” if they had at least one positive model-
derived LDR, that is, at least one MDS-UPDRS III score
in the practically defined off was smaller than the
“predicted naive” MDS-UPDRS III score. All other
PwPD were classified as “LDR absent.” To detect possi-
ble differences between the LDR observed and the LDR
absent groups, categorical variables were compared

N

using x°, and continuous variables were compared
using Student’s ¢ test.

For PwPD with observed LDR, we calculated LDR
and SDR for each visit and classified visits into exactly
one bin: 0 to 2,2 to 4, 4 to 6, 6 to 8, and 8 to 10 years
after levodopa initiation. No visit was assigned to more
than one time interval. To detect possible changes in
LDR magnitude over time, an analysis of variance
(ANOVA) was conducted. Additionally, we modelled
LDR proportions over time since levodopa initiation
using generalized estimating equations (GEE).

LDR and SDR were correlated with demographic
data and clinical scales using Pearson’s correlations for
normally distributed variables and Spearman’s correla-
tion for non-normally distributed variables. For the
assessments of trajectories according to LDR status, we
used MLMs. As a further sensitivity analysis, we rec-
alculated the MLMs using a stricter definition of LDR
observed by requiring LDR to be at least 50% of SDR,
following previous work by others.”®> The incidence of
motor fluctuations was defined as a non-zero MDS-
UPDRS IV score and analyzed using a Kaplan—Meier
analysis.

Results

This study investigated the impact of the LDR in
148 PwPD from the PPMI dataset resembling a clinical
trial testing disease modification (see Methods for inclu-
sion and exclusion criteria). Their demographic and
baseline data are displayed in Table 1.

Measuring the LDR at the Time of Levodopa
Initiation

We first calculated the “measured” LDR, using the
last levodopa-naive MDS-UPDRS 1II score and the first
MDS-UPDRS III score in the practically defined off state
after initiation of levodopa therapy. The last levodopa-
naive MDS-UPDRS IIl score was obtained up to
1.5 years before levodopa initiation (mean: 285 days,
range: 61-549). Average MDS-UPDRS III scores before
initiation of levodopa were 29.1 points and 27.1 points
in the practically defined off after initiation of levodopa
(paired t test, P = 0.004). This corresponds to a mean
LDR of —2 points (improvement). The average MDS-
UPDRS 1III score in the on state was 20.6 points, which
corresponds to a mean SDR of —6.5-points (paired # test,
P < 0.001). A total of 85% of patients showed a positive
SDR at the first visit after initiation of levodopa.

A total of 58% of PwPD showed a positive “mea-
sured” LDR (mean —7.3 points + 5.3), that is, a lower
or equal MDS-UPDRS III off score after initiation of
levodopa than the last pre-levodopa MDS-UPDRS III.
This LDR represented 53% of the TR to levodopa
(SDR 47%, —6.4 + 4.7, TR: —13.8 points + 7.1).
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TABLE 1 Demographic and clinical characteristics for the whole cohort
(n=148)

Mean SD IQR

Age at diagnosis (yr) 63.9 9.7 12.5
Sex (% female) 33
Time since diagnosis 0.76 0.62 0.67

at study inclusion (yr)
Time since diagnosis 1.52 0.93 1.17

until first levodopa

administration (yr)
Hoehn and Yahr 1.7 0.5 1
MDS-UPDRS I 5.4 35 4.0
MDS-UPDRS 1I 7.6 5.1 7.25
MDS-UPDRS III 25.6 10.7 16.25
MoCA 26.7 2.5 4.0
MAQO-B-inhibitor 17

treatment (n)

Abbreviations: IQR, interquartile range; MDS-UPDRS, Movement Disorders
Society-Unified Parkinson’s Disease Rating Scale; MAO-B, monoamine oxidase
B; MoCA, Montreal cognitive assessment; SD, standard deviation; yr, year.

A total of 42% of PwPD showed a negative “mea-
sured” LDR of 5.2 + 3.3 points, which is a higher MDS-
UPDRS 1III off score after initiation of levodopa than the
last reported MDS-UPDRS III before levodopa. This neg-
ative LDR of 5.2 points compares to a — 8.8-point SDR
in this subgroup (unpaired ¢ test with P < 0.02 for all
comparisons). PwPD with a positive “measured” LDR
received a slightly higher dose of levodopa (411 mg
vs. 336 mg, ¢ test, P = 0.045).

Note that these calculations were not corrected for dis-
ease progression. Given the average delay of 40 weeks
between the last MDS-UPDRS III score before levodopa
and the first MDS-UPDRS III scores after initiation of
levodopa, the “measured” LDR might underestimate the
magnitude of the LDR and the proportion of patients
with a positive LDR. A rapid disease progression might
explain the negative LDR in some PwPD. Even with this
conservative estimate, a meaningful proportion of PwPD
show a LDR of relevant magnitude.

Modelling Disease Progression and LDR
Using a MLM

Next, we used a MLM to estimate “predicted naive”
MDS-UPDRS III scores for up to 10 years after levo-
dopa initiation. This model is based on a larger cohort
of 245 PPMI participants (see Methods for details). The
“predicted naive” MDS-UPDRS III scores were then
used to calculate a “model-derived” LDR. This app-
roach allowed calculation of longitudinal LDR, SDR,
and TR for 98 patients of the 148 PwPD included in

the “trial cohort.” The other PwPD had a negative LDR
at all study visits, precluding calculations of levodopa
response proportions.

The model-derived LDR accounted for a substantial
proportion of the TR up to 10 years after the initiation
of levodopa (Fig. 1 and Table 2). In fact, there was no
significant difference in the magnitude of the LDR
between the different time intervals (ANOVA across all
abovementioned time spans with F = 1.74, P = (0.14)
or over continuous time since levodopa initiation
(GEE, P = 0.26).

The magnitude of the model-derived LDR only corre-
lated with MDS-UPDRS IV scores at a single time point,
2 to 4years after levodopa initiation (Pearson’s
r=—0.38, P =0.04, all other correlations P > 0.19).
There were no significant correlations between the mean
LDR magnitude and the last MDS-UPDRS I, IV and
Montreal Cognitive Assessment (MoCA) scores. The
correlation to the last MDS-UPDRS II score was weak
(r = —0.20, P = 0.048). There was no significant corre-
lation to the onset of fluctuations and dyskinesias,
defined as a non-zero MDS-UPDRS 1V score. There were
no significant correlations between LDR magnitude and
age at onset, sex, MDS-UPDRS I or MoCA scores.

Comparing PwPD with Observed and
Absent LDR

Next, we divided PwPD into two groups according to
them either having at least one positive model-derived
LDR value at any study visit (LDR observed) or only
negative LDR values (LDR absent). There were no sig-
nificant differences in demographic or baseline data at
baseline between the LDR observed and LDR absent
groups (Table 3).

To assess differences in clinical progression between
LDR observed and LDR absent PwPD, we fitted sepa-
rate linear mixed-effects models for several clinical out-
come measures. Each model included the time since
first levodopa intake, the group (LDR observed
vs. LDR absent), their interaction, and the baseline
score of the respective scale as fixed effects. Random
intercepts were included for each subject.

For the MDS-UPDRS III scores, we observed a signif-
icant group-by-time interaction (f = —1.72, P < 0.001),
indicating a slower progression in the LDR observed
group. A similar pattern emerged for motor-related
activities of daily living (MDS-UPDRS 1II scores,
B=-0.49, P<0.001). Cognitive function declined
more slowly in the LDR observed group (MoCA,
B=0.39, P<0.001). No significant group difference
was found for mood and behavioral symptoms (MDS-
UPDRS I, p=-0.04, P=0.50). The incidence of
motor fluctuations, defined as the first non-zero MDS-
UPDRS 1V score, did not differ significantly between
groups (Kaplan—-Meier analysis, log-rank P = 0.73,
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FIG. 1. Evolution of LDR and SDR over time after the start of levodopa therapy. Boxes indicate relative magnitudes of SDR and LDR as proportions of
the total response to levodopa in n = 98 participants with a positive model-derived LDR. “Predicted naive” MDS-UPDRS Il depicts the mixed linear
model (MLM)-based estimate derived from 245 untreated people with Parkinson’s disease (PwPD) in the Parkinson’s Disease Progression Marker Initia-
tive (PPMI) cohort. LDR, long-duration response; MDS-UPDRS I, Movement disorders society-Unified Parkinson’s Disease Rating Scale part Ill; SDR,

short-duration response. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 2 LDR in % as a proportion of the total reduction of MDS-
UPDRS 1II scores dfter levodopa initiation in participants with observed
LDR (n = 98)

0-2yr 2-4yr 4-6yr 6-8yr 8-10yr
LDR 52% 46% 39% 48% 49%
estimate
N 85 31 26 17 9

Note: N denotes the number of participants with available data per time interval.
Abbreviations: LDR,, long-duration levodopa response; MDS-UPDRS, Move-
ment Disorders Society-Unified Parkinson’s Disease Rating Scale; yr, year.

incidence LDR observed: 20.9%/year, LDR absent:
16.9%/year). Yet, the magnitude of motor complica-
tions as defined by the MDS-UPDRS IV score showed a

significant  group-by-time interaction (p = —0.16,
P =0.029).
Excluding the 17 PwPD treated with MAO-

B-inhibitors as an adjunct to levodopa did not alter the
distribution of LDR observed and LDR absent PwPD
(x* test, P = 0.89 for both comparisons). Similarly, we
found no influence of concomitant diabetes, cardiovas-
cular disease, or presence of common malignant dis-
eases on LDR status (x* test, P>0.11 for all
comparisons).

As a further sensitivity analysis, we used a stricter
definition of LDR observed, namely LDR being at least
50% of SDR. This yielded qualitatively similar results.
Only the difference in the magnitude of the MDS-
UPDRS 1V score was no longer significant, consistent
with the lacking difference in the Kaplan—-Meier analy-
sis described above and with the observation that the
magnitude of the model-derived LDR only correlated
with MDS-UPDRS 1V scores at a single time point.

These findings suggest that a preserved model-derived
LDR is associated with slower worsening across multi-
ple domains. Fittingly, when classifying patients into
subtypes with faster and slower progression as previ-
ously described,* 23% of patients in the LDR absent,
but only 9% of PwPD in the LDR observed group
belonged to the subtype with fast progression (y* test,
P < 0.001). Note that only 60 PwPD in our cohort were
part of the previously published analysis.

Discussion

This study on longitudinal data of 148 PwPD from
the PPMI cohort demonstrated that the LDR contrib-
utes approximately half of the TR to levodopa. LDR
did not decline significantly over the course of
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TABLE 3  Demographic and baseline characteristics of LDR observed (n = 98) and LDR absent (n = 50) PwPD as identified by MLM-modeling of

“predicted naive” MDS-UPDRS III scores

Variable LDR absent LDR observed P
n 50 98

Age at onset in years (SD) 64.64 (9.58) 63.43 (9.72) 0.47
Sex (% female) 28% 35.7% 0.35
MDS-UPDRS I (SD) 5.88 (3.66) 5.12 (3.43) 0.22
MDS-UPDRS II (SD) 7.72 (5.34) 7.46 (5.08) 0.78
MDS-UPDRS III (SD) 25.06 (10.88) 25.82 (10.71) 0.69
MDS-UPDRS IV (SD) - -

MoCA (SD) 26.70 (2.42) 26.69 (2.59) 0.99
Years since diagnosis until first levodopa 1.67 (0.88) 1.47 (0.96) 0.36

administration (SD)
First levodopa dose in mg (SD) 383.30 (251.1) 380.04 (203.7) 0.93

Note: Student’s t test for continuous variables, ¥ test for categorical variables.

Abbreviations: LDR, long-duration levodopa response; MDS-UPDRS, Movement Disorders Society-Unified Parkinson’s Disease Rating Scale; MLM, mixed linear model;
MoCA, Montreal Cognitive Assessment; PwPD, people with Parkinson’s disease; SD, standard deviation.

PD. There was no robust association of the LDR with
the occurrence of fluctuations or dyskinesias. Absence
of a LDR was associated with faster disease
progression.

Calculating a “measured” LDR showed a significant
reduction of MDS-UPDRS 1II scores of 2 points after
levodopa was first initiated. This mean effect was
similar to the finding in the ELLDOPA study after dis-
continuation of levodopa in the 600 mg/day levodopa-
group,”* but smaller than the minimal clinically impor-
tant difference (minimal clinically important difference
[MCID], for detecting improvement: —3.25 points, for
worsening: 4.63 points).”> At the individual level,
approximately half of PwPD in our study achieved a
“measured” LDR.

Therefore, the LDR obscures MDS-UPDRS III pro-
gression once levodopa therapy has been started in at
least half of patients. Measuring MDS-UPDRS 1II
scores in the practically defined off in levodopa-treated
PwPD (and possibly also with other dopaminergic
drugs'?), therefore, underestimates disease progression
in clinical trials. One may try to correct for this effect,
for instance by inferring MDS-UPDRS III progression
from MLMs. Yet, it is not possible to adequately con-
trol for a confounder whose extent cannot be known.*®
Alternatively, such trials may analyze the data of
untreated patients separately, but the untreated period
in such studies tends to be short, which reduces the like-
lihood of observing meaningful changes."’

The steeper increase in MDS-UPDRS III scores in the
LDR absent group may have different explanations. On
the one hand, a small or absent LDR in a subpopula-
tion of PwPD can explain a more rapid worsening of

MDS-UPDRS III scores. Conversely, rapid disease pro-
gression can explain a small or negative measured
LDR. Our conservative way of defining the model-
derived LDR also underestimates the magnitude of the
LDR in PwPD with rapid disease progression. Specifi-
cally, our predictions of motor progression were
derived from PPMI participants in which treatment
could be delayed. These participants likely exhibit a
milder disease course than PwPD in which treatment
needed to be initiated early.

Several additional factors might contribute to an
absent LDR in a subset of PwPD. First, a minimal levo-
dopa dose is necessary to produce a LDR and its mag-
nitude is influenced by therapeutic regimen (eg,
interdose intervals).””*® Indeed, PwPD without a “mea-
sured” LDR received less levodopa than those with a
“measured” LDR. Second, the LDR needs many months
to develop.?®*! In some participants, the MDS-UPDRS
III assessment might have been conducted “too early”
after levodopa initiation to allow development of
the LDR.

More than half of PwPD in our study exhibited a
“measured” LDR of 7.3 points on the MDS-UPDRS III
scale. PwPD without a “measured” LDR showed a
worsening of 2.3 points up to 1.5 years after initiation
of levodopa therapy. Under the assumption that the
LDR is equally pronounced among all PwPD, this dif-
ference could be a statistical effect solely driven by dis-
ease progression and not by a “true” absence of LDR.
Under this assumption, PwPD without an identifiable
“measured” LDR would still experience a LDR of at
least 7.3 points, which, when combined with the
observed 2.3-point worsening in this group, would
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FIG. 2. Proposed mechanism for the clinical occurrence of wearing-off phenomena in PD. LDR, long-duration response; MCID, minimally clinically
important difference; MDS-UPDRS lll, Movement Disorders Society-Unified Parkinson’s Disease Rating Scale part lll; PD, Parkinson’s disease; SDR,

short-duration response. [Color figure can be viewed at wileyonlinelibrary.com]

correspond to a LDR of 10 points. Notably, the pla-
cebo group in the ELLDOPA trial worsened by
7.8+ 9.0 points on the UPDRS III scale after
40 weeks.>* Hence, the heterogeneity in disease trajec-
tories makes it impossible to infer from our data
whether the absence of a LDR in our cohort is a statis-
tical effect mediated by disease progression or whether
this is part of the heterogeneity of PD itself.

Incorporating the considerations made above, we
argue that a lack of a (statistically) identifiable LDR
identifies PwPD with faster disease progression, which
may help to reduce the number of PwPD that need to
be included into clinical trials of disease-modifying
drugs. This approach would be practical, as it only
relies on two MDS-UPDRS 1III scores, one before the
initiation of levodopa and one in the practically defined
off. If patients have a higher UPDRS III score in the
practically defined off state approximately 1 year after
the initiation of levodopa, their rate of disease progres-
sion is likely in the faster half.

With respect to motor fluctuations, our data suggest
that the magnitude of the LDR remains stable over the
course of PD, which is consistent with work by
others.®'*?? We argue that a relative shift of the pro-
portions of LDR and SDR is unlikely to be the primary
substrate for the occurrence of motor fluctuations.'*3°
Accordingly, we observed no association of LDR status
with the onset of motor fluctuations and the association
between LDR status, and the magnitude of motor fluc-
tuations was not robust when a stricter definition of the
LDR was used. Still, the number of PwPD in our study
with LDR data beyond 6 years after levodopa initiation
is low and the stability of LDR magnitude over time
might in part be explained by attrition bias.

The absolute extent of the SDR may better account
for the occurrence of wearing-off phenomena as motor
disability progresses. In line with observations made by

others,>’ we hypothesize that wearing-off becomes
noticeable as soon as the SDR crosses the threshold to
the MCID (Fig. 2). This would be in line with the obser-
vation that wearing-off can be measured in early PD and
is underdiagnosed in clinical practice.** The occurrence
of dyskinesias, on the other hand, has been causally
linked to degenerative changes to the striatum as PD
progresses.>> Consequently, the occurrence of dyskine-
sias is closely linked to disease duration.** As such, very
early PwPD are unable to develop dyskinesias and will
experience wearing-off only to an amount where it is not
bothersome. It seems plausible that both phenomena are
not causally linked (ie, not caused by levodopa therapy),
but tend to occur together, as the underlying progression
of PD causes both, but wearing-off is more closely linked
to pharmacokinetic aspects of levodopa therapy, while
dyskinesias are caused by striatal changes.

Overall, these findings highlight the clinical relevance
of the LDR in PD. LDR contributes substantially to the
TR to levodopa in a majority of PwPD and remains sta-
ble over the course of the disease. It obscures the inter-
pretation of MDS-UPDRS III progression in treated
patients and challenges the use of this measure as a sur-
rogate for disease progression in clinical trials. Our
data further suggest that a loss of LDR is not the pri-
mary substrate of motor fluctuations or dyskinesias. ®
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