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Abstract

Digital tools can provide objective, sensitive, real-world measures of disease progression in Parkinson’s
disease (PD). However, few studies have evaluated their longitudinal performance beyond one year. We
previously demonstrated significant changes in digital gait and tremor measures over 12 months in
individuals with early PD in the multicenter WATCH-PD study. Here, we extend the follow up to 36 months
in 43 participants in a remote study using smartphone and smartwatch-based assessments to
determine which digital measures track disease progression.

Over 36 months, a composite gait score — derived from seven gait features (arm swing, cadence, double
support time, gait speed, stance time, stride length, and turn duration) — increased from 3.0 (interquartile
range 0.2-4.8) at baseline t0 4.2 (2.2-6.3; p=0.02). At month 36, turn duration increased significantly while
gait speed and arm swing decreased modestly. A digital speech composite also worsened over 36
months from 1.00 (-0.27-2.18) to 1.76 (-0.19-3.31; p=0.02). After a likely initial learning effect,
psychomotor measures remained stable, and measures of activity and cognition showed no significant
change. Time with tremor, measured passively by the smartwatch, increased during the first year but
returned to baseline levels by month 36, possibly reflecting initiation of dopaminergic therapy.

Among numerous digital measures evaluated over 36 months, a composite gait measure showed the
clearest signal of disease progression. Speech also demonstrated measurable longitudinal progression.
Other digital measures were either relatively insensitive to change, altered by learning effects, or
substantially influenced by symptomatic treatment. These findings support prioritizing composite digital
gait measures, together with speech assessments, as candidate outcome measures for future disease-
modifying trials in early PD.

INTRODUCTION

Parkinson'’s disease (PD) is a debilitating neurodegenerative condition characterized by a wide range of
motor (e.g. tremor, bradykinesia, gait changes, hypophonia) and non-motor features (e.g. cognitive
decline, speech/language dysfunction). The disease affects an estimated 11.8 million individuals

worldwide, with rising prevalence, disability and deaths due to PD'-2.

The development of disease modifying therapies for slowing the progression of PD has been a priority
for researchers but has been hampered by many factors including a lack of sensitive markers for
disease progression®. Current scales for characterization of disease progression like the Movement
Disorders Society Unified Parkinson’s Disease Rating Scale (MDS-UPDRS) lack sensitivity to subtle

changes in symptoms of early PD and have substantial intra- and inter-rater variability*®.

Research into digital health technologies like smartphone applications and wearable sensors is a
potential avenue to overcome the limitations of current clinical outcome assessments. These devices
can provide sensitive measures of the disease through the collection of rater-independent, objective, and

real-time data on PD progression’®. The WATCH-PD study explored how a smartwatch, smartphone, and
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research-grade wearable sensors compared to traditional clinician-rated assessments in tracking early
PD (n = 82 with PD diagnosis less than 2 years, Hoehn & Yahr stage 2 or lower) in clinic and at home. We
previously reported the baseline and one-year results which showed that the digital devices detected
significant differences in multiple domains (gait, tremor, fine motor, speech, cognition) compared to age-
matched controls and measurable progression in metrics of gait and tremor. The correlations with

traditional rating scales were variable®.

We extended the original WATCH-PD study in a remote, decentralized trial design (all visits and
assessments were remote). Participants used a smartwatch and smartphone to complete active
assessments and passive monitoring daily for seven days every three months. This extension compiled
longitudinal data that can inform the use of digital endpoints in future, long duration disease-modifying
trials. Here, we report results out to 36 months, focusing on the ability of the smartphone and
smartwatch measures to detect change over this period. Given that most participants started
dopaminergic medication by year 3, we also assessed changes in digital measures following initiation of
therapy. Finally, a subset of participants remained off PD medications for the entire 36 months, which
allowed for analysis of a medication-naive population.

RESULTS

Study participants

Forty-eight individuals from the original WATCH-PD study consented to participate in the remote
extension study from February through July 2023 and 43 were included in these analyses (five excluded
due to: two with their first extension visit after 36 months; two with deep brain stimulation not
considered early PD; one who did not withhold dopaminergic medication during study assessments)
(Figure 1). As shown in Table 1, participants had a mean (standard deviation) age of 66.7 (8.3) years
with the majority being white and college educated. At month 36, the mean disease duration was 3.9
(0.7) years, and 31 individuals (72%) had started dopaminergic medication. Twelve participants did not
start dopaminergic therapy over the first three years of observation. Half of these medication-naive
individuals were female, and all were Hoehn and Yahr stage 1 or 2 at 36 months.

Data collection

Every three months, participants performed a battery of active assessments (gait, speech, fine motor,
finger-tapping) completed daily in the OFF state for seven days and wore the smartwatch daily for
continuous passive activity and tremor monitoring during the same seven days. MDS-UPDRS I-IV and
patient-reported outcome measures were collected remotely every 6 months.

Availability of the gait task averaged 4.7 days per week (SD = 2.2) with a median of 5 days. All other
active tasks and passive monitoring metrics have a median of 7 days per week.

Clinical measures
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Total MDS-UPDRS scores, reported as median (interquartile range; n), worsened from 30.0 (23.0-39.0;
43) at baseline to 39.0 (30.0-44.5; 43) at month 36 (p<0.001). Part | scores increased from 6.0 (3.0-8.0;
43) 10 7.0 (3.0-11.0; 43) (p = 0.18), and Part Il scores remained stable, with a median of 6.0 (2.0-9.0; 43)
at baseline and 6.0 (3.0-9.5; 43) at month 36 (p = 0.26). Part Ill OFF scores worsened from 19.0 (12.5-
24.5; 43) to 25.0 (16.5-32.5; 43) (p=0.004; Table 2A). In the medication-naive group, Part Ill OFF scores
worsened from 15.0 (9.8-21.0; 12) to 29.0 (18.2-33.5; 12) (p < 0.001; Table 2B). For those taking
medication, Part Il OFF scores changed little from 21.0 (14.0-25.5; 31) to 23.0 (16.0-29.0; 31) (p = 0.15;
Table 2C). After adjustment for levodopa equivalent daily dose (LEDD), the estimated 36-month change
in Part 11l OFF scores worsened from 19.7 (14.2-23.0; 41) at baseline to 24.1 (18.6-27.5;41) at month 36
(p=0.07; Table 2D), with progression assessed under a common unmedicated reference state.

Gait

Digital measures of gait declined modestly among individuals with early PD (Figure 2 and Table 2A). As
measured by the smartwatch, arm swing from the most affected side decreased from 22.5 degrees
(16.5-31.4; 36) at baseline to 17.9 degrees (13.2-28.0; 37) at month 36 (p = 0.11). Among those who did
not initiate dopaminergic therapy, the decline tended to be greater, from 30.5 degrees (14.2-41.0; 9) at
baseline to 14.2 degrees (9.7-33.4; 10) at month 36 (p = 0.29) (Table 2B).

As measured by the smartphone for the entire cohort, median gait speed showed a small decline from
0.92 meters per second (m/s) (0.82-1.01; 37) at baseline to 0.89 m/s (0.79-0.98; 38) at month 36
(p=0.10) (Table 2A). For the medication-naive participants, gait speed slowed from 0.85 m/s (0.81-1.00;
9) t0 0.77 m/s (0.66-0.96; 10) (p=0.18) (Table 2B).

The group median turn duration increased from 2.30 seconds (2.05-2.50; 41) at baseline to 2.40 seconds
(2.30-2.69; 38) by month 36 (p=0.02). For medication-naive participants, the turn duration increased from
2.29 seconds (2.15-2.60; 10) to 2.50 seconds (2.30-2.85; 10) (p=0.25). The digital gait composite score
(a standardized composite of seven gait metrics that differentiate PD patient from controls at baseline®)
increased from 3.0 (0.2-4.8; 36) at baseline to 4.2 (2.2-6.3; 37) at month 36 (p=0.02). Among those who
did not initiate dopaminergic therapy, the increase in digital composite scores were larger, from 3.0 (-1.7-
5.6; 9) at baseline to 5.4 (0.8-8.0; 10) at month 36 (p=0.10). The medicated group has an increase in
digital composite scores from 3.0 (0.8-4.6; 27) at baseline to 4.2 (2.3-5.3; 27) at month 36 (p=0.12).

For the individual digital measures, we applied a rank transformation and calculated a standardized
change®. The magnitude of this standardized change (in terms of worsening) was observed as 0.27 for
arm swing, 0.25 for gait speed, and 0.50 for turn duration, and 0.36 for the digital gait composite score.
For comparison, item 2.12 on the MDS-UPDRS (self-reported problems with walking and balance)
showed a standardized change of 0.24, while item 3.10 (rater evaluation of gait) showed a standardized
change of 0.58.

Tremor
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As shown in Figure 3A, for the medication-naive group, there was a consistent non-significant increase in
percentage of time with tremor with the median increasing from 6.8% (0.6-14.9; 8) at baseline to 10.1%
(2.6-20.2; 10) by month 36 (p = 0.36). In contrast as shown in Figure 3B, in the medication group,
percentage of time with tremor increased from 17.9% (3.1-33.9; 18) at baseline to 30.7% (19.5-58; 12) at
month 12; however, by month 36, these participants were all on dopaminergic medication and time with
tremor fell to 9.8% (3.2-44.3; 26) with p=0.62 vs. baseline.

Activity

As assessed by the smartwatch, the median daily step count was 3044 (1477-4350; 21) at baseline and
3492 (1221-5274; 36) at month 36 (p=0.56). For medication-naive participants, although non-significant,
the median daily step count decreased from 5416 (3419-6576; 4) at baseline to 2440 (165-5190; 10) at
month 36 (p=0.77). As shown in Table 2A for all participants, the median steps per hour was 280 (166-
428; 21) at baseline and 283 (143-460; 36) at month 36 (p=0.89). The median steps per hour reduced
non-significantly from 376 (217-536; 4) to 311 (36-638; 10) in the medication-naive group (p = 0.80)
(Table 2B).

Speech

The at-home digital speech composite scores (a standardized composite of four speech metrics that
differentiate PD patients from controls at baseline®) worsened from 1.00 (-0.27-2.18; 35) at baseline to
1.76 (-0.19-3.31; 41) at month 36 (p=0.02). The median pause time during the reading task, a key
component of the composite score, also increased during the same time period, from 0.57 seconds
(0.49-0.69; 35) at baseline to 0.63 seconds (0.52-0.78; 41) at month 36 (p=0.03). In participants without
medication, digital speech scores rose from 1.8 to 2.9 at month 36 (p = 0.27). In participants taking
medication, scores rose from 0.98 to 1.71 at month 36 (p = 0.08). Overall, the composite score showed a
greater standardized change in magnitude of 0.33 compared to 0.23 for item 2.01 (self-reported speech)
and 0.22 for item 3.01 (rater evaluation of speech).

Psychomotor

Some psychomotor metrics showed significant changes over 36 months as shown in Table 2A and
Figure 4. In the dominant hand, the median total taps increased from 126 (101-154; 41) at baseline to
171 (152-195; 24) at month 12 and remained at 168 (120-192; 41) at month 36 (p < 0.001 vs. baseline). A
similar trend was observed in the nondominant hand, where the median total taps increased from 128
(102-159; 41) at baseline to 170 (128-190; 24) at month 12 and remained at 158 (132-184,41) at month
36 (p < 0.001 vs. baseline). For those who did not start dopaminergic therapy, finger tapping in the
dominant hand increased from 144 (128-169; 10) at baseline to 185 (169-198; 8) at month 12, and
reached 191 (156-199; 10) at month 36 (p = 0.08 vs. baseline); finger tapping in the nondominant hand
increased from 140 (112-163; 10) at baseline to 182 (136-191; 8) at month 12 and remained at 180 (152-
184; 10) at month 36 (p = 0.01 vs. baseline). This increase likely reflects a learning effect seen in the 12-
month study as total taps remained at a comparable level from month 12 to month 36. The median inter-
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tap interval measured at baseline was 164 milliseconds (ms) (82-213; 39) and at month 36 was 118 ms
(101-156; 41) (p=0.55) for the dominant hand and 170 ms (92-221; 38) at baseline and 120 ms (107-147;
41) at month 36 (p=0.04) for the nondominant hand. For the fine motor task, the median number
completed remained stable over 36 months in PD: dominant hand, 4.0 (3.0-5.0, 41) to 4.0 (3.0-5.0, 41)
(p=1.0); nondominant hand, 4.0 (3.0-5.0, 41) to 4.0 (3.0-5.0, 41) (p=1.0).

Cognition

As shown in Table 2A, the median time to completion on Trails A was 22.7 seconds (s) (18.3-28.2; 42) at
baseline and 21.9 s (17.7-27.2; 42) at month 36 (p=0.40), following an initial decrease to 18.9 s (16.8-
24.1; 24) at month 12 consistent with a potential learning effect. Similarly, the median time to
completion on Trails B was 22.0 s (19.5-30.8; 42) at baseline and 22.9 s (19.7-25.5; 42) at month 36
(p=0.92), after an initial decrease to 18.0 s (16.5-22.8; 24) at month 12. The difference between Trails B
and A (Trails B - Trails A) was nonsignificant, 0.9 s (-2.2-3.8; 42) at baseline to 1.3 s (-1.0-2.4; 42) at
month 36 (p = 0.95). For the medication-naive participants, the changes observed were generally similar
to the whole cohort (Table 2B).

DISCUSSION

Over 36 months, composite digital measures of gait and speech collected from a smartphone and
smartwatch demonstrated measurable progression in individuals with early PD. Individual measures of
gait (e.g., turn duration, gait speed, arm swing) also worsened over 36 months, especially in those who
never started dopaminergic medication. Importantly, the magnitude of change observed was greater for
some measures than that observed with traditional participant or expert scores. These findings support
growing evidence that digital gait and speech markers may capture subtle progression earlier and not
readily detected by conventional rating scales’”®1"12_ Our study corroborates findings that increased turn
duration may be an early marker of progressive gait dysfunction'®. While arm swing amplitude and gait
speed showed modest, non-significant reductions across 36 months, in other studies, these changes
were more significant and therefore continue to be measures of interest’~"8. Our digital speech
composite scores significantly increased from baseline to month 12 and month 36, underscoring
emerging evidence which suggests that early changes to speech and language (e.g., dysprosody) may
precede motor symptoms and show measurable change over time'"'°. These subtle changes may be
undetectable by patients or expert raters, and our results demonstrated superiority of the digital speech
composite to patient-reported and clinician-rated speech items on the MDS-UPDRS. Furthermore, gait
and speech composite scores showed progression after accounting for LEDD. This adjustment was
particularly important given the small number of participants who remained completely medication-
naive throughout the 36-month study period.

Inherently, PD is a heterogeneous condition with a diverse range of motor and non-motor impairments,
making disease progression challenging to track with single-item measures. Indeed, the traditional
scales typically used as primary endpoints in PD clinical trials are composites. Our gait and speech
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composite measures showed the most significant changes across 36 months, indicating that the future
development of models or composite measures derived from multiple digital parameters may show
better reliability and sensitivity in assessing PD progression’2%2!. Already digital composite measures
via the Roche digital platform have shown high reliability and validity in measuring motor progression in
Parkinson's and Huntington's disease and are being explored as endpoints in trials?>23. Questions
remain regarding weighting of items and meaningful change of composite scores, which deserve
thoughtful study, but it is becoming evident that this may be the best path for digital endpoints in early
PD.

Digital measures of tremor are also of interest in early PD and a recent study found that sensor-derived
tremor measures from a wrist-worn device were more sensitive to progression over two years than
clinical tremor scores in a medication-naive cohort?*. In our study, the median proportion of time with
tremor, as measured passively by the smartwatch, did not demonstrate significant change across 36
months for all participants. Participants who initiated medications between months 12 and 36 showed
an initial increase in proportion of time with tremor at month 12 followed by a decrease to baseline
levels by month 36. This trend contrasts with individuals in the small medication-naive cohort, in which
proportion of time with tremor remained stable across all months. Given that tremor is largely
recognized as one of the most burdensome PD symptoms, individuals who defer medication may have a
milder progression of tremor or no tremor, reducing the need to start dopaminergic medication earlier
on,2® which could have been a factor in our results. Based on our results from year 1 and the literature,?
passively collected digital measures of tremor from a wrist worn device may be useful in medication-
naive cohorts. However, not all individuals with PD experience tremor, and tremor measures are
substantially affected by the initiation of symptomatic therapy, limiting their utility in long-duration
studies or medicated cohorts.

In addition to tremor, other passive measures were confounded by medication effects including
measures of daily activity (e.g. median daily steps, steps per hour) which did not show significant
changes over 36 months for the entire cohort. For the small group of medication-naive participants,
median daily step count showed a nonsignificant but greater than 50% reduction, highlighting important
considerations for PD medication initiation to stabilize motor activity early on and alter longitudinal
symptom trajectories. In general, the divergence between medication-naive participants and those
receiving dopaminergic therapy, particularly for passive measures, reinforces the importance of
accounting for symptomatic treatment when validating digital progression markers. We had participants
complete active tasks in the OFF state prior to morning medications to try to mitigate some of the
confounding effect. This may be a reasonable strategy for trials using active digital monitoring; however,
it would not account for long-lasting symptomatic benefit, which can persist for days after the last
dose?®. More research on effects of symptomatic medication on digital measure performance is needed
to best inform selection of measures for trials that include treated populations.
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Psychomotor and cognitive measures in our study have likely been limited by learning effects causing an
initial increase in performance. Following a suspected learning effect through month 12, the
psychomotor metrics in the study, including median total taps, remained similar from month 12 to month
36 in both dominant and non-dominant hands. Other digital studies found digital finger tap measures
including tap speed and tap count to correlate with in-clinic assessments of PD severity and present with
high test-retest reliability, although these studies included participants with later stages of PD?%27:28,
Cognitive tasks conducted on the smartphone showed a similar suspected learning effect between
baseline to month 12, which, however, was followed by a return toward baseline in performance from
month 12 to month 36. The development of validated cognition-specific digital measures for longitudinal

tracking of PD remains an underexplored area of interest'%2°. Mitigating learning effects, perhaps with a
run-in period where tasks are completed for the first time before the baseline visit, would be wise if
planning to use these measures in trials.

Our study aimed to compile a multi-year data set for use in identifying core digital measures that can
function as clinical outcome assessments or monitoring biomarkers in future clinical trials. Despite large
scale initiatives to establish validated real-world digital measures3°, there are limited studies assessing
the use of digital health technologies beyond 12 months in early PD. Brzezicki et al. assessed the
changes in motor features in de novo PD patients across two years using six wearable sensors. They
identified multiple gait and upper limb bradykinetic features that progressed in early PD, with masking of
progression on initiation of symptomatic medication'®. A separate observational study identified
multiple digital measures—toe tapping amplitude, sit-to-stand time, velocity of arms and legs—that were
significantly associated with UPDRS scores over 30—36 months and responsive to dopamine
replacement therapy®'. As wearable sensors may offer objective and sensitive measurement of
therapeutic effectiveness, recent clinical trials have begun to assess digital measures as exploratory
outcomes and even primary endpoints for PD3233. Based on our data, gait and speech measures appear
to be the most promising.

A distinguishing feature of this study is the remote, decentralized study design, which allowed for clinical
visits to be conducted remotely. This framework may prove useful in future trials by eliminating the need
for multiple research sites, reducing patient travel/expenses, speeding up trial timelines through faster
recruitment, and enabling long term follow up of clinical trial cohorts®*. This is particularly pertinent in
neurodegenerative diseases with slow progression like PD, where the impact of a therapeutic to delay
progression may not be detected during the initial 12- or 18-month trial. Participants in our study
demonstrated strong, consistent engagement with the use of consecutive daily assessments following
each three-month visit, with median data availability ranging from 5-7 days for the various tasks. The
integration of repeated consecutive assessments across a minimum of 4 days have important
implications in remote designs, allowing the separation of variability from short-term contextual and
behavioral factors from long-term progression while minimizing participant fatigue and burnout3>3.
Maintaining compliance rates has previously posed a challenge for smartphone-based PD monitoring,
with the mPower study serving as a striking example of low engagement with less than 10% of enrolled
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participants completing five or more days of data collection®”. In WATCH-PD, we have not had problems
with compliance, despite the long duration of the study, largely due to our study design and participant
engagement.

Importantly, the WATCH-PD study has engaged with key stakeholders including investigators, regulatory
bodies, the pharmaceutical industry, and individuals with PD. Aligning with the FDA's patient-focused
drug development guidances, our study simultaneously conducted qualitative interviews with WATCH-PD
participants evaluating change in prevalence and burden of early PD symptoms and relevance of digital
measures over time32. The qualitative study identified gait and balance as becoming more significantly
bothersome over 3 years, consistent with the changes in digital gait measures we identified and further
supporting their candidacy for meaningful progression markers?®. Overall, patients continue to rate the
relevance of the WATCH-PD digital measures highly, suggesting that the current measures are targeting
symptoms that matter most to individuals with early PD.

This study has several limitations. The sample size was modest, which may limit our ability to detect
subtle yet meaningful changes. Caution should also be applied when interpreting standardized change
of a categorical item. Furthermore, the lack of healthy controls beyond baseline and the small number of
medication-naive participants made it challenging to detect significant differences when comparing this
group to participants on medications. Additionally, despite participants holding off on taking their PD
medications until completion of active assessments each day, there remains a symptomatic benefit of
PD medications (i.e., levodopa) which may persist for days after the last dose?®. Therefore, analyses of
the entire cohort may understate true progression of PD as participants may perform assessments
above their disease baseline. Maintaining a medication-naive cohort across multiple years remains an
ethical challenge and is difficult to implement in practice. Passive digital data collection faces
challenges with varied environments as even differences in room size and arrangement of furniture have
been identified as possible sources of gait variability in passive digital monitoring®®. Recently, an
advisory committee, consisting of gait experts and patients with PD, developed a standardized
framework to quantitively assess gait using structured gait tasks, harmonize gait data collection across
PD studies and allow for meaningful cross-study comparisons®’. Thus, future disease-modifying clinical
trials may benefit from integrating standardized active assessments with passive digital monitoring in
trial designs, leveraging the reproducibility of active standardized protocols with the ecological validity
provided by passive real-world monitoring. The use of smart study designs (e.g. 7-day data collection
bursts), improved technology, and pooled digital datasets for medication-naive cohorts mayfurther
account for potential confounders.

Limitations notwithstanding, we conducted one of the longest digital measures studies in early PD to
date, including both active and passive monitoring of motor and non-motor symptoms. Among the
digital measures evaluated over three years, gait, particularly when summarized as a composite of
complementary gait features, provided the most consistent signal of disease progression. These
findings support prioritizing multidimensional digital gait endpoints, together with speech measures, in
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future selection of digital outcome measures for clinical trials of symptomatic and putative disease-
modifying therapies for PD.

METHODS
Study design, setting, participants

As described previously, WATCH-PD (Wearable Assessment in The Clinic and at Home in PD,
NCT03681015) was a 12-month, multicenter observational study that evaluated the ability of digital
devices to assess disease features and progression in persons with early, untreated PD compared to
controls*'. PD participants for this study were recruited from the original WATCH-PD cohort and
evaluated remotely as part of a decentralized study design (Fig. 1). Remote visits occurred at
screening/baseline and every three months thereafter. Inclusion criteria required prior completion of the
original WATCH-PD study. Exclusion criteria included the presence of an alternative parkinsonian
diagnosis or unreliable internet access.

Ethics

The University of Rochester Institutional Review Board approved the procedures used in the study, and
there was full compliance with human experimentation guidelines. All participants provided written
informed consent before study participation.

Data sources/measurement

As described previously*', this study used two devices: an Apple Watch S8, and an iPhone 12 (Apple,
Inc.) running a smartphone application specifically for PD (BrainBaseline™). The smartphone application
consisted of cognitive, speech, and psychomotor tasks including Trail Making Test, modified Symbol
Digit Modalities Test, phonation, reading, diadochokinetic speech tasks, two-timed fine motor tests, and
tremor, gait, and balance tasks.

Smartphone application tasks were conducted at each remote visit (day 1) and then for the next 6 days
every three months (7 day bursts every 3 months). Participants were asked to complete the smartphone
assessments in the OFF state and withhold PD medications until after the smartphone assessments
were completed each day, in order to have consistency between measures derived from the active tasks
from baseline where participants had not started PD medication. The smartphone was worn in a lumbar
sport pouch during gait and balance tests. Participants wore the smartwatch on their more affected side
and tracked symptoms on the smartphone daily for at least one week following each remote visit.

Gait features were extracted from the smartwatch and smartphone using a modified version of GaitPy*?.
The algorithm for extracting arm swing is a refactored version implemented in python based on
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Warmerdam et al*3. Phonation and reading files were processed using custom Python code with
features computed using the Parselmouth interface to Praat and the Librosa library. Common speech
endpoints, such as jitter, shimmer, pitch statistics and Mel Frequency Cepstral Coefficients (MFCC), were
computed.

Accelerometry data and tremor scores were collected from the smartwatch via Apple’s Movement

Disorders Application Programming Interface (API) during the passive monitoring periods**. The
Movement Disorders APl generates tremor classification scores (none, slight, mild, moderate, strong, or
unknown) for each one-minute period, and the fraction of time spent in each category was calculated for

each participant®>.

Clinical measures

Every 6 months, participants remotely completed traditional rating scales including the MDS-UPDRS
Parts I-IV (modified part Il excluded rigidity and postural stability assessments), Montreal Cognitive
Assessment, Modified Hoehn and Yahr, Geriatric Depression Scale, REM Sleep Behavior Disorder
Questionnaire, Epworth Sleepiness Scale, Scale for Outcomes in Parkinson’s Disease for Autonomic
Symptoms, and the Parkinson’s Disease Questionnaire-8.

Study size

The study was powered to detect a mean change over 36 months in MDS-UPDRS Part Il scores and thus
sufficient to detect changes in digital endpoints considered to have superior responsiveness to the MDS-
UPDRS Part Ill. The mean change in part Il from baseline to three years in combined untreated and
treated OFF individuals with early PD in the PPMI study was 8.3 points with a standard deviation of 11.1.
With a sample size of at least 40 participants, the study had more than 99% power to detect a true
change of 8.3 points using a one-sample t-test and a two-tailed 5% significance.

Feature extraction

Speech features were extracted following the same methods as described in the month 12 manuscript®.
Following that work, a composite speech score was formed by normalizing selected individual features
using the normative cohort statistics at baseline (i.e., subtracting off the control baseline mean, dividing
by the control baseline standard deviation, where a composite score of zero represents the average
profile of a healthy control at baseline). The composite was formed using the four speech features
(mean pause time in the reading task, monopitch features in the reading task, MFCC from the phonation
task and cepstral peak prominence from the phonation task) that differed between individuals with and
without PD at baseline®. Higher values indicate increasing clinical impairment. In this analysis, we
applied this same methodology to calculate a gait composite score based on selected gait features,
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including stride length, double support time, stance time, gait speed, arm swing, cadence, and turn
duration which best differentiated those with PD from controls®. Step count statistics were acquired

using the Forest Oak package implemented in Python 464,

Statistical methods

At month 36, the maijority of participants were on PD medication, and assessments were conducted
using a burst design in which tasks were performed in the OFF-medication state. This differs from the

original WATCH-PD study®, where assessments were conducted biweekly at home over 12 months.

For each feature, repeated measurements were first summarized within each individual using the median
to generate representative values at months 0, 3, 6, 9, 12, and 36, combining data from both the original
and extension study phases. Population-level summaries were then obtained by averaging across
individuals, with missing data omitted.

Longitudinal changes were assessed by comparing follow-up months with baseline (month 0) using the
Hodges-Lehmann median shift, with values derived via bootstrap resampling (500 iterations).
Standardized effect sizes were quantified using a rank-transformed standardized change by dividing the
mean of the difference between month 36 and baseline assessments by the standard deviation of their
difference’®. Confidence intervals (95%) were estimated via nonparametric bootstrap resampling (100
iterations). As these approaches focus on different robust estimands (median vs. standardized change)
—they do not necessarily correspond and may yield different statistical inferences.

To adjust for potential confounding introduced by concomitant medication and baseline disease severity,
a baseline-adjusted quantile ANCOVA regression model adjusting for levodopa equivalent daily dose
(LEDD), baseline MDS-UPDRS total score and sex was implemented for each digital biomarker feature.
For each participant, baseline and Month 36 individual trajectory values were predicted under the
unmedicated reference state. Statistical significance for 36-month disease progression was obtained
directly from the quantile regression model coefficient for the 36-month time parameter. Standardized
change (Cohen's d) and corresponding 95% confidence intervals were derived by scaling the model
progression parameter and its standard error by the cohort baseline standard deviation. Statistical
significance for 36-month disease progression was obtained directly from the quantile regression model
coefficient for the 36-month time parameter. Standardized change (Cohen's d) and corresponding 95%
confidence intervals were derived by scaling the model progression parameter and its standard error by
the cohort baseline standard deviation. All statistical tests were two-sided with significance evaluated at
a = 0.05; given the exploratory nature of the study, P values were nominal and not adjusted for multiple
comparisons.

Missing data

Page 14/26



For active tasks, month 36 digital data were included for participants who were either medication-naive
or in the clinically defined OFF state (n = 43). Month 12 digital data are reported only for medication-
naive individuals to avoid the confounding effects of medication, as withholding was not required for
active assessments at that time point. Participants were excluded from analysis if they had missing
values for an outcome or required algorithm inputs; similarly, values of zero—indicating a task was not
attempted—were excluded. For passive measures (e.g., tremor, step counts, and tremor-related MDS-
UPDRS items), empirical values are reported as median (interquartile range; n) at baseline, month 12,
and month 36. For step count data inclusion, we considered a participant’s data if there were a minimum
of nine hours of wear time during the waking period (06:00-23:59). This nine-hour threshold is based on
openly available step count data from the PPMI study, where step counts are collected using Verily Study
Watches*®. The PPMI analysis revealed a Pearson’s correlation exceeding 0.9 between step counts
derived from at least nine randomly selected hours within the wake period (6:00 am - 23:59 pm) and the
overall step count for the entire waking period.
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Figure 1

Flow of participants in the WATCH-PD study over 36 months
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Comparisons of gait features derived from smartphone and smartwatch data during active tasks. Box
plots show (a) arm swing (deg), (b) stride length (m), (c) cadence (steps/min), (d) double support
duration (s), (e) turn duration (s), and (f) gait speed (m/s) at month 0, month 12, and month 36.
Participants are grouped by medication status: medication-naive(never received PD medication
throughout the study) in blue and participants on PD medication before month 36; data included up to the
point before starting medication, with month 36 assessments performed off medication for these
participants) in grey. Dots show individual subject-level data, and diamonds indicate mean value.
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Figure 3

Percentage of time with tremor derived from the smartwatch. (a) Individual trajectories of medication-
naive participants. Each green line represents a subject’s measurements over time; dots mark their
individual values at each month.(b): Participants on PD medication before month 36. At month 0, these
subjects are drug-naive; by month 36, they are on medication. Box plots show distribution, and black
dots indicate individual subject measurements. Diamonds indicate mean.
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Figure 4

Psychomotor function derived from smartphone assessments. Box plots show (a) number of objects
successfully manipulated with the dominant hand, (b) number of objects successfully manipulated with
the nondominant hand, (c) number of objects successfully manipulated with the most affected hand, (d)
total finger taps with the dominant hand, (e) total finger taps with the nondominant hand, (f) total finger
taps with the most affected hand at month 0, month 12, and month 36. Specifically, month 0 and month
12 represent longitudinal tracking, while month 36 corresponds to the extension study. Participants are
grouped by medication-naive (never received PD medication throughout the study) in blue and
participants on PD medication before month 36; data included up to the point before starting medication,
with month 36 assessments performed off medication for these participants) in grey. Dots show
individual subject-level data. Diamonds indicate mean value.
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