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Abstract
Purpose

To evaluate to what degree multimodal oculomotor, vestibular, reaction time, and cognitive (OVRT-C) metrics differentiate
Parkinson’s disease (PD) from healthy aging and to determine their association with clinical severity.

Methods

This is a cross-sectional diagnostic-accuracy study, 42 participants with established PD and 24 healthy controls completed a
23-test OVRT-C battery using portable video-oculography between 2023 and 2024. Group differences, age and sex-adjusted
logistic regression, and cross-sectional associations with Hoehn and Yahr severity were examined. A parsimonious
multivariable model was evaluated with leave-one-out cross-validation (LOOCV).

Results

PD was characterized by reduced saccadic accuracy, greater hypometria, impaired smooth pursuit and vergence, increased
fixation-instability/nystagmus measures, and altered pupillary responses. The final multiple regression model combined
vertical saccadic accuracy, horizontal and vertical gaze nystagmus counts in darkness, and predictive-saccade accuracy (AUC
0.975,95% CI 0.917-0.995; sensitivity 0.950; specificity 0.870). Performance decreased with LOOCV (AUC 0.940, 95% ClI
0.850-0.980; sensitivity 0.875; specificity 0.826). Horizontal saccade latency, vertical smooth-pursuit gain, and pupillary
measures were associated with greater cross-sectional Hoehn and Yahr severity.

Conclusions

OVRT-C-derived oculomotor and pupillometric metrics discriminated participants with established PD from healthy controls,
whereas vestibular measures contributed little to diagnostic classification. These findings support prospective validation of
OVRT-C metrics as candidate biomarkers for PD and for cross-sectional disease characterization but will require rigorous
validation.

Introduction

Parkinson's disease (PD) is a heterogeneous neurodegenerative disorder characterized by the cardinal motor features
bradykinesia, rigidity, tremor, gait dysfunction, postural instability, and numerous non-motor symptoms (Poewe et al. 2017,
Willner et al. 2023). Oculomotor abnormalities are also common but are less routinely quantified. Saccades may be
hypometric or delayed (Shaikh and Ghasia 2019; Terao et al. 2013; White et al. 1983; Zhou et al. 2022), smooth pursuit may
show reduced gain and corrective saccades (White et al. 1983; Frei 2021), vergence can be impaired (Hanuska et al. 2015),
and pupillary responses may be altered (Giza et al. 2011). These measures may provide objective information about
distributed cortical, basal ganglia, brainstem, cerebellar, and autonomic networks affected by PD (Shaikh and Ghasia 2019;
Terao et al. 2013; White et al. 1983; Pinkhardt et al. 2012).

There is compelling evidence supporting the association between oculomotor abnormalities and PD severity. Changes in
saccadic eye movements have been reported even in early stages of PD and tend to become more apparent with increasing
motor disability (Terao et al. 2013; Zhou et al. 2022; Waldthaler et al. 2019). Patients may demonstrate prolonged saccadic
latency, reduced amplitude and accuracy, increased hypometria, and greater reliance on corrective saccades (Shaikh and
Ghasia 2019; Terao et al. 2013; White et al. 1983; Zhou et al. 2022; Pinkhardt et al. 2012; Waldthaler et al. 2019). Smooth
pursuit may also be disrupted, with reduced gain and increased saccadic intrusions (Pinkhardt et al. 2012; Waldthaler et al.
2021), while vergence (Hanuska et al. 2015) and higher-order eye movements such as antisaccades (Waldthaler et al. 2019;
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Waldthaler et al. 2021) can be abnormal. These wide-ranging findings illustrate that PD can affect oculomotor control across
both reflexive and volitional tasks.

Oculomotor and pupillary measures may provide complementary information in the characterization of PD. For example, the
antisaccade task requires suppression of a reflexive gaze shift toward a target and generation of an eye movement in the
opposite direction. Patients with PD have been reported to show increased error rates and prolonged latencies (Waldthaler et
al. 2019; Waldthaler et al. 2021). PD is also associated with abnormalities of the pupillary light reflex, including altered
constriction amplitude, velocity, and latency (Giza et al. 2011). Taken together, these oculomotor measures provide a means of
sampling motor, executive, brainstem, and autonomic networks that are not typically evaluated quantitatively during a standard
neurologic examination.

PD remains a clinical diagnosis based on parkinsonism together with supportive features, exclusion criteria, and red flags
(Tolosa et al. 2021; Hughes et al. 1992). Ancillary imaging and biomarker testing can be informative, but dopaminergic
imaging does not reliably distinguish PD from atypical degenerative parkinsonism (Tolosa et al. 2021; Cummings et al. 2014),
and fluid or tissue alpha-synuclein assays remain evolving tools (Coughlin and Irwin 2023). There is a need for objective, non-
invasive, portable, scalable, and cost-effective diagnostic markers that aid in earlier and more accurate detection of PD.
Accordingly, portable quantitative physiologic measures may be useful for studying disease-related network dysfunction, but
their diagnostic role must be established through staged diagnostic-accuracy research (Sackett and Haynes 2002).

The Oculomotor, Vestibular, Reaction Time, and Cognitive (OVRT-C) battery integrates eye movements, fixation
stability/nystagmus, pupillary responses, reaction time, and visuospatial measures in a brief portable assessment. This
investigation evaluated OVRT-C metrics ability to discriminate individuals with established PD from known healthy controls and
whether selected metrics are associated cross-sectionally with H&Y severity. The investigations design represents an early-
phase test of discrimination rather than an assessment of clinical diagnostic utility. We hypothesized that individuals with
mild-to-moderate PD would exhibit a distinct, quantifiable profile of deficits across domains that correlates with disease
severity. Specifically, the study aimed to (1) identify which OVRT-C metrics are significantly impaired in PD patients compared
to age-matched healthy controls, and (2) determine whether the overall pattern of OVRT-C results could serve as a reliable
biomarker for diagnosing PD and correlating this with disease severity measures.

Methods
Participants

The University of Michigan Institutional Review Board approved the study (HUM00296601). Forty-two participants with
established PD (H&Y stages 1-4) and 24 healthy controls were recruited from University of Michigan neurology and audiology
clinics. Participants were 61 to 83 years of age (mean age: 70.7 + 4.9-SD), of whom 61.9% were male, and twenty-four healthy
controls (HC), aged 64 to 88 years (mean age: 72.9 + 6.6:SD), of whom 66.7% were male, were recruited from neurology and
audiology clinics at the University of Michigan (Table 1).

Table 1
Participant demographics
Group N  Age, mean +/- SD (range),y Male, n (%)
PD 42 70.7+/-4.9 (61-83) 26 (61.9)
Healthy controls 24  72.9 +/- 6.6 (64—-88) 16 (66.7)
Total 66 71.2+/-6.3(61-88) 42 (63.6)
PD, Parkinson's disease; SD, standard deviation.

All participants were able to provide informed consent and had no diagnosis of dementia. PD participants met UK Parkinson's
Disease Society Brain Bank criteria (Sackett and Haynes 2002). Controls had no parkinsonian motor signs or history of
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neurodegenerative disease. Exclusion criteria included MoCA < 18, benign paroxysmal positional vertigo, major medical iliness
preventing participation, untreated psychiatric illness, stroke, or focal brain lesions on brain MRI or contraindications for MRI or
PET imaging (e.g., metal implants, claustrophobia).

OVRT-C assessment

Participants completed comprehensive clinical testing using an immersive display as well as motor, cognitive, audiometric,
and OVRT-C assessments during one session. The assessment used the Spryson Dx200 system (formerly Neurolign Dx100/I-
Portal Portable Assessment System), an FDA-cleared Class Il video-oculography device with binocular infrared cameras (100-
250 frames/s). The 23-test battery assessed horizontal and vertical gaze and spontaneous nystagmus with and without
fixation, optokinetic responses, subjective visual vertical/horizontal, reflexive and predictive saccades, smooth pursuit,
vergence, antisaccades, memory-guided and self-paced saccades, visual/auditory reaction time, and pupillary light reflexes.
Fixation-instability measures included square-wave jerks and nystagmus fast-phase counts, slow-phase velocity was
summarized as average and peak slow-phase velocity. Total testing time was approximately 14.2 min. Calibration was
performed before testing using horizontal and vertical calibration targets; recordings were reviewed for adequate tracking
before metric extraction.

The I-Portal platform presents controlled visual stimuli while continuously recording binocular eye position. This permits
assessment of neuroanatomic pathways involved in gaze holding, saccade generation, smooth pursuit, vergence, and pupillary
responses. Reaction-time responses were recorded with a hand-held response pad. The standardized battery was designed to
sample both lower-order and higher-order functions while remaining brief enough for use in participants with neurologic
disease.

Vestibular-related components included horizontal and vertical gaze testing and spontaneous nystagmus assessment with
and without visual fixation, which quantified nystagmus direction, slow-phase velocity, fast-phase events, and square-wave
jerks. Horizontal optokinetic testing at 20 degrees/s and 60 degrees/s measured slow-phase eye velocity, gain, and directional
asymmetry. Subjective visual vertical and horizontal assessed error in perceived line orientation relative to true vertical or
horizontal. Additional tests included random horizontal and vertical saccades, predictive and self-paced saccades,
antisaccades, memory-guided saccades, horizontal and vertical smooth pursuit at different frequencies, vergence pursuit and
step responses, visual and auditory reaction time, and pupillary light reflex responses to sequential flashes of increasing
intensity.

Clinical severity measures

PD severity was characterized with the modified H&Y scale (Hoehn and Yahr 1967). MDS-UPDRS Part Ill quantified motor
examination findings; Parts | and Il characterized non-motor and motor experiences of daily living, respectively (Goetz et al.
2008). Disease-severity analyses were cross-sectional. Because only five participants were H&Y 1-1.5, moderate (H&Y 2-2.5;
n = 24) and severe (H&Y 3-4; n = 13) groups were compared for stage analyses.

Statistical analysis

To determine whether differences between group means were statistically significant a Student’s t-test was applied under a
two-tailed hypothesis. Differences were considered significant at p = 0.05. To calculate the corresponding statistics, the
TTEST2 function of MATLAB software (The MathWorks, Inc. USA, version R2015b) is used, assuming unknown and unequal
variances (known as the Behrens-Fisher problem) with the Satterthwaite approximation for the effective degrees of freedom.
For metrics where normality was questionable or sample sizes were small, we also applied the non-parametric Wilcoxon rank-
sum test (equivalent to the Mann-Whitney U-test) to assess whether two independent samples came from the same
population.
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To evaluate the predictive power of each OVRT-C metric while controlling for age and gender, univariate logistic regression
models (logit link) were fitted using the MATLAB FITGLM function with maximum likelihood estimation. PD was coded as 1
and HC as 0, with males coded as 1 and females as 0. Regression coefficients and corresponding p-values were obtained
(significant at p < 0.05). Diagnostic performance was assessed using the area under the receiver operating characteristic curve
(AUC) and Somers’ D statistic (= 2-AUC - 1), which provides an ordinal measure of association between observed and
predicted outcomes.

A logistic regression model combining multiple OVRT-C metrics was developed in two steps: first, candidate metrics were
selected based on prior findings; second, a stepwise procedure identified the final metrics providing the best model fit.
Multicollinearity among correlated metrics was addressed by model extension and selection of a parsimonious set of
predictors. Model performance was evaluated using AUC, Somers’ D, sensitivity (true positive rate), specificity (true negative
rate), and 95% confidence intervals with a cutoff probability of 0.5. Leave-one-out cross-validation (LOOCV) was performed to
examine potential overfitting. This multivariable model provides a basic diagnostic tool for distinguishing PD from HC
subjects.

Due to the large number of correlated OVRT-C metrics (47 selected for analysis), factor analysis was used to reduce
dimensionality and group metrics into unobserved factors. Metrics were selected based on univariate regression results,
significance, and AUC contributions. Only one metric was retained for measures assessed in both eyes and directions. The
Varimax method was applied for orthogonal factor rotation using the MATLAB FACTORAN function. Two to three uncorrelated
factors were then used as predictors in the multiple logistic regression model.

Beyond distinguishing PD from HC subjects, we identified OVRT-C metrics associated with disease severity. Univariate logistic
regression models were applied to determine metrics that differentiate between moderate and severe PD cases, as classified
by the H&Y scale. Figure 1 shows the distribution of PD patients according to their H&Y stage.

Results

Participants and individual OVRT-C metrics

Table 2 presents the mean and median OVRT-C metrics for PD and HC subjects, with p-values from Student’s t-tests and
Wilcoxon rank-sum tests. Several OVRT-C measures differed significantly between PD and HC subjects, including measures of
saccadic accuracy, fixation stability, smooth pursuit, vergence, and predictive and antisaccadic performance. Extended results
are provided in Supplementary Tables S.1 and S.2.
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Table 2

Comparison of OVRT-C Metrics of PD and HC Subjects using Descriptive Statistics and Student’s t and Wilcoxon Rank-Sum

(WRS) Tests for Two Independent Samples

Tests

SN
horizontal

SN
vertical

GH
horizontal

GH
vertical

GV
vertical

Auditory
RT

Visual RT

Saccade
&RT

(SRT)

Svv
SVH

Vergence

Metrics

light off—
number of
SwJ

fixation—
ASPV (abs)

PSPV (abs)

light off—
number of
SWJ

light off—
number of
SWJ

light off—
ASPV (abs)

PSPV (abs)

number of
beats

fixation—
number of
beats

light off—
PSPV (abs)

number of
beats

mean
latenc
(msec

mean
latenc
(msec

(saccadic)
latency
grand mean

(saccadic)
accuracy
grand mean

error mean
(abs)

error mean
(abs)

eye
correlation
inward

PD

41

41

41

42

42

42

42
42

41

41

41

40

40

40

39

42

Med

8.00

0.00

0.00

0.00

6.00

0.28

0.91
3.00

2.00

0.91

4.00

238.7

293.5

0.22

78.4

2.82

212

-0.78

Mean

9.88

0.36

0.67

1.50

8.07

0.47

1.14
3.29

3.51

1.60

4.37

243.7

327.3

0.23

76.6

3.22

2.63

-0.23

SD

6.72

0.52

1.04
2.30

5.64

0.82

1.33
3.22

4.56

1.82

4.56

50.4

106.0

0.07

17.1

2.48

2.24

0.84
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HC

24

24

24

24

24

24

24
24

24

23

24

24

23

24

24

24

24

24

Med

4.00

0.00

0.00

0.00

5.00

0.00

0.00
0.00

0.00

0.00

0.00

200.6

246.7

0.26

89.3

1.30

1.42

-0.94

Mean

6.38

0.10

0.14
0.46

5.21

0.12

0.16
0.71

1.46

0.75

1.04

220.0

260.5

0.26

86.1

1.89

1.50

SD

5.6

0.3

0.3

0.9

3.4

0.3

0.3
1.6

2.6

1.4

1.7

39.9

39.0

0.05

15.5

2.4

1.3

0.4

t-
test

p

0.03

0.01

0.00

0.01

0.01

0.01

0.00
0.00

0.02

0.04

0.00

0.04

0.00

0.15

0.03

0.04

0.01

0.00

WRS

0.05

0.01

0.01

0.05

0.03

0.00

0.00
0.00

0.01

0.01

0.00

0.06

0.00

0.03

0.01

0.00

0.04

0.03



Tests

pursuit
(VP)

Vergence

step (VS)

Saccade

horizontal
(SH)

Saccade

vertical

Self-
Paced

Saccade

Predictive

Metrics

near point
convergence
angle

time
constant—
left inward

gain— left
inward

mean
inward
correlation

% of
saccade—
left inward

accuracy
rand mean
%)

accuracy %
of
undershoot
—LL

latency
rand mean
?sec)

accuracy
rand mean
%)

accuracy %
of
undershoot
—LD

velocity gain
saccadic
component
(%)

velocity gain
—up
position
gain
saccades
per second

accuracy
mean

accuracy
grand mean

PD

42

41

40

41

41

37

40

40

39

41

40

41

41

41

38

38

41

Med

-1.84

0.58

1.98

0.25

27.7

81.2

50.0

0.25

76.0

37.5

0.91

37.1

0.84

1.00

1.52

0.56

66.0

Mean

-1.54

0.69

1.75

0.17

28.0

80.9

49.0

0.26

74.3

42.7

0.88

37.9

0.81

0.99

1.44

0.59

65.4

SD

0.95

0.33

0.81

0.78

14.3

10.3

31.6

0.05

14.9

28.5

0.15

14.1

0.19

0.10

0.46

0.32

15.4
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HC

24

23

23

23

23

24

23

23

23

23

24

24

24

24

24

24

24

Med

-2.29

0.42

2.36

-0.80

17.6

89.6

14.3

0.25

97.8

12.5

0.98

34.3

0.95

1.04

1.78

0.90

80.6

Mean

0.48

2.21

-0.61

18.3

90.5

24.6

0.24

95.4

14.0

0.96

30.0

0.9

1.0

1.67

0.81

80.7

SD

0.5

0.1

0.7

0.5

10.6

8.8

254

0.02

13.1

19.1

0.07

12.2

0.1

0.1

0.54

0.28

13.5

test

0.00

0.00

0.02

0.00

0.00

0.00

0.00

0.02

0.00

0.00

0.00

0.02

0.00

0.02

0.10

0.01

0.00

WRS

0.03

0.02

0.02

0.00

0.01

0.00

0.00

0.13

0.00

0.00

0.01

0.04

0.01

0.03

0.04

0.00

0.00



Tests Metrics PD HC t- WRS
test

N Med Mean SD N Med Mean SD P P

saccades  predictive 37 048 0.51 0.27 24  0.67 0.69 0.19 0.00 0.00
(PS) accuracy
mean

Anti- % of pro- 42 714 68.0 22.0 24 536 50.8 27.8 0.01 0.01
saccade
errors

saccades latency 42 0.40 0.43 0.14 24 0.34 0.4 0.1 0.04 0.05
rand mean
?stim. disp.)

(AS) accuracy 42 77.0 88.2 74.5 24 1256 1322 544 0.01 0.01
rand mean
?stim. disp.)

anti- 42 0.33 0.39 0.19 22 0.29 0.3 0.1 0.02 0.06
saccades
with error:
latency

Saccadic Abnormalities

PD patients demonstrated pronounced saccadic hypometria. In the vertical saccade (SV) test, the mean number of saccade
with undershoot was: 14% in healthy controls and 42.7% in PD patients. The distribution of these measurements is illustrated
in Fig. 2. Using a clinically meaningful threshold of > 20% undershoot: 70.7% of PD patients (29/41) exceeded this threshold vs
21.7% of healthy controls (5/23) exceeded this threshold. In addition to hypometria, PD patients exhibited reduced accuracy of
both main and final saccades in horizontal and vertical tasks. Horizontal Saccade (SH) Test. Main saccade accuracy < 80%
was observed in: 4.2% of healthy controls (1/24) vs 43.2% of PD patients (16/37). Vertical Saccade (SV) Test. Main saccade
accuracy < 80% was observed in: 8.7% of healthy controls vs 56.4% of PD patients (Fig. 2).

Other oculomotor abnormalities

Smooth pursuit performance also differed significantly between participants with PD and healthy controls in both horizontal
and vertical tracking tasks. A reduction in velocity gain - defined as the ratio of slow-phase eye velocity to target velocity - was
observed in PD, particularly for rightward pursuit during the slow-speed (0.1 Hz) horizontal test and upward pursuit during the
slow-speed (0.1 Hz) vertical test. In addition to reduced gain, the saccadic component during slow-speed horizontal smooth
pursuit differed between cohorts, with participants with PD demonstrating greater reliance on corrective saccades. Predictive
and antisaccade tasks likewise demonstrated abnormalities in accuracy, latency, and error rate, consistent with impairment
across both lower- and higher-order oculomotor tasks.

Fixation-instability measures also differed. Nonzero peak slow-phase velocity during vertical gaze in darkness was present in
31/42 (73.8%) PD participants and 6/24 (25.0%) controls. Vertical-gaze peak slow-phase velocity in darkness was associated
with PD status (beta=2.168, p<0.001; AUC 0.79; Somers' D 0.59).

Multivariable discrimination of established PD

Multivariable logistic regression was used to determine whether combinations of OVRT-C measures improved discrimination

between participants with PD and healthy controls. Model development began with horizontal and vertical saccadic accuracy,
followed by testing whether pupillary amplitude and nonredundant fixation-instability and predictive-saccade measures added
additional information. Pupillary amplitude did not contribute independently when saccadic accuracy was included (p = 0.10).
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Logistic regression analysis (Model 1) identified vertical main saccade accuracy as one of the strongest discriminative metrics
between PD and healthy individuals: AUC = 0.88, Somers’ D = 0.77. These findings indicate substantial impairment in saccadic
amplitude scaling and motor programming in PD, particularly for vertical eye movements, and support saccadic accuracy as a
potential biomarker for disease classification. The final parsimonious model retained vertical saccadic accuracy, vertical
nystagmus fast-phase count during horizontal gaze in darkness, horizontal nystagmus fast-phase count during vertical gaze in
darkness, and predictive-saccade accuracy (Table 3).

Table 3
Multiple Logistic Regression Models: PD vs. HC Subjects
Model 1 Tests Metrics Estimate p-value N obs.
Intercept 28.14 0.00
Saccade accuracy mean— RL -0.18 0.02
horizontal
Saccade vertical accuracy mean— LD -0.12 0.00 60
Model 2 Intercept 25.85 0.01
Saccade horizontal accuracy mean— RL -0.16 0.05
Saccade vertical accuracy mean— LD -0.12 0.00
Pupillary light reflex amplitude: max sens X (left 0.09 0.10 59
eye)
Model 3 Intercept 50.70 0.02
Saccade horizontal accuracy mean— RL -0.23 0.06
Saccade vertical accuracy mean— LD -0.24 0.04
Gaze horizontal— light off— number of beats 0.94 0.01
vertical
Gaze vertical— light off— number of beats 1.25 0.04
horizontal
Predictive saccades accuracy grand mean -0.15 0.04 59
Model 4 Intercept 22.83 0.00
Saccade vertical accuracy mean— LD -0.17 0.01
Gaze horizontal— light off— number of beats 0.77 0.01
vertical
Gaze vertical— light off— number of beats 0.83 0.04
horizontal
Predictive saccades accuracy grand mean -0.14 0.02 63
T The table entries are maximum likelihood estimates of the regression coefficients with the corresponding P-values and
the number of observations used.

The initial two-variable model used horizontal final saccade accuracy and vertical saccade accuracy and achieved an AUC of
0.907. Adding pupillary light-reflex amplitude produced only a small increase in discrimination and the pupillary term was not
independently significant when the two saccade measures were present. A broader model then incorporated nonredundant
gaze-in-darkness and predictive-saccade measures. Horizontal final saccade accuracy became marginal (p = 0.06) and was
removed, yielding the final four-predictor model, with regression coefficients presented in Table 3 and diagnostic performance
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summarized in Table 4. This sequence was used to make transparent how the larger set of significant univariate findings was
reduced to a smaller multivariable model.

Table 4
Diagnostic Statistics for Multivariate Logistic Regression Models
Statistics All Observations Leave-One-Out Cross-Validation
Estimate 95% CI Estimate 95% CI
Lower Upper Lower Upper
Model 1 AUC 0.907 0.779 0.965 0.868 0.706 0.947
Somers’' D 0.814 0.558 0.931 0.737 0.411 0.895
Sensitivity 0.919 0.789 0.976 0.865 0.714 0.949
Specificity 0.739 0.533 0.898 0.739 0.521 0.889
Model 2 AUC 0.925 0.804 0.977 0.874 0.718 0.953
Somers’' D 0.850 0.607 0.954 0.749 0.437 0.906
Sensitivity 0.889 0.742 0.971 0.889 0.743 0.971
Specificity 0.826 0.610 0.955 0.826 0.615 0.952
Model 3 AUC 0.983 0.931 0.997 0.896 0.735 0.972
Somers’' D 0.966 0.862 0.995 0.792 0.470 0.943
Sensitivity 0.944 0.818 1.000 0.917 0.779 0.974
Specificity 0.913 0.722 1.000 0.826 0.619 0.952
Model 4 AUC 0.975 0.917 0.995 0.940 0.850 0.980
Somers’' D 0.950 0.835 0.990 0.880 0.701 0.961
Sensitivity 0.950 0.834 1.000 0.875 0.732 0.951
Specificity 0.870 0.667 0.963 0.826 0.619 0.950

1 Bootstrap method with 5000 replicates used to calculate the 95% confidence intervals (95% Cl) using the perfcurve
function in MATLAB.

The final four-predictor model (Model 4; Tables 3 and 4), which included vertical saccadic accuracy, gaze-evoked nystagmus
measures during horizontal and vertical gaze in darkness, and predictive-saccade accuracy, had an AUC of 0.975 (95% ClI
0.917-0.995), sensitivity of 0.950 (95% CI 0.834-1.000), and specificity of 0.870 (95% Cl 0.667-0.963). With LOOCYV, the AUC
decreased to 0.940 (95% CI 0.850-0.980), sensitivity to 0.875 (95% CI 0.732-0.951), and specificity to 0.826 (95% Cl 0.619—
0.950). This reduction suggests that the apparent development sample performance is likely optimistic.

Cross-sectional disease severity

Saccadic accuracy clearly separated controls from PD but did not further separate moderate from severe PD. Other metrics
were associated with cross-sectional severity. Severe PD was associated with longer horizontal saccade latency (beta = 24.5,
p =0.03; AUC 0.76; Somers' D 0.52), lower position and velocity gain during 0.1-Hz vertical smooth pursuit, and altered
pupillary light reflex measures, including longer latency, greater constriction velocity, and reduced amplitude. These findings
represent between-person associations with H&Y stage and should not be interpreted as longitudinal progression within
individuals.
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The distribution of H&Y stages provided representation across mild, moderate, and more advanced disease, although the small
number of participants at H&Y 1-1.5 limited formal analysis of the earliest stages. Among the larger moderate and severe
groups, the measures associated with stage were not simply the same measures that best separated PD from controls. This
observation is clinically and biologically plausible: a metric may become abnormal relatively early and then show limited
additional change, whereas another measure may track the broader burden of disease more closely. The present cross-
sectional design cannot determine which of these patterns reflects true within-person progression, but it identifies candidate
measures for longitudinal study.

The severity analysis identified a somewhat different pattern from the PD-versus-control comparison. Measures that strongly
distinguished established PD from healthy aging did not necessarily distinguish moderate from more severe disease.
Horizontal saccade latency increased with severity, while slow-speed vertical smooth-pursuit velocity and position gain
decreased. Pupillary light-reflex measures were also associated with H&Y stage: participants in the more severe group
demonstrated longer latency, increased constriction velocity at selected stimulus intensities, and reduced amplitude. This
divergence suggests that metrics useful for detecting the presence of established disease may not be identical to those most
informative about disease stage.

Discussion

This early-phase diagnostic-accuracy study found a broad pattern of oculomotor and pupillary abnormalities in established PD.
The clearest signals involved saccadic hypometria and reduced accuracy, fixation instability/nystagmus in darkness, smooth-
pursuit and vergence abnormalities, and pupillary responses. A parsimonious multivariable model strongly separated
participants with known PD from known healthy controls, but its AUC decreased from 0.975 to 0.940 under LOOCV. Given the
modest single-center sample and case-control design, the high discrimination should be regarded as hypothesis-generating
rather than evidence of clinical diagnostic performance.

The relationship to previous reports is important when interpreting the current findings. Previous studies have described
hypometric and delayed saccades (Shaikh and Ghasia 2019; Terao et al. 2013; White et al. 1983; Zhou et al. 2022; Pinkhardt et
al. 2012; Waldthaler et al. 2019), impaired smooth pursuit (White et al. 1983; Frei 2021), abnormal antisaccades (Waldthaler et
al. 2019; Waldthaler et al. 2021), and vergence dysfunction in PD (Hanuska et al. 2015). The horizontal and vertical saccadic
accuracy abnormalities observed here have been shown independently in the literature (Shaikh and Ghasia 2019; Terao et al.
2013; Zhou et al. 2022; Waldthaler et al. 2019), but the present study differs in acquiring these measures together within a
standardized multimodal battery. Rather than evaluating a single eye-movement task in isolation, the OVRT-C approach
samples several related but physiologically distinct functions during one brief session. This design allowed direct comparison
of which measures were most informative for PD-versus-control discrimination and which were more closely associated with
cross-sectional severity.

The principal findings are consistent with the concept that PD produces a multidimensional oculomotor profile rather than a
single disease-specific eye-movement abnormality. Saccadic accuracy and undershoot were among the most informative
individual measures, but fixation-instability, predictive-saccade, smooth-pursuit, vergence, and pupillary measures also
contributed to the overall pattern. Importantly, the final model combined measures sampling different physiologic functions
rather than multiple variants of the same metric. This may explain why the combined model discriminated the two known
groups more strongly than individual measures alone.

The saccadic findings are consistent with prior reports of hypometric and delayed eye movements in PD (Shaikh and Ghasia
2019; Terao et al. 2013; White et al. 1983; Zhou et al. 2022; Pinkhardt et al. 2012; Waldthaler et al. 2019). Dysfunction of
cortical eye fields, superior colliculus, brainstem saccade generators, cerebellum, and basal-ganglia-thalamocortical loops
provides a plausible substrate for these abnormalities (Shaikh and Ghasia 2019; Terao et al. 2013; White et al. 1983; Pinkhardt
et al. 2012). Antisaccade and predictive-saccade abnormalities additionally implicate executive control mechanisms (Terao et
al. 2013; Waldthaler et al. 2019; Waldthaler et al. 2021). Pupillary abnormalities in PD may reflect dysfunction within autonomic
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pathways (Giza et al. 2011). The convergence of these measures supports OVRT-C as a tool for quantifying distributed network
dysfunction rather than as a single-pathway test.

The oculomotor deficits observed in PD likely reflect dysfunction across a distributed network that includes the dorsolateral
prefrontal cortex, frontal and parietal eye fields, visual cortex, superior colliculus, pontine and midbrain saccade generators,
cerebellum, thalamus, and basal ganglia (Shaikh and Ghasia 2019; Terao et al. 2013; White et al. 1983; Pinkhardt et al. 2012).
These structures interact through cortico-striatal-thalamic and brainstem pathways to regulate the timing, scaling, and
inhibition of eye movements (Shaikh and Ghasia 2019; Terao et al. 2013; White et al. 1983). Dopamine depletion associated
with degeneration of the substantia nigra can disrupt these circuits and produce abnormal saccadic patterns (Shaikh and
Ghasia 2019; Terao et al. 2013; Pinkhardt et al. 2012). Early changes in reflexive saccades may arise in part from altered
inhibitory basal-ganglia output to the superior colliculus, whereas abnormalities in predictive and antisaccade tasks
additionally engage frontal executive networks (Terao et al. 2013; Waldthaler et al. 2019; Waldthaler et al. 2021).

The overlap between oculomotor-control circuits and cognitive and autonomic networks provides a plausible framework for
the broader OVRT-C findings. Frontal cortical and brainstem systems that modulate saccades and smooth pursuit also
participate in attention and executive control (Shaikh and Ghasia 2019; Terao et al. 2013; White et al. 1983; Pinkhardt et al.
2012; Waldthaler et al. 2019; Waldthaler et al. 2021), while pupillary responses are influenced by central autonomic pathways
(Giza et al. 2011). Thus, the battery may be sensitive to network-level dysfunction distributed across several systems affected
by PD. The present data do not establish the anatomic source of any individual abnormality, but the pattern is consistent with
prior physiologic studies of eye movements and pupillometry in PD (Shaikh and Ghasia 2019; Terao et al. 2013; White et al.
1983; Zhou et al. 2022; Frei 2021; Hanuska et al. 2015; Giza et al. 2011; Pinkhardt et al. 2012; Waldthaler et al. 2019; Waldthaler
et al. 2021).

Several measures were also associated with H&Y severity. Horizontal saccade latency, vertical smooth-pursuit gain, and
pupillary responses differed between moderate and severe PD. Previous studies have similarly reported relationships between
selected oculomotor abnormalities and motor or cognitive disease severity (Terao et al. 2013; Zhou et al. 2022; Waldthaler et
al. 2019). Because the study was cross-sectional, these results indicate associations with severity, not sensitivity to
progression or treatment response. Longitudinal testing is required to determine within-person responsiveness. The present
design corresponds to an early phase of diagnostic research: it asks whether a test distinguishes people with established
disease from people known to be healthy (Sackett and Haynes 2002).

It does not establish performance among patients presenting with undifferentiated parkinsonism, prodromal symptoms, or
competing neurologic diagnoses. The very high development-sample AUC further argues for caution because case-control
sampling, variable selection, and model fitting in a modest sample can inflate apparent performance. Independent prospective
validation should therefore precede claims of clinical diagnostic or monitoring utility.

Clinical significance and future study

OVRT-C testing can be completed rapidly, in less than 15 minutes, and does not rely on speech-based responses or complex
limb-motor assessments. The battery therefore provides a practical means of quantifying oculomotor, fixation-stability,
pupillary, reaction-time, and related functions within a single assessment. The present findings support further investigation of
these measures as candidate physiologic biomarkers for PD and cross-sectional disease severity. They do not, however,
establish that OVRT-C improves diagnosis in clinical practice. Sensitivity to prodromal disease, longitudinal progression,
treatment response, and differentiation of PD from atypical parkinsonian disorders must be established in appropriately
designed prospective studies before routine clinical use can be recommended (Tolosa et al. 2021; Hughes et al. 1992; Sackett
and Haynes 2002).

Longitudinal follow-up of the present cohort will help determine whether the identified metrics remain stable or change
predictably with disease progression or treatment. Multicenter studies are needed to establish age-stratified reference ranges
and validate the classification model in independent and more diverse populations. Future work should also evaluate OVRT-C
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in patients presenting with undifferentiated parkinsonism rather than only established PD and healthy controls (Tolosa et al.
2021; Hughes et al. 1992). Combining OVRT-C metrics with molecular imaging, wearable gait sensors, or digital speech
markers may be combined to generate a composite biosignature for differentiation of PD from atypical parkinsonian disorders.

Limitations and future directions

This study has several notable strengths. It used a comprehensive battery that captured oculomotor, vestibular-related,
pupillary, reaction-time, and cognitive domains within a single brief session. The study also applied a statistical pipeline that
included cross-validation and yielded high sensitivity and specificity for distinguishing patients with PD from healthy controls.

Several limitations should also be considered. The sample was modest and recruited at a single center, which may limit
generalizability, and the control group was smaller than the PD group. The design was an early-phase diagnostic-accuracy
study of individuals with known PD compared with individuals known to be healthy controls; therefore, both independent
validation and later-phase diagnostic-accuracy studies are needed to better assess clinical utility (Sackett and Haynes 2002).
Finally, the accuracy and feasibility of eye tracking in individuals with severe blepharospasm, pronounced tremor, or other
conditions that interfere with stable eye recording require further evaluation.

Conclusions

OVRT-C metrics, particularly saccadic accuracy, fixation-instability/nystagmus measures, and pupillary responses, strongly
discriminated participants with established PD from healthy controls and several measures were associated with cross-
sectional H&Y severity. These findings support further investigation of OVRT-C metrics as candidate biomarkers. Prospective
multicenter studies in clinically relevant populations, with prespecified models, calibration assessment, and external validation,
are required before clinical diagnostic or monitoring use can be recommended.
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