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Motivation

 current clinical assessments often rely on
qualitative human scoring

 visuospatial planning, attention shifts, and
error correction are crucial cognitive
components that aren't directly observable
through hand movement

« critical need for objective and comprehensive
digital biomarkers, capturing the motor
execution and the cognitive control for early
detection of cognitive decline
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 to extract advanced feature sets,
including Hand-Eye Coupling (HEC)
and Fractional Order Derivatives (FD)

* to determine whether these combined
multimodal biomarkers can accurately
classify performance on the Pentagon
Copy Test

» to develop a multimodal framework
that integrates handwriting kinematics
with concurrent eye-tracking data
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Data Collection & Cohort

Participant Cohort
« Data retained from an initial cohort of 198 subjects.

 Final Sample Size was 43 elderly adults due to exclusion of recordings
with eye-tracker calibration issues.

« Demographics:
= Mean Age: 71.0 years.

= 13 males, 30 females

 Pentagon Copy Test (PCT)
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Data Collection & Cohort

Recording Setup

Wacom Cintiq 16 tablet captured the online handwriting kinematics.
= Captured data: pen-tip coordinates, pressure, tilt, and on-surface/in-air status.

Tobii Pro Glasses 3 eye-tracker recorded concurrent eye-tracking data.
» Captured data: first-person video and overlaid 2D/3D gaze position.
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Data Collection & Cohort

O
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Pentagon Copy Test (PCT)

 Visuoconstructional deficits
« Simplified binary scoring (PCT-b)

« 0 - successfully completed the
exercise

« 1 - failed to complete the exercise
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17 participants (5 males, 12 females) had a PCT-b score of 1
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Feature Extraction

Baseline Features

« Handwriting: Kinematic, temporal, spatial, and dynamic measures (velocity, pressure, tilt,
etc.).

« Eye-tracking: Oculomotor kinematics (velocity, jerk of the gaze point) and pupillometry
(pupil diameter and rate of change).

Fractional Derivative Biomarkers
« Caputo's fractional order derivatives to signals

« Exhibit the property of temporal memory, which can capture subtle deviations related to
cognitive deficits.

« Differentiate handwriting and eye-tracking data-vectors for alpha values from 0.1 to 0.9.

1 t _Tn—a—l " (x) dx
_a)o/cv e ) da,

“pEilE) = e

Brno University of Technology



Hand-Eye Coupling (HEC)

« Gaze-Contingent Handwriting Analysis

» The trial was segmented into distinct epochs based on where the gaze was directed:
* Looking at the PCT template (planning)
* Looking at the drawing area (execution/monitoring)

» Features Computed (from segmented handwriting data):
* Pen-tip velocity (overall, horizontal, and vertical directions)
« Ratio between horizontal and vertical velocities

« Writing-Contingent Gaze Analysis:
« Eye-tracking data was segmented based on the pen's status:
* On-surface (drawing/active execution), and In-air (repositioning/motor planning)

« Features Computed (from motor-defined eye-tracking data):
* Mean velocity of eye movements (global, horizontal, vertical, and ratio components)
* Velocity of pupil diameter change for each eye
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Spatial Clustering of Gaze Data
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The clusters differentiate between gaze directed at the PCT template
(red, left) and the drawing area (blue, right)
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Statistical Analysis

Preprocessing
« Confounding factors (age, sex) removed using linear regression.

Feature Screening

 Mann-Whitney U test
 identify the most discriminative biomarkers

« Spearman's rank correlation
« to quantify the relationship between the most promising features and the PCT-b score

» False Discovery Rate (FDR) correction
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Machine Learning

« XGBoost Classifier was used to predict the binarized PCT-b score.

* Feature Selection:
» Recursive Feature Elimination (RFE) to address high dimensionality.
* Optimization and Validation:
« Bayesian optimization with repeated 5-fold cross-validation at each step for tuning,

« Leave-One-Out Cross-Validation (LOOCYV) to assess the performance on tuned model

» An iterative process pruned the weakest 10% of features based on importance until a
core set of six features remained.

e Metrics:

« Balanced Accuracy (BACC), Sensitivity, Specificity, and Matthews Correlation
Coefficient (MCC).

 SHapley Additive exPlanations (SHAP)
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Classification Results

TABLE II
PERFORMANCE METRICS OF THE XGBOOST CLASSIFIERS ACROSS DIFFERENT FEATURE SET SCENARIOS
Metric All | HEC Baseline HW+ET (FD) ET (Base) ET (FD) HW (FD) Excluding HEC
BACC 0.85| 0.73 0.74 0.83 0.56 0.84 0.86 0.76
Sensitivity 0.88| 0.76 0.82 0.88 0.59 0.94 0.88 0.82
Specificity 0.81| 0.69 0.65 0.77 0.54 0.73 0.85 0.69
MCC 0.68 | 0.45 0.47 0.64 0.12 0.66 0.72 0.50
BACC-p 0.90 || 0.78 0.79 0.86 0.70 0.85 0.87 0.87
Sensitivity-p || 0.88 || 0.71 0.76 0.88 0.94 1.00 0.94 0.82
Specificity-p || 0.92 || 0.85 0.81 0.85 0.46 0.69 0.81 0.92
MCC-p 0.81| 0.56 0.57 0.72 0.43 0.69 0.73 0.76

" Metrics with ”-p” denote results after decision threshold tuning. BACC - Balanced accuracy, HEC - Hand-Eye Coupling, HW -
Handwriting, FD - Fractional Derivatives, MCC - Matthews Correlation Coefficient
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SHAP Values of Best Model

SHAP Value Distribution (Beeswarm Plot)
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Conclusions

» FD features drove the high performance of the final model, with nine of the top ten most
important features.

« The Hand-Eye Coupling (HEC) feature set results suggests that coupling the eye and hand
data streams captures a uniquely informative aspect of cognitive-motor ability, isolating
active drawing preparation from visual search.

Main Takeaway

Proposed multimodal framework is a highly sensitive for assessing cognitive-motor
integrity during a Pentagon Copy Task.
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Limitations & Future Questions

Limitations

« Sample Size

 The binarized PCT score
» Limited tasks and features

Future Questions

« Validate the biomarkers on larger, independent cohorts
* Apply the multimodal framework to other cognitive tasks
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