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AUTOMATED ANALYSIS SYSTEM FOR THE DETECTION AND
SCREENING OF NEUROLOGICAL DISORDERS AND DEFICITS

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims priority to U.S. Provisional Patent Application Serial No.
61/783,156, filed March 14, 2013, and the complete contents thereof is herein incorporated by

reference.
BACKGROUND
Field of the Invention

The invention is generally related to systems and methods which enable objective
detection, confirmation, and/or evaluation of neurological disorders. More particularly, the
invention utilizes the eye(s) of a subject as a window into the brain whereby eye movements are
detected in response to various stimuli and, based on the eye movements, a rapid, painless, cost

effective, accurate, and quantifiable diagnosis of neurological disorders is provided.
Description of the Prior Art

Monitoring a subject’s response to light stimuli may be used to assess the subject’s
impairment of fitness. U.S. Patent 5,422,690 to Rothberg, which is incorporated herein by
reference, teaches a system whereby light stimuli are provided to a subject to cause the pupil to
change size and the eye to move. Pupil diameter measurements are made of an image of the
subject’s pupil in response to on axis light stimuli, and eye tracking of the subject’s eye in
response to moving light stimuli is performed. The data acquired by measuring pupil diameter
and saccadic movements of the subject’s eye as a function of time are compared with baseline
data for the subject. Deviations from baseline data are indicative of possible impairments from

drugs or alcohol.
SUMMARY

Eye movements are necessary to position and orient the eye or eyes such that an object of

interest falls upon the foveal area of the retina which possesses high visual acuity and receptors
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which are sensitive to color. Changes in the eye movements are indicative are neurological
disorders. Embodiments of the invention include an automated method and system based on
objective eye movement measurement and analysis for the early detection, diagnosis and
measurement of treatment effectiveness for a variety of neurological diseases, neurological
movement disorders and potential brain injuries. Preferably, automated algorithms and
procedures are used to provide precise quantifiable measures of eye position behavior and

oculomotor motility.

In an embodiment of the invention, an automated system and method, capable of
detecting, analyzing and summarizing a person’s eye movements is used to detect (diagnose),
confirm a prior diagnosis, and/or to monitor the treatment effectiveness (improvements with
therapy being good progress, and non-improvement and or degradation with therapy being poor
progress) for a variety of neurological diseases, neurological movement disorders and potential
brain injuries. The analyzed and summarized eye movements are cataloged, interpreted and
utilized in a diagnostic matrix in order to highlight and distinguish abnormal eye movements,

and to provide an objective clinical diagnosis based on the non-invasive testing procedures.

A particular embodiment contemplates non-invasive quantifiable method for detecting
changes in the brain caused by a variety of neurological diseases and disorders. Using an eye
tracking device, the horizontal and vertical positions and pupillary size of one or both eyes of a
patient are measured. A computer system takes the data output by the eye tracking device and
performs a series of algorithms for the detection, identification and analysis of specific eye
movement types and eye parameters. A decision matrix correlates eye measurement parameters
detected or determined with likely neurological disorders or deficits. The types of neurological
disorders or deficits include but are not limited to Parkinson’s disease, essential tremor,
Parkinson’s disease plus essential tremor, small vessel ischemia, multiple system atrophy,
progressive supranuclear palsy, cortical basal ganglionic degeneration, drug-induced tremor,
normal pressure hydrocephalus, and malingering. Preprocessing may be performed to identify

the existence of blinks and other artifacts which can be eliminated prior to analysis of the data.

In particular embodiments, position data can be differentiated to obtain a velocity signal,
and can be differentiated again to obtain an acceleration signal. By applying minimum and

maximum thresholds for velocity and acceleration, as well as to position change, the presence

2



WO 2014/159498 PCT/US2014/023923

and precise time location of start and stop points of each saccadic eye movement can be detected
and stored. Saccadic analysis is then performed to determine one or more of saccadic duration,
peak saccadic velocity between saccadic start and stop times, peak acceleration at saccadic start,
peak deceleration a saccadic stop, average velocity between saccadic start and stop time, and
saccadic amplitude between saccadic start and stop times. Reading analysis for the subject may
also be performed by storing a number and amplitude of left to right saccades and incrementing a
first storage counter, storing a number and amplitude of right to left saccades and incrementing a
second storage counter, storing an amplitude of return sweep and incrementing a third storage
counter. storing fixation duration and incrementing a fourth storage counter, storing fixation
stability measures, where intersaccadic interval defines behavior of the eye during periods of
fixation and/or smooth pursuit eye movement, and storing reading speed measuring in words per

minute (WPM) and characters per minute (CPM) and incrementing a fifth storage counter.

Intersaccadic interval analysis can be performed by first determining intersaccadic
interval (ISI) based on time from end of previous saccade to start of next saccade, and then
performing an analysis by, for example, determining one or more of mean eye position during
intersaccadic interval, determining root mean square (RMS) eye position during IS, determining
magnitude and direction of eye position during ISI (preferably with removal of offset bias),
determining a mean velocity of eye during ISI, determining absolute mean eye velocity during
IS, determining RMS eye velocity during 1S, receiving target position and velocity and
computing smooth pursuit gain where gain is equal to response velocity divided by target
velocity, determining saccadic amplitude based on mean eye position before and after saccades,
determining spectral components using discrete Fourier transform (DFT) analysis, and

determining location and amplitude of saccadic intrusions.
DESCRIPTION OF THE DRAWINGS

Figure 1 is a schematic diagram illustrating the major components of an exemplary
embodiment of the invention, and processes which are performed for identification or

confirmation of particular neurological disorders;

Figure 2 is a schematic diagram illustrating an exemplary pre-processing stage of Figure
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Figure 3 is a schematic diagram illustrating an exemplary saccadic detection stage of

Figure 1;

Figure 4 is a schematic diagram illustrating an exemplary saccadic analysis stage of

Figure I;

Figure 5 is a schematic diagram illustrating an exemplary reading analysis subroutine of a

saccadic analysis stage of Figure 4;

Figure 6 is a schematic diagram illustrating an exemplary Intersaccadic Analysis Interval

stage of Figure 1;

Figures 7A-B are flow charts showing a simplified system and process for diagnosing or

confirming the diagnosis of Parkinson’s disease;

Figures 8A-B are flow charts showing a simplified system and process for diagnosing or

confirming the diagnosis of Essential Tremor;

Figures 9A-B: Root mean square (RMS) velocity and absolute velocity during fixation
for control and PD groups. Oscillatory fixation instability in PD patients results in a greater
RMS velocity (A) and absolute velocity (B) of the eye during fixation. Middle bars inside boxes
represent sample means, while the edges of boxes indicate first and third quartiles. Bottom and
top bars represent minimum and maximum, respectively. Circles denote outliers, while an

asterisk denotes an extreme outlier.

Figure 10: Frequency of square wave jerks while fixating. ET patients exhibit
appreciably more square wave jerks than age matched controls (p<0.0001). Middle bars inside
boxes represent sample means, while the edges of boxes indicate first and third quartiles.
Bottom and top bars represent minimum and maximum, respectively. Circles denote statistical

outliers.

Figure 11: Latency of reflexive saccades to randomly displaced targets. Patients with ET
have increased saccadic latencies compared to age matched controls (p<0.01).
Figure 12: Velocity profiles of 10° saccades. Single velocity traces are shown for 18

representative ET subjects and 18 control subjects. The velocity profiles were aligned at t = 10
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ms at the defined saccadic onset threshold (20°/s). Note the lower peak velocity, velocity
plateau, and prolonged duration of saccades in ET subjects. The integral was taken of each
individual velocity curve, and no difference was found between each group (p=0.59). This
further supports that despite abnormal velocity behavior during saccadic flight, that subjects with

ET maintain accurate saccadic amplitudes, and reach the intended target position.

DETAILED DESCRIPTION

When saccadic oscillations deviate from normal, this is indicative of unhealthy or not
normal physical or psychological conditions. For example, nystagmus is characterized by a
combination of slow phases which take the eye off the target, interspersed with saccade like
quick phases that serve to bring the eye back to the target. Pathological slow phases may be due
to either an imbalance in the vestibular system, damage to the brainstem, or other reasons.

Ocular flutter is composed primarily fast phase saccadic eye movements.

Differences between eye movements cannot be easily discerned without precision
instruments. Furthermore, a data set of multiple features for control subjects and a data set of
multiple features for subjects suffering from various neurological disorders are required for

discerning whether a patient is suffering from a particular neurological disorder.

Embodiments of this invention provide an objective method and system for the
assessment of neurological disorders including potential injuries to the brain. In particular
embodiments, the system and method will allow non-expert individuals and health care providers
to, for example, prescreen and assess patients and individuals for a variety of neurological
disorders based on an automated analysis of recorded eye movement behavior. Analyzed eye
data may be presented to a decision tree based system which provides a likelihood estimator of
potential discase state. A particular advantage of embodiments of the invention over currently
available technology, is that it is capable of not only automatically analyzing eye movements, but
also providing rapid accurate diagnosis with minimal time, effort, cost or discomfort to the

patient or individual.

Exemplary uses of the system and method include without limitation the ability to

provide early preclinical diagnosis of neurological movement disorders including mild head
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injuries and diagnosis prior to a patient being symptomatic of a neurological disease or disorder;
confirming or refuting a patient’s current diagnosis if there is a clinical uncertainty; and allowing
clinicians to confirm a patient’s diagnosis before therapeutic surgery takes place, thereby
increasing surgical outcomes and saving money. Certain embodiments enable detecting
preclinical stages of some movement disorders, potentially many years before the subject notices
any outward symptoms, thereby allowing the patients to be started on effective neuroprotective

therapies early, thereby improving the long term outlook for the patients.

With reference to Figure 1, systems for practicing various embodiments of the invention
are composed of three principle components. An eye tracker 10 is used to monitor the pupil size
and gaze position of a subject’s eye or eyes. In many embodiments, it is not necessary to record
the position of both eyes, as the information need to assess an individual may be obtained from a
single eye in many cases. However, when data from both eyes is used, this can increase the
reliability of the system and method through correlation. Suitable eye tracker 10 devices are
commercially available. For example, as shown in Examples 1 and 2 below, a video based
binocular eye tracker referred to as Eyelink I, available from SR Research, Ltd., has been used
in certain embodiments, Preferably, for many applications, the eye tracker 10 willbe a two-
dimensional eye tracking device capable of simultaneously measuring the horizontal and vertical
positions and pupilary size of one or both eyes (the Eyelink 11 has these capabilities). The
algorithmic stages/ components 12 and decision matrix 14 may be embodied in the same
computing or control device (processors), or each may be embodied in separate computing or
control devices, or each may itself take the form of a network of computing devices. The
algorithmic stages/components 12 is basically comprised of a series of algorithms for the
detection, identification and analysis of specific eye movement types and eye parameters, as well
as a method to remove artifact, noise, and blinks. The decision matrix 14 examines the
correlation between the various eye measurement parameters and the likely neurological disorder

or deficit.

Figure 1 also illustrates a basic process flow and a breakdown of the system into various
subcomponents. In particular, data collected using an eye tracker 10, such as a generic two
dimensional eye tracking system 16 is collected in a storage device such as a database which

may be, for example, an external file storage 18. This stored data constitutes an input file. Each
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scan session with a subject may generate one or more input files. In the algorithmic
stages/components 12, a pre-processing stage 20 is used to process the data in the input file. The
pre-processing stage 20 (which is discussed in more detail below in conjunction with Figure 2)
may include blink detection and other control systems or processing stages which eliminate
extraneous data for analysis and/or identify pertinent data for analysis. This pre-processed data
is then preferably stored in a suitable storage device 22 such as a database in for example an
external file storage 22. In some embodiments, the external file storage 18 and extemal file
storage 22 may be one and the same device, or they can each take the form of individual or
multiple networked storage devices. It is necessary to be able to take the pre-processed data and
analyze it by saccadic detection 24. This can be accomplished by storing the pre-processed data
in the external file storage 22 as it is produced from the pre-processing stage 20, and retrieving
this data at the saccadic detection stage 24, or simply be directing it directly from the pre-
processing stage to the saccadic detection stage 24, After saccadic detection, one or both
saccadic analysis 26 and intersaccadic interval analysis 28 may be performed. Output from these
analyses may be stored in internal or external file storage for subsequent analysis (in some cases,
processing of the analysis results may be performed at the same time as they analysis results are
being obtained. The decision matrix 14 preferably provides a diagnosis 30 based on saccadic

analysis and/or intersaccadic interval analysis.

Figure 2 shows the pre-processing stage 20 depicted in Figure 1 preferably processes data
recorded in file form from the eye tracking system and identifies the existence of blinks and any
other artifacts that may be present before any being processed by the algorithms. This step
prevents data with artifacts from being analyzed by the algorithms. The eye data is then
presented to the saccadic detection stage. In Figure 2, it can be seen that the eye tracking system
16 provides different types of outputs. For example, horizontal X and vertical Y position data
for one or both eyes can be output to a storage stage 32 (e.g., database or file, etc.) which stores
the eye position data (it is possible to store the coordinates together or separately, and, in the case
of an eye tracker that only measures in the X or Y dimension to simply store the X or the Y
data). Some of the data may include outliers, and there may be missing sample points. This can

be addressed at a data normalization stage 34.
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Figure 2 also shows accounting for blinks and other artifacts prior to passing X and/or Y
position data 36 to the saccadic detection stage shown in Figure 3. In particular, by monitoring
the subject’s pupil with the eye tracking system 16, the location of “blinks” in the collected data
can be identified using a blink detection stage 38. The blink detection stage 38 identifies the
location of blinks from data provided by the eye tracking system 16, and creates a blink location
file. In addition, artifacts stored in an artifact file 40 are used to identify artifacts in the data
from the eye tracking system 16. A “skip” stage 42 is used to skip over data when a blink and/or
an artifact are present. Thus, the X and/or Y position data 36 provided to the saccadic detection

stage will be adjusted to exclude any data which coincides with a blink and/or artifact.

Although not shown in Figure 2, the eye tracking system 16 may also be used to make
measurements of pupil diameter, and can be used to track the subject’s pupil response to light
stimulus or changes due to autonomic activity and changes due to target depth (vergence eye
movements). This type of data may also be passed through a pre-processing stage 20 prior to

further analysis.

Figure 3 illustrates operations performed in the saccadic detection stage 24. At the
saccadic detection stage 24, position data from the pre-processing stage (shown in Figure 2) is
differentiated at a compute eye velocity stage 44 to obtain a velocity signal using, for example, a
two-point central difference method [see, e.g., Mathews JH, and Fink KK. (2004) Numerical
Methods Using Matlab 4" Edition Prentice-Hall Inc. Upper Saddle River, New Jersey, USA]J.
This computed eye velocity is compared to a maximum set velocity 46 and a minimum set
velocity 48 to determine if the computed velocity is within specified limits at step 50. Saccadic
onset, or minimum velocity is experimentally derived, and generally set to 20°/s, although may
be dynamically adjustable, while maximum velocity is used in combination with acceleration
and position trends for blink detection. To obtain acceleration at step 52, the velocity signal
computed at step 44 is differentiated again using a two-point central method. As with velocity,
the computed eye acceleration is compared to maximum set acceleration limits 54 and minimum
set acceleration limits 56 do determine whether the computed eye acceleration is within
acceleration limits at step 58. Similar to velocity minima and maxima, values for acceleration
are experimentally derived, and minima are generally set at 400°/s>, whereas maximum values

are used in conjunction with velocity and position trends to identify artifact or blinks. These
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thresholds may be dynamically adjusted in the case of neurological conditions that manifest
extremely slow saccades that would be missed with static threshold values, Simultaneously, the
position change of the eye is monitored to determine if the trend and direction of the detected
point of focus for the subject’s pupil is correct at step 60. While not shown in Figure 3,
minimum and maximums for position change of the eye are considered when analyzing the trend
and direction. The predetermined and/or dynamically adjusted thresholds for the minimum
position change, velocity, and acceleration are used to detect the presence and precise time
location of the start and stop points of each saccade. As indicated in step 62, if the velocity is
within limits, the acceleration is within limits, and the trend and direction are correct, a true
saccade is detected. Each time a saccade is detected, the time location of the start and stop points
will be stored, for example, in either internal or non-transient memory, at step 64 for saccadic
and intersaccadic interval (ISI) analysis (see 26 and 28 in Figure 1). If a true saccade is not
detected, step 66 may start the process again and/or a process for detecting square wave jerks

during fixation may proceed.

Given the locations determined in the saccadic detection stage 24, the numerous saccadic
eye movement parameters as shown in the Saccadic Analysis Block Diagram of Figure 4 can be
calculated. Saccadic analysis can be performed by a variety of techniques [see, e.g., Leigh RJ,
and Zee DS. (2006) The Neurology of Eve Movements. Oxford University Press, New York,
NY.]. In a particular embodiment illustrated in Figure 4, data from the saved temporal location
and increment saccadic counter 64 (see Figure 3) is obtained, and the determined start/stop times
of each saccade are retrieved or extracted at step 68 for analysis. From this data, various
exemplary calculations may be performed including without limitation: a) the saccadic duration
for any or each saccade can be determined by subtracting the start time from the end time at step
70 with the result being stored at step 72; b) the peak saccadic velocity can be determined
between any or each saccadic start and stop times at step 74 with the peak saccadic velocity
being stored at step 76; c) the peak acceleration at any or each saccadic start can be calculated at
step 78 with the initial peak acceleration being stored at step 80; d) the peak de-acceleration at
any or each saccadic stop can be calculated at step 82 and stored at step 84, e) the average
velocity between saccadic start and stop times can be computed at step 86 and stored at step 88;
and f) the saccadic amplitude between saccadic start and stop time can be computed at step 90

and stored at step 92. In various embodiments the stored saccadic duration, peak saccadic

9
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velocity, initial peak acceleration, peak de-acceleration, average velocity, and saccadic amplitude

is correlated with the increment storage counter.

Figures 4 also shows in some embodiments reading analysis 94 can be performed as part
of a subroutine of the saccadic analysis stage 26. This enables analyzing reading performance as
it correlates with eye movement analysis, e.g., a subject’s reading speed might be analyzed and
compared with their eye movements to diagnose physiological and/or psychological and/or

neurclogical disorders, as well as making assessments on reading.

Figure 5 illustrates an exemplary reading analysis 94 in more detail. From the saccadic
analysis 96” and 96" the number of left to right (forward) saccades 98" and the number of right to
left (regressive) saccades 98" can be determined and stored using, for example, an increment
storage counter. In addition, from the saccadic analysis 100, detection and computing of the
amplitude of return sweep (end of reading line) can be determined and the amplitude of the
return sweep can be stored 102 with, for example, incrementing of a storage counter. IS
analysis is discussed in more detail in connection with Figure 6. In the context of the reading
analysis of Figure 5, from the IS] analysis, the fixation determination can be determined 104
and fixation stability can be determined 1047, and each of these measures 106" and 106" (and/or
other stability measures) can be stored, possibly with the updating of an increment storage
counter. Furthermore, Figure 5 shows that during reading analysis 94, the reading speed based
on text characteristics and total reading time can be determined 108 and the reading speed,
measured for example in word per minute (WPM) and/or characters per minute (CPM) can be

stored 110, possibly with the incrementing of a storage counter.

Figure 6 illustrates an intersaccadic interval (ISI) analysis stage 28. The intersaccadic
interval defines the behavior or the eye during periods of fixation and or smooth pursuit eye
movement. A number of neurological disorders often affect the stability of the eye during
fixation in unique and specific ways. Calculations and assessment measurements of stability
during fixation are performed and summarized within the ISI stage 28. Starting with data for the
saved temporal location of saccade and incremented saccadic counter 64 from Figure 3, the
intersaccadic interval (ISI) is determined 112 based on the time from the end of the previous
saccade to the start of the next saccade. From this, a number of different measures can be made

including, for example and without limitation: a) the mean eye position during ISI can be

10
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determined 114 and stored 116 with, in some instances, the advancement of an increment storage
counter; b) the Root Mean Square (RMS) eye position during ISI can be determined 118 and
stored 120 with, in some instances, the advancement of an increment storage counter; and c) the
magnitude and direction of eye position during ISI can be determined 122. The offset bias may
also be removed. The magnitude and direction angle can be stored 124 with, in some instances,
advancement of an increment storage counter. In addition, d) the mean eye velocity during 1SI
126 and absolute mean eye velocity during IS1 126 can be determined and stored 128 and 128’
with, in some instances, the advancement of increment storage counter; e) the RMS velocity
during ISI can be determined 130 and stored 132 with, in some instances, advancement of an
increment storage counter; f) the saccadic amplitude based on mean eye position before and after
saccades can be determined 134 and the average saccadic amplitude can be stored 136 with, in
some instances, the advancement of an increment storage counter; g) the spectral components
can be determined 138 (this can be done by performing the Discrete Fourier transform (DFT)
and stored 140 with, in some instances, advancement of an increment storage counter; and h) the
lacation and amplitude of saccadic intrusions can be determined 142 and stored with, in some
instances, advancement of an increment storage counter. Based on the target position and/or
velocity 146 (as can be determined from the preprocessing of X or Y position 36, and
computation of eye velocity 44), the IS interval can be used to compute smooth pursuit gain 148
(where the gain equals the response velocity divided by the target velocity) and this value can be

stored 150 with, in some instances, advancement of an increment storage counter.

With reference back to Figure 1, the results from various analysis algorithms are
presented to a decision matrix stage 14. Data for various groups of subjects are collected and
categorized. For example, one may have a control group, as well as groups of patients with one
or more neurological disorders including without limitation Parkinson’s Disease (PD), Essential
Tremor (ET), subjects with both PD and ET, small vessel ischemia, Multiple System Atrophy
(MSA), Progressive Supranuclear Palsy (PSP), Corticobasal Ganglionic Degeneration (CBGD),
drug induced tremor, Normal Pressure Hydrocephalus (NPH), and malingering. For example,
Table 1 presents in various rows of specific eye movement parameters and their association for
various neurological conditions. By comparing a subject’s measurements with, for example, the
unique combinations of abnormal eye movements can be used to provide a diagnosis (before or

after a patient is symptomatic for the disease, disorder or injury) or to confirm a diagnosis or to

11
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monitor a treatment regimen after diagnosis and treatment has begun (e.g., improvements being
when the responses of the subject become more normal with time and treatment (i.e., more like
those of a normal subject and less like a subject with a particular neurological disease, disorder
or injury) and non-improvements being either a lack of change with treatment or a decline (i.e.,
more like those of a subject with the diagnosed disorder or disease or injury). With respect to
Table 1, the types of saccadic parameters determined to be generally of interest include peak
velocity {e.g., whether or not the peak velocity is speeded up or slowed down relative the peak
velocity for normal subjects, and, if so, by how much), latency (whether or not the Jatency
(response to movement of the light source) is similar to normal subjects or slowed down (and if
slowed down, by how much), and saccadic measurements (e.g., whether or not there is a
hypometric saccadic refixation (e.g., a slowed response or undershoot) or hypermetric saccadic
refixation (e.g., overshooting of the target). In the practice of the invention, one or a plurality of
saccadic measurements for a subject are determined and automatically compared with stored
saccadic measurements for normal subjects and for control subjects with diagnosed neurological
diseases, disorders or conditions. In addition, in the practice of the invention typically a fixation
measurement (e.g., ocular tremor) or a measurements associated with interruptions (e.g.,
increases or changes in square wave jerks) are also considered. Table I also includes a number
of fixation type measurements and measurements associated with interruptions which have been
considered, and which may be included in an automated computer implemented method or

system.

12
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The Decision Matrix Stage 14 can be trained with or loaded with data from any group of
patients with a distinctive, diagnosed, neurological disorder. With this information in the
decision matrix, a subject can be tested, quickly, and non-invasively, and typically by untrained
personnel. In particular, once the subject looks into a monocular or binocular window, the
system will present moving lights and other stimuli with the eye movements of the subject being
simultaneously monitored. At the conclusion of the test, the subject will be identified as either
having a normal response (e.g., responses similar to a normal control group) or having a response
similar to one or more groups of subjects which have neurological disorders. Based on these
results, additional tests might be performed and/or therapy might be prescribed for addressing the

identified disorder.

Figures 7A-B illustrates a simplified system and method for assessing Parkinson’s
Disease (PD) using an embodiment of the invention. Based on analyzed eye movements 152
detenmined using the eye tracker and algorithm stage, fixation analysis 154 is performed during
the ISI analysis 28. If an ocular tremor 156 is detected, the subject is unlikely to have PD 158.
Based on frequency content 160 as determined during the spectral component determination 136,
a determination of a single frequency 162 (i.e. one frequency determined during DFT 136, as
opposed to numerous spectral frequency components) and if more than one single frequency
exists the subject is likely to have an etiology that is not PD 164. However, if single frequency
does exist, the testing proceeds to saccadic analysis 166. It should be recognized that in cases
where the diagnosis of a subject from amongst a number of possible neurological disorders or
injuries, one would proceed to saccadic analysis as a matter of course, and one would use a
decision matrix table (preferably in computerized form) similar to Table 1 to identify the
disorder or injury. With reference to Figure 7B, the extrinsically driven saccadic parameters 168
as calculated during saccadic analysis 26, have their main sequence peak velocities reviewed
170, and if there are abnormalities (compared to normals) 172, Parkinson’s is unlikely 174.
When a normal main sequence 176 exists, the intrinsically driven saccades 178 are analyzed to
see if they are slowed or hypometric (e.g., undershoot of the target). If not, Parkinson’s is

unlikely 182, but if so, the results are suggestive of Parkinson’s.

Figures 8A-B illustrate a simplified system and method for assessing Essential Tremor

using an embodiment of the invention. Based on analyzed eye movement 186 determined using

14
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the eye tracker and algorithm stage, fixation analysis is performed and, if ocular tremor 190 is
found, essential tremor can be ruled out 192 as a neurological disorder for the subject under test.
Fixation intrusions 194, or interruption of intended fixation by saccades, drifts, etc, are analyzed
for square wave jerks 196 (conjugate, brief, binocular to-and-fro movements of the eyes that
interrupt steady fixation) and if they are normal, the subject is unlikely to be suffering from
Essential Tremor 198. Double or single pulse saccadic intrusions are analyzed 200 and, if
present, the subject likely does not have Essential Tremor 202, During saccadic analysis 204,
extrinsically driven saccadic parameters 206 as calculated during saccadic analysis 26 are
analyzed for saccadic latencies 208 (time from target movement to subject reaction) The main
sequence peak velocities 210, and if normal 212, the subject likely does not have Essential
Tremor 214. If there is a slight slowing of saccadic velocities 216, it is determined whether there
is a wavering plateau of velacity 218 (as compared to a single peak of velocity in controls and
other disorder). If not, then the patient does not likely have Essential Tremor 220, However, if

so, then the patient, the existence of the results is suggestive of Essential Tremor 222.

It will be readily apparent to one of ordinary skill in the art that the various processes
described herein may be implemented by, e.g., appropriately programmed general purpose
computers, special purpose computers and computing devices. Typically a processor (e.g., one or
more microprocessors, one or more microcontrollers, one or more digital signal processors) will
receive instructions (e.g., from a memory or like device), and execute those instructions, thereby
performing one or more processes defined by those instructions. Instructions may be embodied

in, €.£., ONE OF MOore computer programs, One or More scripts.

Within this application, the term “processor™ or “computer” means one or more
microprocessors, central processing units (CPUs), computing devices (e.g. desk top computer,
lap top computers, tablets, personal data assistants, smart phones, dongles, etc.),
microcontrollers, digital signal processors, or like devices or any combination thereof, regardless
of the architecture (e.g., chip-level multiprocessing/multi-core, RISC, CISC, Microprocessor
without Interlocked Pipeline Stages, pipelining configuration, simultaneous multithreading). The
system and method of this invention may be implemented on a single computer, a network of
computers, or by cloud computing across one or multiple networks whereby the systems and

networks can deliver the software which implements the system and method as a service.
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Similarly, a description of a process is likewise a description of an apparatus for
performing the process. The apparatus that performs the process can include, e.g., a processor
and those input devices and output devices that are appropriate to perform the process. Programs
that implement such methods (as well as other types of data) may be stored and transmitted using
a variety of media (e.g., computer readable media) in a number of manners. In some
embodiments, hard-wired circuitry or custom hardware may be used in place of, or in
combination with, some or all of the software instructions that can implement the processes of
various embodiments. Thus, various combinations of hardware and software may be used instead

of software only.

The term “computer-readable medium” refers to any medium, a plurality of the same, or
a combination of different media, that participate in providing data (e.g., instructions, data
structures) which may be read by a computer, a processor or a like device. Such a medium may
take many forms, including but not limited to, non-volatile media, volatile media, and
transmission media. Non-volatile media include, for example, optical or magnetic disks and
other persistent memory. Volatile media include dynamic random access memory (DRAM),
which typically constitutes the main memory. Transmission media include coaxial cables, copper
wire and fiber optics, including the wires that comprise a system bus coupled to the processor.
Transmission media may include or convey acoustic waves, light waves and electromagnetic
emissions, such as those generated during radio frequency (RF) and infrared (IR) data
communications. Common forms of computer-readable media include, for example, a floppy
disk, a flexible disk, hard disk, magnetic tape, any other magnetic medium, a CD-ROM, DVD,
any other optical medium, punch cards, paper tape, any other physical medium with patterns of
holes, a RAM, a PROM, an EPROM, a FLASH-EEPROM, any other memory chip or cartridge,
a carrier wave as described hereinafter, or any other non-transient computer readable medium
from which a computer can read. Various forms of computer readable media may be involved in
carrying data (e.g. sequences of instructions) to a processor. For example, data may be (i)
delivered from RAM to a processor; (ii) carried over a wireless transmission medium,; (iii)
formatted and/or transmitted according to numerous formats, standards or protocols, such as
Ethernet (or IEEE 802.3), SAP, ATP, Bluetooth, and TCP/IP, TDMA, CDMA, and 3G/4G/LTE;
and/or (iv) encrypted to ensure privacy or prevent fraud in any of a variety of ways well known

in the art.
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Output from the automated system and method may be provided to an output device
which can take any form suitable for its intended purpose, and be provided to a printer, a display,
a computer or network of computers, and may provide visual or audible signals which can be
discerned by a clinician or researcher. The computer(s) or network of computers used for
processing information from the eye tracker may be directly or remotely connected to the eye
tracker and may be in communication (wireless or wired) over a network such as the Internet.
The stored values or ranges of values for normal subjects and control subjects diagnosed with a
particular neurological disease, disorder or injury may be on a database (e.g., a non-transient
computer readable medium) that is on or accessible to a single computer or may be stored
separately on different computers within a network. In one embodiment, a subject looks into an
eye tracker configured to provide fixed and moving light stimuli which will elicit detected
responses that can be used by a computer or network of computers to identify one or more values
for one or more saccadic measurements and one or more values for fixation measurements or
measurements associated with interruption. Upon providing the detected responses to the
computer or network of computers, the responses are automatically analyzed and characterized,
and various values for, for example, one or more saccadic measurements and one or more
fixation measurements or measurements associated with interruption, are compared to stored
values or ranges of values associated with responses of normal subjects or responses of control
subjects which have been diagnosed with a neurological disorder, disease or injury. Matches
from this comparison are output to the clinician or researcher, preferably on an automated basis.
The testing may take place on the order of seconds (depending on the number of measurements
desired), and the determinations, comparisons and output may take place on the order of seconds
to minutes depending on the number of values to be computed and compared and the number of

different stored values or value ranges to be considered.
EXAMPLE 1
PERVASIVE OCULAR TREMOR IN PATIENTS WITH PARKINSON DISEASE

Objective: Ocular motility deficits have been well characterized in Parkinson’s Disease
(PD) patients. However, abnormalities of fixation stability have only been briefly reported and
never systematically quantified in PD subjects. The aim of this study was to assess oculomotor

control of patients with PD during fixation and with movement. Design: Modern, precise eye
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tracking technology was used to assess oculomotor parameters in 112 patients with PD,
including 18 de novo untreated patients, and 60 age matched controls. Oculomotor function was
compared between groups during fixation and while tracking a randomly displaced target on a
PC monitor. Results: All PD patients, and 2 out of 60 control subjects, showed oscillatory
fixation instability (ocular tremor), with an average fundamental frequency of 5.7 Hz and
average magnitude of 0.27°. Saccadic parameters and occurrences of square wave jerks did not
differ between PD subjects and controls. The amplitude and frequency of fixation instability did
not correlate with disease duration, clinical Unified Parkinson’s Disease Rating Scale (UPDRS)
scores, or dopa-equivalent dosing. No differences in oculomotor parameters were found between
medicated and unmedicated PD patients. Conclusions: All PD patients exhibited persistent
ocular tremor which prevented stability during fixation. The pervasiveness and specificity of this
feature indicates that modern, precise oculomotor testing can provide a valuable early

physiological biomarker for diagnosing PD.
Introduction:

Previous studies in patients with Parkinson’s disease (PD) have shown that the
neurodegenerative changes in the brain affect the oculomotor control system, as it does the
appendicular motor control. 3 Although a number of studies describe various oculomotor
abnormalities in PD subjects, conflicts about the specific deficits remain. Some investigators

have suggested that the principle abnormalities are reduced velocity and increased duration of

45678 : .
saccades, while others have suggested that the frequency of square wave jerks (brief,

conjugate, random movements away from the target that interrupt stable fixations) are

- 8!9 - - - - - L. . -
increased.  Deficits in ocular fixation, during which we critically fixate on objects to acquire

information about the world around us, have been subjectively described in PD, but have not

. , 10,11 - .
been systematically quantified. In the present study, we utilized modern eye tracking
equipment to investigate oculomotor control in PD subjects while fixating and during saccades to

a randomly step displaced target.
Methods:

For this study, 112 patients with PD (mean age: 66.2, S.D. +6.8) and 60 age matched controls

(mean: 65.3, S.D. +7.4) were recruited from the Southeast Parkinson’s Disease Research,
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Education and Clinical Center (PADRECC) at the Richmond Veteran’s Affairs Medical Center.
All patients were screened by a movement disorder specialist (M.S.B.) and considered to have
PD based upon the criteria of having at least two of three cardinal signs (i.e. rest tremor, rigidity,
and akinesia/bradykinesia), without features suggestive of secondary forms of parkinsonism. 94
of the patients had shown a clear therapeutic benefit to dopaminergic medications, and 18
patients were de novo untreated. The average duration of symptoms was 5.5 years (S.D. +4.3)
with a mean Unified Parkinson’s Disease Rating Scale (UPDRS) part 111 examination score of
12.1 (5.D. £9.6). The average tremor susbscore of the UPDRS was 2.2 (S.D. £1.4).  All

medicated patients were tested while taking their normally prescribed medications, with an

average dopa—eq:.xivalent12 of 872.3(S8.D. £510.1). Patients with superimposed neurological or
ophthalmic conditions (e.g. glaucoma, macular degeneration, etc.) were excluded. Control

subjects were recruited among spouses, relatives, and friends and were screened and similarly
excluded if they had any significant neurological or ophthalmic conditions. See Table 2 for a

summary of study subject characteristics.

Table 2: Subject Enroliment
Medicated PD Unmedicated PD Controls
(n=94) (n=18) (n=60)

Age (years) 62.6+11.2 65.8+13.5 653+74
Duration of symptorms (years) 6.1+4.0 1.4 409 -
UPDRS Part 111 Examination 17.1+£7.2° 17.9+ 4.8 -
UPDRS tremor subscore 2.4+ 1.4 1.8+14 -
Levodepa only n=77 - -
Levodopa + entacapone n =2 - -
Levodopa + ropinerole n=_§ - -
Levodopa + amantadine n=7 - -

RMS Velocity (during fixation) 532+ 2.14% 463+ 1.11* 318+ 046

* While tested in the “on” medicated state

*p <0 0.001 compared to controls (with no significant differences between medicated and

unmedicated PD subjects)

Both patients and controls were questioned as to whether they had any subjective visual

complaints, such as blurred vision, double vision, or floaters. While subjects with ophthalmic
conditions were excluded from the study; subjective visual complaints were not criteria for
exclusion. The study was approved by the Institutional Review Board at the McGuire Veterans

Affairs Hospital and written informed consent was obtained from all subjects prior to testing,
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Using a video based binocular eye tracker (Eyelink 11, SR Research Ltd, Ontario,
Canada), horizontal and vertical gaze data were collected from each eye at 500 Hz. The system
utilizes infrared lights and cameras placed just below each eye, beyond the field of vision, to
track the center of the dark pupils. The system rests comfortably on the subjects head, allows
free unrestricted head movement, is quick to setup and calibrate, and allows patients to wear
their normal corrective prescription lenses. To exclude a potential contribution of head
movements to the perceived ocular instability in PD subjects, head position was simultaneously
recorded in 62 PD and 31 control subjects by means of a six degree of freedom magnetic
tracking system (trakSTAR, Ascension Technology Corp., Shelburne, VT). The magnetic
tracking system was set to sample at 125 Hz and was integrated and synchronized with the eye
tracker, The spatial resolution of the trakSTAR system is 0.5 mm in terms of position, and 0.1°
in terms of orientation.

Stimuli were presented in a darkened room on a 26" LCD monitor placed 75 cm from the
subject’s eyes, covering £20° horizontally and £13° vertically. For each subject, the height of
the display was adjusted so that the center of the screen corresponded to the center of the
pupillary plane. Calibration and validation of the eye tracker was performed on a nine point grid,
immediately before recording commenced. Data were then collected while subjects followed
approximately 100 random simple step changes in target position along the horizontal and
vertical cardinal axes. The target stimulus was a white annulus sized to occupy 0.5° of visual
angle, with a high contrast center point of 0.1° presented on a black background. Both the
timing and amplitude of step displacements were random and unpredictable. Subjects were

encouraged to close their eyes and rest between each recording to prevent fatigue.

Data were analyzed off line by a researcher blinded to the patient’s diagnosis, using an
interactive custom written plotting program (P.A.W). Fixations were analyzed for duration,
number of square wave jerks, and stability. In cases of fixation instability, the data were
subjected to a fast Fourier transform (FFT), and rhythmicity or tremor was assessed and a
fundamental frequency was determined. To further quantify the fixation instability, the root
mean square (RMS) of the velocity was computed during each fixation period. This measure
accounts for the movement in all directions and permits quantification of the variability of the

instability,
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Saccades were analyzed for duration, peak velocity, acceleration, amplitude, and
accuracy. Saccadic beginning and end points were determined by a velocity threshold set at
20°/sec, and saccadic velocity was calculated by way of a two point central difference.

Additionally, the main sequence, a well established method originally described by Bahill and

t3 ) . . . .
colleagues, was used to examine the relationship between the amplitude of a saccade and its
duration or peak velocity. In the occasional more extreme cases of fixation instability, saccadic

start and end points were judged subjectively by the investigator.

All statistical analysis was conducted using SPSS Statistics 17.0. For statistical analyses,
@ was set to 0.05. Data was assessed for normality using the Shapiro-Wilk test. Parameters that
were not normally distributed (i.e. Shapiro-Wilk p-value <0.05) were then log-transformed and
confirmed to be log-normal distributions, and analyses were run on these values. Independent
sample, unpaired, two-tailed r-tests were conducted to assess for differences between medicated,
unmedicated, and control sample groups. Levene’s test for the equality of variances was
calculated, and if the significance was found to be less than 0.05, equal variances were not
assumed. In the later instance, a Welch’s s-test was used to compare the means, which has the
ability to compensate for samples of unequal variance.

Results:
Fixation Stability:

While fixating on a target, all 112 PD patients showed persistent instability characterized by
oscillatory behavior with a mean fundamental frequency of 5.7 Hz (S.D. £1.5 Hz), ranging from
4.3 to 10.9 Hz. In contrast, 58 of the 60 control subjects (96.6%) showed highly stable fixations
characterized by minimal drift of gaze and no oscillatory behavior. Two control subjects (3.3%)
exhibited oscillatory fixation instability similar to that in PD subjects. The mean amplitude of
the fixation instability in PD subjects was 0.27° (S.D. £0.25°) horizontally and 0.33° (S.D.
+0.28°) vertically, ranging from 0.14° to 1.63°. The vertical component of the instability was of
greater magnitude than the horizontal component in 92 of the 112 subjects (82.1 %). In 71

subjects (63.3%), the maximum amplitude of the instability at times reached the 0.5° estimated

threshold for obscuring foveal vision. The amplitude of instability regularly fluctuated and was

not influenced by the gaze angle. In contrast to the amplitude, the fundamental frequency for
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each subject never varied by more than 1 Hz. All oscillatory eye movements were conjugate in
nature, with the phase locked in both eyes. Additionally, the phase of the ocular tremor
remained stable over the recordings, not resetting or shifting with saccades, blinks, or other eye
movements. Magnetic head tracking in a subset of patients affirmed that head movements did not
contribute to the ocular instability findings. Small, brief periods of translational head
movements were observed when a patient shifted in the chair, but no tremulous head activity was

found in any of the tested patients.

As a measure of the fixation instability, the mean RMS velocity during fixation was
3.72°s (8.D. £3.01) in the PD group compared to 3.07%/s (S.D. £0.41) in the control group
(p<0.0001, Fig. 9A). The absolute average velocity was 3.11°/s (S.D. +£0.26) in the PD group
compared to 1.80%s (8.D. %0.25) in the control group (p<0.001, Fig. 9B). Comparisons between

. 14,
groups for RMS velocity and absolute velocity of each eye measured separately, in both the
horizontal and vertical direction, as well as the standard deviation of velocity of both eyes in

each direction all reached significance (each at p<0.0001). As another means of displaying the

magnitude of the ocular instabilityls, From a two dimensional plot of fixation points at the origin
(not shown) there was a comparatively much larger range of movements and variability during
fixation in the medicated PD group. None of the measured fixation parameters correlated with
UPDRS part Il examination scores, tremor subscores, or disease duration. Additionally, there
were 1o differences found between medicated versus non-medicated patients in terms of
fundamental frequency (p=0.822), magnitude (p=0.551), or RMS velocity (p=0.714) of ocular
tremor. The number of square wave jerks did not differ between PD (11.2/min, S.D. £9.4) and
control (12.6/min, S.D. +8.5) groups (p=0.587).

Saccadic Parameters:

Saccadic latency to step displaced random targets did not differ between the PD (237.4 ms, S.D.
+30.8) and control (232.5 ms, S.D. £33.2) groups (p=0.776). Saccadic amplitude, velocity, and
duration also did not differ between PD and control groups. For each group, similar exponent
values were found for the main sequence duration equation (n for PD = 0.31, controls = 0.33),
and for peak velocity (C for PD = 11.2, controls = 12.6). In each group, the main sequence
equations showed a comparable exponential rise to a maximum value. Also, for both groups, the

product of saccadic duration and peak velocity showed a comparable linear relationship. Data on
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over 14,000 saccades of controls and medicated PD subjects showed no statistical difference of

the slope of regression lines for peak velocity times duration versus amplitude between the two

1
groups (Z=0.554).
Discussion:

The major finding of the present study was that using modern eye movement tracking, we

demonstrated oscillatory fixation instability in all 112 tested patients with PD. Although fixation

instability had been subjectively described in other studies,m’” its pervasiveness had not been
previously recognized nor had it been systematically quantified. Duval and Beuter '' previously
described findings of ocular tremor in PD, which did not correlate with appendicular rest tremor.
However, the authors limited their investigation to 5 cases and did not study the ocular tremor in
detail. Further, they reported monocular oscillations in 2 of the subjects, which we never
observed in our large cohort. To the best of our knowledge, our study is the first to thoroughly
describe fixation instability in a large cohort of PD patients. In difference to our study, prior
investigators chiefly focused on the disruption of fixations by square wave jerks or saccadic
intrusions in PD subjects, while reporting on the duration and mean displacement of the
fixations.'” The fact that this behavior was universally observed in every tested PD patient,
including unmedicated patients, indicates that ocular tremor is a function of the disease process
and not induced by medication. The lack of head instability in the subset of patients undergoing
head monitoring affirms that perceived ocular instability is not attributable to head related
movements, nor is it compensatory in nature.

The fixation instability in PD to an extent resembles that of pendular nystagmus, but with
notable differences. Although the fundamental frequency of the waveform and the consistency of
the fundamental frequency in each patient are consistent with that of pendular nystagmus'®, the
complexity and smaller magnitude of the waveforms in PD differ substantially from that
generally characteristic of pendular nystagmus. Pendular nystagmus is most typically purely
sinusoidal, whereas the instability in PD appears more chaotic with multiple sinusoidal
frequency components. The amplitude of the waveform in pendular nystagmus is typically an
order of magnitude larger than that in PD. Additionally, while the osciliations in pendular
nystagmus are produced by a neural integrator which resets the phase with saccades'’, the phase

of the oscillations in PD is not reset by a saccade. Largely on these bases, we feel that the
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oscillations in PD de not represent pendular nystagmus and instead we have determined that
“ocular tremor” appropriately exemplifies the fixation instability in PD. Moreover, pendular
nystagmus is typically associated with disorders of central myelin'®, spinocerebellar

2”, and visual losszl, none of which are associated with PD. Future studies will be

degeneration
required to determine whether the ocular and appendicular tremors in PD originate from similar
or different pathological loci.

Among 60 control subjects, 58 (96.6%) showed very stable fixations. The two controls
with abnormal fixations, corresponding with the two outliers in the RMS velocity box plot,
exhibited oscillatory fixation instability indistinguishable from that in patients with PD. When
their eye movements were initially recorded, neither of the two subjects noted parkinsonian
symptoms or showed objective parkinsonian signs. However, both subjects have been followed

at least yearly and one began to manifest parkinsonian features, including unilateral rest tremor

and abnormal finger tapping, at the two year follow-up examination.
In contradiction to prior reports,  patients showed no differences in frequency of square

wave jerks compared to control subjects. Although Rascol and colleaguesq suggested that 15%
of their patients showed an increased frequency, their criteria of 10 square wave jerks per minute
approximates the mean occurrence observed in both our control and PD subjects. Hikosaka and
Wurtz demonstrated changes in the firing pattern of the Substantia Nigra pars Reticulata in
response to internally driven, self paced saccades versus externally driven reactionary saccades™.
Presently, all measured saccadic parameters, including latency, peak velocity, duration, and
accuracy did not differ between PD subjects and controls for saccades made in response to
randomly step displaced targets. Additionally, saccadic measures were equivalent between the
treated and untreated patient groups. Although we would expect to see saccadic abnormalities in

2324

self paced or memory guided saccades in PD*"°*** we did not expect to see differences in

N . 112272
reflexive, externally driven saccades™*'?>%°

26,27

. Our data is consistent with these findings
previously described by others.
We have established that fixation instability is a pervasive feature in patients with PD.
During fixations, the eyes of PD patients constantly rhythmically move at an average frequency
of 5.7 Hz, in small amplitude, complex oscillations. Because the fixation instability was present

in all 112 tested patients (both medicated and de novo), and was evident in one apparently
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presymptomatic PD subject and in only one other control subject, precise oculomotor testing

could serve as a valuable physiological biomarker for diagnosing PD at an early stage.
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EXAMPLE 2
SLOWED SACCADES AND INCREASED SQUARE WAVE JERKS IN
ESSENTIAL TREMOR

Background: Eye movements in Essential Tremor (ET) are poorly described, and may present
useful information on the underlying pathophysiology of the disorder.

Methods: 60 patients with ET, including 15 de novo untreated patients, and 60 age-matched
controls comprised the study population. A video based eye tracker was used to assess binocular
eye position. Oculomotor function was assessed while subjects followed random horizontally
and vertically step-displaced targets.

Results: For all reflexive saccades, latencies were increased in ET subjects by a mean of 16.3%
(p<0.01). Saccades showed reduced peak velocities with a lengthy, wavering velocity plateau,
followed by slowed decelerations. For larger 30°+ saccades, peak velocities were decreased bya

mean of 25.2% (p<0.01) and durations increased by 31.8% (p<0.01). Patients showed more than
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triple the frequency of square wave jerks (SWJ’s) compared to controls (p<0.0001). Despite
frequent interruptions by SW1J’s, fixations were otherwise stable and indistinguishable from
controls (root mean square (RMS) velocity, p=0.324). The abnormal eye movement parameters
were independent of disease duration, tremor severity, and medication therapy.

Discussion: In contrast to normally swift onset and efficient acceleration/deceleration
movements, saccades in ET are characterized by abnormally prolonged latencies and slowed
velocity profiles. Although ET subjects maintain highly stable fixations, they are interrupted by
increased numbers of SWI’s. This study reveals novel oculomotor deficits in ET, which are
distinct from the eye movement dysfunction of other movement disorders; and demonstrated that
eye tracking can assist in the differential diagnoses of not only atypical, but also more common
movement disorders.

INTRODUCTION

Essential Tremor (ET) affects approximately 4 percent of people over 40 years of age' and is
commonly characterized by bilateral postural arm tremor, with or without tremor with action.”
The tremor predominantly involves the hands and forearms, and less commonly affects the head
or voice.”  Even though ET is considered to be the most prevalent movement disorder,” the
associated oculomotor deficits have not been well defined. In the only two published reports on
eye movements in ET,”® abnormalities were found in initiation of smooth pursuit and in
suppressing vestibular nystagmus, deficits likely attributable to cerebellar dysfunction.”®’ These
groups also reported that saccades were unaffected; however, the analysis of the collected data
suggested the need to more thoroughly investigate this relevant issue, Using comparatively more
in depth and rigorous analyses of saccades, subjects in ET were found here to show distinct
abnormalities in saccadic behavior. Moreover, the present study findings demonstrate novel
oculomotor abnormalities in ET that are distinctly different from both controls and other
movement disorders, such as Parkinson’s disease (PD). Finally, the eye movement abnormalities

lend support to the cerebellar pathophysiology of ET.
METHODS

Sixty patients diagnosed with ET (age: 63.4 years + 12.9, range: 26-88 sex: 48 (80%) males) and
60 similarly aged control subjects (65.3 years + 7.4, sex: 40 (66.6%) male) completed

oculomotor testing and comprised the study population. Patients were recruited consecutively
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from the Southeast/Richmond Veterans Affairs Medical Center Parkinson’s Disease Research,
Education and Clinical Center (PADRECC). All patients were screened by a movement disorder
specialist (M.S.B.) and considered to have ET based upon the diagnostic criteria set forth by the
consensus statement of the Movement Disorder Society.” Patients with deep brain stimulators or
significant superimposed neurological or ophthalmic conditions were excluded. Contro} subjects
were recruited among spouses, relatives, and friends and were screened and excluded if they had
any significant neurological or ophthalmic conditions. The study was approved by the
Institutional Review Board at the Hunter Holmes McGuire Veterans Affairs Hospital and written

informed consent was obtained from all subjects prior to testing.

Among the 60 study patients, the average duration of tremor was 11.3 years (S.D. £ 13.7). To
maintain consistency across other studies in our center, tremor severity was scored (0 to 4)
according to the Unified Parkinson’s Disease Rating Scale (UPDRS) Examination item 21,
Action or Postural Tremor of Hands, and averaged 1.9 (£ 0.9). See Table 3 for a summary of
subject enrollment.

Table 3. Subject Enroliment

Essential Tremor (n=60) Controls (n=60)

Age (years) 63.4+129 653+74
Duration of symptoms (vears) 11.3+13.7 -
Gender: number of males (%) n=48 (80%) n=40 (66.6%)

Postural tremor score 1.9+0.9 -
Square wave jerks per minute 26.9 £ 20.0* 84483
Saccadic latency (ms) 255.3 1 80.9%* 2208 + 46.4
Q-ratio of saccades (peak/mean 23747 65% 181039

velocity)

* Statistically significant with a maximum p<0.01

Mean =+ standard deviation

At the time of testing, 45 patients (75%) were medicated for tremor and benefitted from single

agents: 21 (35%) were receiving topiramate, 12 (20%) a B-blocker, and 12 (20%) primidone. Of

the 15 untreated patients, 8 subsequently initiated treatment and all exhibited improvement of

clinical symptoms at follow-up examinations.

Binocular horizontal and vertical eye position were recorded at 500 Hz using a video based eye

tracker (Eyelink II, SR Research Ltd) with a reported resolution of 0.01° root mean square

(RMS). The system tracks the center of the dark pupil utilizing infrared light and two cameras
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placed just below each eye, beyond the field of vision. The eye tracker system rests comfortably
on the subject’s head and is quick to setup and calibrate. To account for potential head
movement, head position was recorded (at 125 Hz) with a six degree of freedom magnetic
tracking system (trakSTAR, Ascension Technology Corp, Shelburne, VT) and synchronized with

the eye position recordings.

Subjects were seated in a darkened room in front of a 26 inch diagonal LCD menitor placed 75
cm from their eyes and covering  20° horizontally and + 13° vertically. The height of the
monitor was adjusted so that the center of the screen corresponded to the center of the pupillary
plane. Subjects were asked to fixate on a target stimulus and calibration and validation of the
eye tracker was performed at three points along each of the cardinal axes, four times per subject,
or until the reported gaze error was less that 0.5°. The target stimulus was a white dot sized to
occupy 0.2° of visual angle on a black background. Eye and head position data were
subsequently collected while subjects followed approximately 100 random and unpredictable
discrete step changes in target position along the horizontal or vertical cardinal axes. Subjects
were encouraged to close their eyes and rest between each recording to prevent fatigue. Patients

were assessed while taking their prescribed medications,

Data were analyzed off line by a researcher blinded to the patient’s diagnosis, using an
interactive custom written plotting program (P.A.W). Fixations were analyzed for duration and
stability. Saccades were analyzed for duration, peak velocity, acceleration, amplitude, and
accuracy. Saccadic beginning and end points were determined by a velocity threshold set at
20°/sec and saccadic velocity was calculated by way of a two point central difference. Saccadic
gain (accuracy) was calculated by the dividing the amplitude of the initial reflexive saccade by
the amplitude of the target displacement. The main sequence, a well established method
originally described by Bahill and colleagues,'” was used to examine the relationship between
the amplitude of a saccade and its duration and peak velocity. Additionally, Q-ratios (peak/mean
velocities) were calculated. Normal values'' are between 1.8 and 2.0 and values above 2.0
indicate single or multiple transient decelerations, with larger values signifying increasing

. bl
amounts of deceleration."

All statistical analysis was conducted using SPSS Statistics 17.0. For statistical analyses, o was

set to 0.05. Data were assessed for normality using the Shapiro-Wilk test. Parameters that were
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not normally distributed (Q-ratio, saccadic duration at various amplitudes) were then log-
transformed and confirmed to be log-normal distributions, and analysis was run on these values.
Independent sample, unpaired, two-tailed z-tests were conducted to assess for differences
between ET and control population data. Levene’s test for the equality of variances was
calculated and if the significance was found to be less than 0.05, equal variances were not
assumed. In the later instance, a Welch’s r-test was used to compare the means, which has the
ability to compensate for samples of unequal variance. ANOVA were used to assess differences
between different pharmaceutical therapies.

RESULTS
Fixation Stability

Subjects with ET showed highly stable ocular fixations, comparable to controls. Root mean
square (RMS) velocity, an excellent measure of ocular stability during fixation,'” did not differ
between subjects with ET (2.83  0.88) and controls (2.99 + 0.57, p=0.331). Head tremor was
detected with the magnetic tracking system in two ET subjects. Large amplitude head tremor
was readily evident clinically in one subject. In the other subject, head tremor was detected first
with the magnetic tracking system, and upon clinical reevaluation, a subtle head tremor was
noted. Due to potential activation of the vestibulo-ocular reflex, the data from those two subjects
were excluded specifically from fixation stability analyses. Since head tremor would not affect

other oculomotor parameters, data from these two subjects were included in subsequent analyses.

Although otherwise stable, the fixations of ET subjects were interrupted by an increased
occurrence of square wave jerks (SWJ’s, p<0.0001). During fixation, subjects with ET exhibited
on average 26.9 £ 20 SWI’s/min compared to 8.4 + 8.3 in controls (Figure 10). Fundamental
characteristics of the SW1I’s, including mean amplitudes (0.62° + 0.31, range: 0.13°-2.16° in ET
subjects, 0.58° : 0.23, range: 0.14°-1.56° for controls) and durations (257.8 + 89.1 ms, range:
72-536 ms for ET subjects, 265.6 + 91.3 ms range: 108-628 ms for controls) did not differ

between patients and controls (p=0.19, and p=0.22 respectively).

Saccadic Dynamics
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Latency. Latency to initiate reflexive saccades was increased by a mean of 16.3% (p<0.01) in
ET patients (255.3 + 80.9 ms) compared to controls (220.8 + 46.4 ms). Figure 12 shows a

boxplot of these differences.

Velocity and duration. Peak saccadic velocities were appreciably reduced and saccadic durations
increased across ET subjects compared to controls. Figure 12 shows examples of saccadic
velocity profiles of study subjects, illustrating the normal, bell shaped, slightly positively skewed
curves, with a single velocity peak in control subjects.'” In contrast, ET subjects
characteristically showed reduced peak velocities, and a lengthy fluctuating plateau of velocity,
followed by slowed final decelerations. Using main sequence comparisons, a well established
means to define saccadic differences,”” Experimental data (not shown) demonstrated prominent
reductions in peak saccadic velocities relative to saccadic amplitude in ET subjects compared to
controls. While affecting all amplitudes, dynamic differences of saccades progressively increase
as saccades become larger, with peak velocities for amplitudes of 30° or larger saccades reduced
by 25.2% in ET subjects compared to controls (p<0.01). The divergent main sequence
regression lines (data not shown) demonstrated progressively greater differences between ET
subjects and controls in saccadic duration with increasing movement amplitude (31.8% for 30°
or larger saccades, p<0.01). The Q-ratio of saccades (peak velocity/mean velocity), used to
quantify and detect abnormalities of the velocity waveform of a saccade,'! was on average 30.9%

larger in ET subjects (2.37 £ 2.65) than controls (1.81 + 0.39, p<0.001).

Accuracy. Saccadic gain (amplitude of primary saccade / amplitude of target displacement) did
not differ between ET subjects (0.95 & 0.08) and control subjects (0.95 = 0.09, p=0.297).

I5 patients (25%) had SWJ’s that were 2 S.D. above the control mean. 11 patients (18.3%) had
latencies that were 2 S.D. above the control mean. 7 patients (11.6%) had a Q-Ratio that was 2
S.D. above the control mean.Of the above mentioned subjects with values more than 2 standard
deviations from the control mean, none of those had both Q-Ratios and latencies 2 deviations
away. However, 4 subjects had Q-Ratio and SWJ's that were both 2 standard deviations from
the control mean, and 4 other subjects had latencies and SWJ°s that were 2 standard deviations
from the control mean. None of the subjects had all three categories 2 S.D. above the control
mean. Of these patients with values 2 S.D. above the control mean, there was a very weak

negative correlation between SWJ’s and postural tremor scores (R’: -0.14), with a slightly

32



WO 2014/159498 PCT/US2014/023923

stronger negative correlation between SWJ’s and action tremor (-0.21), There was no correlation

between tremor scores and Q-Ratios or latencies.

All of the oculomotor measures were independent of disease duration, severity of tremor, and
gender, both individually and as a group. Further, individual ANOVA, comparing de novo
untreated, topiramate, primidone, and B-blocker treated subjects, show that differences in
saccadic latencies (F=0.521, p=0.671), SWJ’s (F=0.310, p=0.817), and Q-ratios (F=0.471,
p=0.704) were not influenced by ET targeted therapies (post-hoc power analyses revealed power
(1-1} err prob) > 0.999),

DISCUSSION

The major finding in this study was that ET is associated with abnormalities in saccadic
dynamics, including slowed peak velocities and prolonged durations. Additionally, ET subjects
were observed to maintain stable fixations, which however are interrupted by more than triple
the normal number of SWJ’s. These abnormal oculomotor features were independent of disease
duration and tremor severity. Furthermore, there were no differences in eye movement
parameters between de novo untreated subjects and those taking tremor targeted medications,
grouped together or by specific medications, suggesting that these abnormalities are inherent to
the disease. To our knowledge, this is the first study to reveal appreciable saccadic abnormalities

and increased SWJ1's in ET.

In distinction from the highly efficient acceleration-deceleration movements observed in control
subjects, saccades in ET subjects are characterized by lengthy, reduced, fluctuating peak
velocities, and slowed final decelerations resulting in prolonged total movement times. Although
present at all amplitudes, these saccadic abnormalities became progressively more evident as the
amplitude of the saccade increased. Additionally, despite having abnormally altered movement
dynamics, ET subjects, importantly, are nonetheless able to accurately capture step-displaced
visual targets, as reflected by saccadic gains equal to that of normal controls. Finally, saccadic
latencies were modestly prolonged in ET subjects by an average of 16.3% relative to control

subjects.

In conflict with our findings, Helmchen and colleagues® found no abnormalities in saccadic

latencies and velocities in ET subjects. The investigators however specifically assessed only
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10° and 20° saccades rather than a continuum of amplitudes, analyzed only 20 saccades from 17
patients and 11 controls, and the main sequence and Q-ratios were not calculated. Conceivably,
the comparatively greater statistical power in our study (~12,000 versus ~560 saccades) largely
accounts for why we found differences in saccades, while Helmchen and colleagues did not.
Although actual statistical values were unreported for the saccadic portion of that manuscript,
their table possibly suggests that Helmchen et. al. had similar findings to this study, but the
differences we subtle enough as to not reach significance. According to the values in their table,
subjects with ET appeared to show lower peak saccadic velocities compared to controls, as well
as slightly increased saccadic latencies in a subset of ET subjects with intention tremor.
Additionally, ET subjects in their study appear to have normal saccadic gain, also consistent with
our findings. Since all of the findings we report here are subtle changes from normal, we suggest
that the discrepancies between the two reports are likely to be accounted for by differences in
statistical power, despite similar results. Trillenberg et al.” reported that saccadic gain was
normal in subjects with ET, which our findings confirm. Yet, in discrepancy with our study
findings, the authors did not observe abnormalities in saccadic latency. Notably, Trillenberg and

colleagues however only investigated a single saccade from each of just 12 subjects with ET.

The frequency of SWI’s has been previously reported to be increased in many neurological

14,15 Although ET subjects were

disorders and is generally attributed to cerebellar involvement.
observed presently to show more frequent SWJ’s, their fixations were otherwise normally stable
and therefore, would not necessarily be expected to be clinically relevant.'® Additionally, the

characteristics of individual SWI’s were not altered in ET subjects compared to controls.'®!?
Further, features of the SWI’s, apart from their frequency, are consistent with what has been

17,18

reported in controls' ' and other disorders."

In addition to the increased SWJ’s, findings of transient slowing of saccades may support a
principal role of cerebellar purkinje cells (PC) in the pathogenesis of ET. Although not uniformly

22! the prevailing pathological finding in ET brains has been reduced numbers of PCs,

found,
along with increased PC axonal swellings (“torpedoes™).*>**** Furthermore, in late onset Tay-
Sachs (LOTS), in which PCs in the vermis appear to be largely destroyed,25 saccades are

similarly characterized by transient slowing of saccadic velocities;*** albeit, more profoundly

compared to ET cases. Moreover, findings of transient slowing of saccades in ET and LOTs are
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consistent with current theories suggesting that normally precisely timed inhibitory signals from

PCs in the vermis “choke off” saccadic drive signals originating from the superior colliculus.?*?*

The presently defined abnormal oculomotor dynamics in ET are distinctly different from those
previously seen in Parkinson’s disease (PD) using the same protocols.”” In difference to the eye
movement abnormalities in ET, subjects with PD exhibit normal latencies and movement
dynamics during reflexive saccades. Further, PD subjects show normal frequencies of SWJ’s,
while exhibiting characteristic highly unstable, oscillatory fixations. Although
unconfirmed,****** this distinctive ocular tremor was suggested to be highly sensitive for
distinguishing PD patients from control subjects. '’ Though the presently defined oculomotor
abnormalities similarly largely distinguished subjects with ET from controls, there was
nevertheless appreciable overlap between these two groups. One potential explanation for this
overlap is that the present distinguishing ocular findings represent relative differences rather than
being unique to those with ET. Another possibility is that since ET is likely to represent a
heterogeneous disorder*®, those with the presently defined abnormal eye findings may represent
a specific pathological subset of the disorder. Since SWI’s are a normal phenomenon, with
appreciable overlap in frequencies among ET patients and healthy controls, slowed saccades are
a primary feature of ET (as demonstrated herein), while an increased frequency of SWJ’s is a
secondary or supportive feature. As saccade velocity by itself cannot fully separate all controls
from ET subjects, numbers of SWJ’s, as well as saccadic latencies, can be helpful distinguishing
features of ET. Particularly early in the course of the disease, differentiating between tremor due
to ET versus PD can be difficult even for experienced movement disorder specialists.”*%373%
However, since the oculomotor abnormalities in ET are distinctly different from those in PD,

sensitive oculomotor testing will be valuable in differentiating these conditions.

Eye movements in ET are characterized by an increased frequency of SWJ’s, which interrupt
otherwise stable fixations, and by delayed initiation of saccades, with reduced, wavering peak
velocities and prolonged, though accurate movements. While none of these features are of
sufficient magnitude to be detectable on routine ophthalmological examinations,**** the extent to
which these abnormalities could potentially negatively impact normal visual function remains to
be defined. The present study findings show that oculomotor testing is a valuable means to assist

in the clinical differential diagnosis of ET.
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CLAIMS

1. A computer implemented method for diagnosing or confirming a diagnosis of one or
more neurological diseases, disorders, or injuries, or for monitoring a treatment regimen of said

one or more neurological diseases, disorders, or injuries, comprising the steps of;

detecting horizontal and vertical positions of one or both eyes of a subject in

response to fixed and moving light stimulus using an eye tracking device;

determining from data detected in said detecting step using one or more
computers or computer networks, one or more values for saccadic measurements and one or
more values of either or both fixation measurements or measurements associated with

interruptions;
comparing, using said one or more computers or computer networks,

said one or more values for saccadic measurements with stored values or
value ranges for subjects which suffer from said one or more neurological diseases, disorders, or

injuries, and

said one or more values of either or both fixation measurements or
measurements associated with interruptions with stored values or value ranges for subjects which

suffer from said one or more neurological diseases, disorders, or injuries; and

outputting at least one match for said subject based on said comparing step to

either a normal response or to said one or more neurological diseases, disorders or injuries.

2. The computer implemented method of claim 1 wherein said one or more values for
saccadic measurements selected from the group consisting of peak velocity, latency, and

saccadic metrics.
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3. The computer implemented method of claim 2 wherein said peak velocity is assessed
as one or more of a normal peak velocity, a slowed peak velocity, a severely slowed peak
velocity, a slowed vertical velocity, an increased peak velocity, an increased variability of peak

velocities, and an increased ratio of peak velocity relative to average velocity (Q-ratio).

4. The computer implemented method of claim 2 wherein said latency is assessed as one

or more of normal latency, slightly increased latency, and severely increased latency.

5. The computer implemented method of claim 2 wherein said saccadic metrics are
assessed as one or more of normal metrics, hypometric to target movement, hypermetric to target

movement, and dysmetric.

6. The computer implemented method of claim 2 wherein saccadic measurements further
include one or more of lack of saccadic prediction for temporally guided saccades, paucity of self
guided intrinsic saccades, vertical ripple during horizontal saccades, and uniltateral saccade

deficits.

7. The computer implemented method of claim 1 wherein said one or more values for
saccadic measurements includes at least a plurality of values and where said saccadic
measurements are selected from the group consisting of peak velocity, latency, and saccadic

metrics.

8. The computer implemented method of claim 7 wherein said one or more values of
either or both fixation measurements or measurements associated with interruptions are selected
from the group consisting of stable fixations, pervasive ocular tremor, complex fixation

instability, high frequency fine amplitude chaoctic tremor, chaotic fixations, vertical control, drift
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during fixation, increased frequency of square wave jerks, single pulse saccadic intrusions,

double pulse saccadic intrusions, macro saccadic oscillations, and increased blink rate.

9. The computer implemented method of claim 1 wherein said one or more values of
either or both fixation measurements or measurements associated with interruptions are selected
from the group consisting of stable fixations, pervasive ocular tremor, complex fixation
instability, high frequency fine amplitude chaotic tremor, chaotic fixations, vertical control, drift
during fixation, increased frequency of square wave jerks, single pulse saccadic intrusions,

double pulse saccadic intrusions, macro saccadic oscillations, and increased blink rate.

10. The computer implemented method of claim 1 wherein said one or more values of
either or both fixation measurements or measurements associated with interruptions includes at
least a plurality of values which are selected from the group consisting of stable fixations,
pervasive ocular tremor, complex fixation instability, high frequency fine amplitude chaotic
tremor, chaotic fixations, vertical control, drift during fixation, increased frequency of square
wave jerks, single pulse saccadic intrusions, double pulse saccadic intrusions, macro saccadic

oscillations, and increased blink rate.

11. The computer implemented method of claim 1 wherein said determining step and
said comparing step are performed by said one or more computers or computer networks to
determine whether said subject has one or more of a smooth pursuit gain, a wandering gaze, and
volitional movements to prevent recording, and to compare determinations with stored
information for subjects which suffer from said one or more neurological diseases, disorders, or

injuries.

12. The computer implemented method of claim 1 wherein said one or more

neurological diseases, disorders or injuries are selected from the group consisting of Parkinson’s
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disease, essential tremor, Parkinson’s disease plus essential tremor, small vessel ischemia,
multiple system atrophy, progressive supranuclear palsy, cortical basal ganglionic degeneration,

drug-induced tremor, normal pressure hydrocephalus, and malingering.

13. The computer implemented method of claim 1 wherein said match is outputted at a
pre-clinical or pre-symptomatic state for said one or more neurological diseases, disorders or

injuries for said subject.

14. The computer implemented method of claim 1 wherein each of said steps are
performed periodically after diagnosis and the beginning of a treatment regimen for a
neurological disease, disorder or injury, and each outputted match is assessed for improvement

or non-improvement during said treatment regimen.

15. The computer implemented method of claim 1 wherein said neurological disease is

Parkinson’s disease,

wherein said one or more values of either or both fixation measurements or

measurements associated with interruptions includes pervasive ocular tremor,

wherein said one more values of saccadic measurements includes peak velocity

and saccadic measurements, and

wherein Parkinson’s disease is diagnosed by presence of pervasive ocular tremor
and absence of abnormalities in peak velocity and absence of hypometric or hypermetric

saccadic measurements.

16. The computer implemented method of claim 1 wherein said neurological disease is

essential tremor,
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wherein said one or more values of either or both fixation measurements or

measurements associated with interruptions includes pervasive ocular tremor,
wherein said one more values of saccadic measurements includes peak velocit,

wherein essential tremor is diagnosed by absence of pervasive ocular tremor and

presence of a slowing of saccadic velocity with a wavering plateau of velocity.

17. A computerized system for diagnosing or confirming a diagnosis of one or more
neurological diseases, disorders, or injuries, or for monitoring a treatment regimen of said one or

more neurological diseases, disorders, or injuries, comprising:

an eye tracking device for detecting horizontal and vertical positions of one or

both eyes of a subject in response to fixed and moving light stimulus;

one or more computers or computer networks which receive data from said eye

tracking device for
determining
one or more values for saccadic measurements, and

one or more values of either or both fixation measurements or

measurements associated with interruptions, and
comparing

said one or more values for saccadic measurements with stored
values or value ranges for subjects which suffer from said one or more neurological diseases,

disorders, or injuries, and

said one or more values of either or both fixation measurements or
measurements associated with interruptions with stored values or value ranges for subjects which

suffer from said one or more neurological diseases, disorders, or injuries; and
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an output device which outputs at least one match for said subject based on a
comparison to either a normal response or to said one or more neurological diseases, disorders or

injuries.

18. The computerized system of claim 17, wherein said saccadic measurements are

selected from the group consisting of peak velocity, latency, and saccadic metrics.

19. The computerized system of claim 17 wherein said fixation measurements or
measurements associated with interruptions are selected from the group consisting of stable
fixations, pervasive ocular tremor, complex fixation instability, high frequency fine amplitude
chaotic tremor, chaotic fixations, vertical control, drift during fixation, increased frequency of
square wave jerks, single pulse saccadic intrusions, double pulse saccadic intrusions, macro

saccadic oscillations, and increased blink rate.

20. The computerized system of claim 17 wherein said one or more computers or
computer networks to determine whether said subject has one or more of a smooth pursuit gain,

a wandering gaze, and volitional movements to prevent recording.

21. The computerized system of claim 17 wherein said one or more neurological
diseases, disorders or injuries are selected from the group consisting of Parkinson’s disease,
essential tremor, Parkinson’s disease plus essential tremor, small vessel ischemia, multiple
system atrophy, progressive supranuclear palsy, cortical basal ganglionic degeneration, drug-

induced tremor, normal pressure hydrocephalus, and malingering.

22. A non-invasive quantifiable method for detecting changes in the brain caused by a

variety of neurological diseases and disorders, comprising the steps of:
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using an eye tracking device to simultaneously measure horizontal and vertical

positions of one or both eyes of a patient;

receiving by a computer system data output by the eye tracking device and
performing by the computer system a series of algorithms for the detection, identification and

analysis of specific eye movement types and eye parameters; and

examining by the computer system using a decision matrix correlations between

eye measurement parameters and likely neurological disorder or deficit.

23. The method of claim 22, further comprising a pre-processing step of identifying
existence of blinks and other artifacts that may be present before performing the series of

algorithms in order to prevent data with artifacts from being analyzed.

24. The method of claim 23, further comprising the steps of:

differentiating by the computer system position data from the pre-processing step

to obtain a velocity signal using a two-point central difference method;

differentiating by the computer the velocity signal to obtain an acceleration

signal;

applying by the computer system thresholds for minimum and maximum position
change, velocity and acceleration to detect presence and precise time location of start and stop

points of each saccadic eye movement and storing saccadic eye movement results; and

performing by the computer system a saccadic analysis including determining one
or more of saccadic duration, peak saccadic velacity between saccadic start and stop times, peak
acceleration at saccadic start, peak deceleration a saccadic stop, average velocity between

saccadic start and stop time, and saccadic amplitude between saccadic start and stop times.
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25. The method of claim 24 further comprising as part of the saccadic analysis step the

step of performing by the computer system a reading analysis.

26. The method of claim 25 wherein the step of performing a reading analysis comprises

the steps of:

storing a number and amplitude of left to right saccades and incrementing a first

storage counter;

storing a number and amplitude of right to left saccades and incrementing a

second storage counter;
storing an amplitude of return sweep and incrementing a third storage counter;
storing fixation duration and incrementing a fourth storage counter;

storing fixation stability measures, where intersaccadic interval defines behavior

of the eye during periods of fixation and/or smooth pursuit eye movement; and

storing reading speed measuring in words per minute (WPM) and characters per

minute (CPM) and incrementing a fifth storage counter.

27. The method of claim 22 wherein the intersaccadic interval is analyzed by the
computer system by determining intersaccadic interval (IST) based on time from end of previous

saccade to start of next saccade, further comprising the steps of:

determining mean eye position during intersaccadic interval, storing eye position

and incrementing a sixth storage counter;

determining root mean square (RMS) eye position during IS, storing RMS eye

position and incrementing a seventh storage counter;

determining magnitude and direction of eye position during ISI, removing offset

bias, storing magnitude and direction angle, and incrementing an eighth storage counter;
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determining a mean velocity of eye during ISI, storing mean eye velocity and

incrementing a ninth storage counter;

determining absolute mean eye velocity during ISI, storing absolute mean eye

velocity and incrementing a tenth storage counter;

determining RMS eye velocity during ISI, storing RMS eye velocity and

incrementing an eleventh storage counter;

receiving target position and velocity and computing smooth pursuit gain where
gain is equal to response velocity divided by target velocity, storing pursuit gain and

incrementing a twelfth storage counter;

determining saccadic amplitude based on mean eye position before and after

saccades, storing average saccadic amplitude and incrementing a thirteenth storage counter;

determining spectral components using discrete Fourier transform (DFT) analysis,

storing DFT spectral components and incrementing a fourteenth storage counter; and

determining location and amplitude of saccadic intrusions, storing location and

amplitude of saccadic interusions and incrementing a fifteenth storage counter.

28. The method of claim 22, wherein the step of examining by the computer system using
a decision matrix outputs a diagnosis selected from the group consisting of: normal, Parkinson’s
disease, essential tremor, Parkinson’s disease plus essential tremor, small vessel ischemia,
multiple system atrophy, progressive supranuclear palsy, cortical basal ganglionic degeneration,

drug-induced tremor, normal pressure hydrocephalus, and malingering.

29. The method of claim 22 wherein pupillary size is measured by said eye tracking

device in said using step.
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