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METHODS AND KITS FOR DIAGNOSING, ASSESSING OR QUANTITATING DRUG
USE, DRUG ABUSE AND NARCOSIS, INTERNUCLEAR OPHTHALMOPLEGIA,
ATTENTION DEFICIT HYPERACTIVITY DISORDER (ADHD), CHRONIC
TRAUMATIC ENCEPHALOPATHY, SCHIZOPHRENIA SPECTRUM DISORDERS
AND ALCOHOL CONSUMPTION

FIELD OF THE INVENTION

|0001] The present invention rclates to methods and kits for diagnosing, asscssing or quantitating
drug use, drng abuse, and narcosis and for differentiating narcosis from brain injury such as
structural and non-structural traumatic brain injury and for screcning for, diagnosing, and
assessing the same, for diagnosing und assessing internuclear ophthalmoplegia (INO) in a subject
by tracking eyve movement, for diagnosing and assessing attention dcficit hyperactivity disorder
(ADHD), chronic traumatic encephalopathy, and schizophrenia spectrum disorders in a subject
by tracking cye movement, and for detecting, screening for or quantifying alcohol consumption

and intoxicalion in a subject by tracking eye movement.

BACKGROUND OF THE INVENTION

Automated Eye Movement Tracking

10002] Automated eye movement tracking has been used for marketing and adverlising research,
the development of assistive devices for immobile individuals, and for video games. Spatial
calibration of the device requires the subject to have relatively inlacl acular motility that implies
function of cranial nerves II (optic), 11l {oculomotor), IV (trochlear) and VI (abducens) and their
associated nuclei as well as sutficient cerebral function to enable cognition and volition for

calibration.

19003 Others have successfully demonstrated the clinical applications of eye movement data
(I.ee et al., Brain Research. 2011; 1399:58-65; Contreras ef af., Brain Research 2017; 1398:55-
63; Marwta ef ul., The Journal of Head Trauma Rehabilitation 2010; 25(4):293-305). Trojano et
al , .J Neurol 2012; (published online; ahead of print) recently described uncalibrated eye
movement measurements in a population of minimally conscious and persistently vegetative

patients. They report data from 11 healthy conirol subjects evaluating chronic disorders of
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conscionsness, not acute changes in intracranial pressure. They sample eye movemenis at 60 Hz
rather than 500 Hz, cffcctively reducing the power of their data 100-fold, and they repart
differences in on-target and off-target fixations between the groups without spatially calibrated

data. Moreover, they use static stimuli maving in a quasi-periodic way.

[0004] Eye movement tracking for neuropsychiatric and brain injury research (Heitger, et af.,
Brain, 2009; 132: 2850-2870; Marula, ef ol., J Head Trauma Rehabil, 2010; 25: 293-305) has
been performed for nearly 30 vears and can evaluate smooth pursuit, saccades, fixation, pupil
size and other aspects of gaze. Spatial calibration of the eye tracker is generally performed for
each individual being tracked. With calibration, the eye-tracker measures the relative position of
pupil and corneal reflection for a period of aboutr 400-800 ms while the subject looks at a target
or targets of known position to generate meaningful spatial coordinates during subsequent pupil
movement. The process of spatial calibration implics relatively preserved neurologic function

because it requircs that the subject is able to follow commands and look at specific points.

[6005] Tt is conceivable that the process of spatial calibration may mask delicits in ocular
motility. If there is a persistent and replicable weakness in movement of an eye, the camera will
interpret the cye’s ahility to move in the direction of that weakness as the full potential range of
wotion in that direction due to the calibration process. In other words if the subjeet is directed to
look at a position but consistently only moves halfway there, the calibration process will aceount
for that when tracking subsequent eye movements and interpret movements to the hallway point
as occurring al the [ull range of normal motion, If during calibration one cyc only makes it half-
way to the target, bul Lhe other eye is [ully there, the camera will interpret both eyes as being
together when one performs half the eye movement as the other. Thus binocular spatial
calibration may preclude detection of disconjugate gaze unless each eye is calibrated separately

using a dichoptic apparatus (Schotter, ef al., PLoS One, 2012; 7: e35608).

Conjugacy of Eve Movement

[0006] Conjugate gaze is the motion of both eyes in the same dircetion at the same time.

Conjugate paze is believed o be controlled by the following four different mechanisms: the



CA 02957384 2017-02-06

WO 2016/022414 PCT/US2015/043083

saceadic system that allows for voluntary direction of the gaze, the pursuit system that allows the
subject to follow a moving object, the optokinctic system hat restores gaze despite movements
of the outside world, and the vestibulo-ocular reflex system (VOR system) that corrects for the

movements of the head to preserve the stable visual image of the world.

[0007] Disconjugate gaze or strabismus is a failure of the eycs to turn together in the same
direction. Normal coordinated movements of the eyes produces conjugate gaze, in which the
eyes are aligned for binocular 3-dimensional vision. Misalignment results in loss of this vision.
With the visual axis of each eye fixated on a different point, diplopia (or double vision) usually
results and may be perceived as a blurred image if the two images are very closely aligned.
However, if the image [rom the weaker cyc is suppressed by higher cortical centers, there is only
one image with loss of visual acuity (or a blurred image). Pathalogy usually resides either in the
oculomotor muscles ot their neuronal pathways including the medial longitudinal fasiculus, the
paramedian pontine rcticular formation, the medullary reticular formation, the superior

colliculus, or the cranial nerves UL, IV, or VI or their nuclei.

[0008] Assessment of eye movement conjugacy is cormmoenly performed by primary care
physicians, neurologists, ophthalmologists, neurosurgeons, emergency medicine doctors, and
{rauma surgeons to rapidly assess global neurologic functioning. In stable patients,
ophthalmologists and ncurologists perform more detailed examination to assess the alignment of
the eyes such as the cover test and Hirschberg corncal reflex test.  Other tests used to assess
binocular conjugacy include the 'Titmus House Fly test, Lang’s sterco test, the Hess screen, ted-
filter test, Maddox rod evaluation and I.ancaster red-green test. In young children, who may be
less cooperative with an examiner, binocular gaze conjugacy may only be assessable with
simpler algorithms, such as following an object moving in a set trajectory (Cavezian, ef af., Res
Dev Disabil., 2010; 31 1102-1108). When such tests are performed in conjunction with the
remainder of the neurophthalmic and physical evaluation, one can localize neurologic lesions
and quantitatc ocular molility deficils with great accuracy. Despite this capability, these tests are
not used routinely in the emergeney setting due to the need for 4 {rained practitioner to
administer them, the requirement for sophisticated equipment, and the urgent nature of many

neurologic disorders.



[0009] Assessment of binocular gave conjugacy in primates for research purposcs is petformed
with the magnetic scarch coil technique requiring coils implanted into the bulbar conjunctiva
(Schulte, ef al., J Neurophysiol, 2013; 109: 518-545). This technique was first described by
Fuchs and Robinson in 1966 (Fuchs, ¢t al., J Appl Physiol., 1966; 21 1068-1070) and can also
be performed in humans (itled with sclera search coils designed specifically for tracking eye

MOVements,

[0010] Experimentally, spatially calibrated eye movement tracking using the Bouis oculometer
(Bach, ef al, J Neurosci Methods, 1983; 9: 9-14), which requires that the head is rigidly fixed,
shows that healthy seven year old children have increased disconjugacy of eye movement during
saccades relative 1o adults whilc both perform a reading task (Bucci, et a/., Vision Res., 2006; 46
457-466). Research on disconjugacy during reading can he performed using a dichoptic
apparatus in which the individual eyes are spatially calibrated separately and presented with
stimuli to assess movements separately for simultaneous comparison to cach other (Schotter, ef
al., PLoS One, 2012, 7: €35608). 1.8 Provisional Application No. 61/881,014, filed Scptember
23,2013 teaches
methods for tracking eyve movement, and methods and kits for asscssing conjugacy and
disconjugacy ol gaze and strabismus,

Brain Injury

[0011] One of the problems associated with the study of outcomes after brain injury, is the
heterogeneous nature of such injury in terms of etiology, anatomic sequelae, and physiologic and
psychologic impact. ‘The etiology of injury affects the anatomic sequelae and ranges [rom global
mechanisms such as acceleration/deceleration and blast, to potentially more focal mechanisms
such as blunt impact and penetrating trauma. Some injury mechanisms rcsult in structural
changes to the brain that can be visualized using conventional imaging such as MRI and CT

suan, while other injuries appear radiographically normal,
[0012] Acceleration/deecleration injury may result in structurally visible coup/contrecoup

injuries and less visible diffuse axonal injury (DAX) (Cecil, et al. . Journal of Neurosurgery,
1998; 88: 795-801) Acceleration/deceleration is also thought to be one of the potential

Date Regue/Date Received 2022-03-01
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mechanisms for concussion which is the mast common form of civilian radiographically normal
brain injury (Bayly, et al., Journal of Neurotrauma, 2005, 22 845-856; Daneshvar, et af,,
Physical Medicine and Rehabilitation Clinics of North America, 2011; 22: 683-700).
Concussion is brain injury, most oflen resulting from blunt impact, in the absence of structural
abnormality by conventional radiographic imaging such as computed tomography (CT) scan
(McCroty, et al., The Physician and Sports Medicine, 2009; 37: 141-159). Concussion may
include transient loss or disruption of neurologic function. The term “subconcussion” may be
used to describe the sequelae of brain injury in the absence of transient loss or disruption of
nevrologic function, Both concussion and subconcussion as well as blast injury may be termed

“pon-structural” brain injury,

[0013] Blast injury rcsembles blunt impact brain injury in that both may be associated with
radiographically apparent cerebral edema and intracranial hemorrhage, however with blast
injury the edema onset may be more rapid and severe, and there is greater likelihood of clinical
vasaspasm (Armonda, et al., Neurosurgery, 2006; 59: 1215-1225). Blast injury is very
frequently radiographically normal, yet mild or moderate blast injury is strongly associated with
post-traumatic stress disorder and other cognitive dysfunctions (Cernak, et al., The Journal of
Trauma, 2001; 50: 695-706). The actual cause of blast brain injury is suspected to be
multifaclorial and ofien resulls in DAT (Leung, et af., Mol Cell Biomech, 2008; 5: 155-168). A
shock wave resulling [rom pressurc changes caused by the explosion impacts both cranial and
non-cranial structures (Cowrtney, ef al., Medical Hypotheses, 2009; 72: 76-83; Bauman, ef al,,
Journal of Newrotrauma, 2009; 26 841-860). Blast injury affecls the bruin (hrough several
mechanisms: primary brain injury caused by blast-wave induced changes in atmospheric
pressurc directly impacting the brain; sccondary injury resulting from objects put in motion by
the blast that impact the head, and tertiary injury resulting from the victim striking the head
upon falling or being propelled into a solid object (Warden, The Journal of Head Trauma
Rehabilitation, 2006; 21: 398-402).

[0014] Blunt impact and penetrating trauma can result in both diffuse and focal injury. One

mechanism by which focal brain injury leads to neurclogic damage is cortical spreading
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depression (1lartings, er al., Jowrnal of Neurotrauma, 2009; 26: 1857-1866), which is currently

only thought mcasurable using invasive means.

[0015] Brain injury may be associated with short term sequelae including headaches and
memory problems, and longer term problems including dementia, Parkinsonism and motor-
neuron discase (Dareshvar, ef ¢f., Physical Medicine and Rehabiiitation Clinics of North
America, 2011, 22: 683-700). Both concussion and mild blast injury may be associated with
post-traumatic stress disorder and cognitive impairment (Taber, et al., The Journal of
Neuropsychiarry and Clinical Newrosciences, 2006; 18: 141-145). Clinical tests for concussion
show poor test reliability (Broglio, ef al., Journal of Athletic Training, 2007; 42: 509-514) and
thus concussion remains a diagnosis that is difficult to treat because it is difficult to detect.
Traumatic brain injury can impact cve movement through a multitude of mechanisms including
dircet compression of cranial nerves, trauma to cranial netves, injury to cranial nerve nuclei and

supranuclear impacts.

[0016] Many cases of travma resull in elevated intracranial pressurc. If unireated, acute
¢levations in intracranial pressurc (ICP) due to brain injury can resull in permancnt neurologic
impairment or death. Double vision and other ocular disturbances associated with clevated TICP
were first described by Hippocrates in approximately 400 B.C. (Aronyk, Neurosurgery Clinics of
North America, 1993; 4: 599-609). Papilledema, and its association with elevated ICI* was
described by Albrecht von Graefe in 1860 (Pearce, European Newrolagy, 2009; 61: 224-249).
In the post-radiographic era, acute and chronic pathology ol the optic nerve and disc, and of
ocular motility are well characterized in people with elevated ICP (Dennis, ef al, Archives of
Neurology, 1981; 38: 607-615; Zeiner, et al., Child's Nerv. Syst, 1985; 1: 115-122; Altintas, ef
al., Graefe’s Archive for Clinical and Experimental Ophthaimology, 2005; 243: 1213-1217).
Clinically apparent disruption of ocular motility may precede computed tomography (CT)
findings in some subjects with acutely clevated LICP (1zekov, ef ¢l., Pediatric Neurosurgery,

1991; 17:317-320; Chou, ¢t al., Newrosurgery Clinics of North America, 1999; 10: 387-608),

Elevated Intracranial Pressure




CA 02957384 2017-02-06

WO 2016/022414 PCT/US2015/043083

[0017] Scveral potential mechanisms may condribule to cranial nerve dystunction due to elevated
intracranial pressure. The Ilrd nerve (oculomotor) may be directly compressed by the medial
aspect of the temporal lohe with frontal or temporal mass Icsions, or diffuse supratentorial mass
effect. The VIth nerve (abducens) is anatomically vulrerable to infratentorial mass cffcct at the

prepontine cislern and to hydrocephalus from stretch as it traverses the tentorial edge.

[0018] Elevated intracranial pressure slows axeplasmic transport along cranial nerves
(Balarratnasingam, et al., Brain Research, 2011; 1417: 67-76). Thc optic nerve (11) is most
frequently analyzed because it can be visualized directly with ophihalmoscopy, and indirectly
with ultrasound. Edema of the optic ncrve appears eariier than ocular fundus changes, and
resolves afier treatment of elevaled ICP Gangemi, ef wi., Newrochirurgio, 1987; 30: 53-55),
Fluctuating elevated neural pressure leads to impaired axonal transport along the optic nerve
after as little as 30 minutes in a rabbit model (Balarratnasingam, ef ol., Brain Research, 2011,
1417: 67-76). Axoplasmic flow stasis and intraneuronal ischemia may occur in the oplic nerve
cxposed to chronicelly elevated ICP (Lee, ¢f af., Current Neurology and Newroscience Reports,
2012). Among the nerves impacting ocular motility, the trochlear nerve (IV), followed by
ocutomator (111) and then abducens (VI), has the greatest lenglh of exposure io the subarachnoeid
space with the narrowest diameter, and thus may be most vulnerable to a pressure induced palsy
(Tanson, et al., Nezrology, 2004; 62: 33-36; Adler, et al., Journal of Neurosurgery, 2002; 96:
1103-1113) . The optic nerve (11) has approximately the same length of exposure as the
abducens (Murali, et al, in Head Infury (ed. Paul Cooper and John Golfinos) (McGraw-Hill,
2000)), and thus papilledema, or swelling of the optic disc apparent en ophthalmoscopic
examination may be a relatively late indicator of elevated ICP (Killer, et al., Clinical &
Experimental Ophthaimology, 2009; 37: 444-447; Nazir, et al., J Aapos, 2009; 13 62-66).
Papilledema is not always a sensitive marker for hydrecephalus leading to clevated ICP, zamd in
onc study was present in as few as 14% ol patienis with a shunt maltunction (Nazir, et af. . J
Aapos, 2009, 13: 62-66) consistent with the relatively short intracranial course ol II comparcd to
cranial nerves 11T and V. Compartmentalization of subarachnoid spaccs is hypothesized to
explain why papilledema may be present in a patient without elevated ICP, and not occur in
paticnis with elevated ICP (Killer, et af., Clinical & Experimenial Ophthalmology, 2009; 37:
444-447).
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Effect of Drugs and Nurcolics on Eye Movement

[0019] Methadone has been shown to impacl ocular movements during both smooth pursuit and
saccades, and is thought to impact function of the superior colliculus (Rothenberyg ef al,
Psychopharmacology (Bexl) 1980; 67:221-227; Rothenbery ¢f al., Psychopharmacology (Berl)
1980; 77:220-234, 1980). Narcotic naive subjects administered methadone had decreased
smooth pursuit eye movement gain in horizontal pursuit tracking, but showed no significant
decreasc in gain in vertical pursuit tracking. There was a significant increase in vertical cross
correlation measurcments but none in horizonta! cross correlation. No phase difference between
subjects given methadone and control was present, signifying that the difference in gain was not
due to failure of eye movement during parts of ¢cye tracking trial or a diffcrence in frequency of
cye motion compared to target motion. The lack of vortical pursnit gain in methadone dose
subjects may be due to contamination of vertical data from cyelid motion, as eyelid motion
occurs with vertical eye motion when movement is greater than 5 degrees from central position.
Methadone may have induced loss of eyelid control, resulting in conlamination of vertical
pursuit tracking, Methadooe did not significantly alter maximuin saccade velocity. However,
initial saccade accuracy is significantly decreased with more pronounced saccade undershoot
afler use of methadonc. In addition, the lalency to onset of initial saccade was also significantly

increased.

[0020] Similar results may be seen with other pharmacologic agents. Diazepam is one of the
class of benzodiazepines. Subjects given diazepam showed significant decrease in smooth
pursuit gain in a dose dependent manner; 5 mg diazepam significantly reduced gain at 0.4 Hz
and 10 mg diazepam at 0.4, 0.6, 0.8, 1.0, 1.2, and 1.6 [Iz. [n contrast to methadone, diazcpam
induced changes in ¢rogs-corrclation as function of drug as well. Phase of smooth pursuit did not
show a significant change upon administration of diazepam (Rothenberg e al,
Psychopharmacology (Berl) 1981; 74:232-236; Rothenberg et al., Psychopharmacology (Berl)
1981; 74:237-240). The dose dependent ctfects of diazepam on different frequencies of motion
track suggest that smooth pursuit eye tracking after diazepam administralion may be dependent
on stimulus velocity. Saccadie pursuit replaces smooth pursuit upon administration of diazepam.

IDiazepam may induce the above cye movement chanpes by its binding to visual CNS
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benvodiazepine binding sites that are imporiant for oculomotor control. Compared to methadone,
diazcpam administration shows a greater reduction in amplitude and replacement of smooth

pursuit with saccadic pursuit.

[0021] Lorazepam is another of the class of benzodiazepines. When administered to subjects
undergoing saccade lasks, the gap between successive images were temporally overlapped with
the original image still on the screen before the next image appeared. In normal subjeets, tatency
increases with temporal overlap compared to images separated by 200 ms gap. With lorazepam
administration, subjects showed sipnificant change during the temporal overlap but not with 200
ms gap (Masson ¢f al., Behav Brain Res 2000; 108:169-180). Temporal overlap had no
significani effect on saccadic peak velocity and amplilude in normal subjects. In lorazepam
administered subjects, saccadic peak velocity and the amplitude of first saccadic eye movement
significantly deercased. With smooth pursuit eye movement, lorazepam showed inereased
latency and longer 1caction time compared to control. In addition, lorazepam significantly
decreased eye velocity. Results also indicate that tracking errors in smooth pursuit induced by

lorazepam are compensated for by saccadic movements of the cycs.

10022] Alcohol consumption also impacts eye movements. Drinking subjects show deercased
gain during smooth pursuit eye movement in a dosc dependent manner. In one study subjeets
were given 0,4 and 0.8 g/kg of alcohol and eye tracking was done on two time points: 'l at 60
min. and T2 at 180 min. after beverape consumption (Roche ef al., Psychopharmacology (Berl)
2010; 212:33-44). In smooth pursuit eye tracking, high dose affected gain at both time points
while low dose did not have an effect on gain for the latter time point. For pro-saccade, latency
was also impaired in a similar, dose dependent manner. Ocular velocity and accuracy decreased
only after high dose consumption. Anti-saceade showed similar presentation as pro-saccade with

the exception that high dose improved accuracy at Tl and decreased by T2.

[06023] Alcohol significantly affected both pro and anti-saccade accuracy; however, grealer
accuracy for high dose alcohol at T1 may be due to alcohol increasing the amplitude of anti-
saccade relative to normal conditions and not that alcohol is improving anti-saccade functioning.

"This suggests that high dosc alcohol may be affecting neurocireuitry required for rapid
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processing of visuospatial information. High dose and low dose alcohol consumption show
similar impairment in smooth pursnit gain and anti-saccade functions; however, high dose
patients have less awarcness of the impact of this dysfunction, placing them in higher risk for

injuries.

Internuclear ophthalmoplegia (INO)

[0024] The medial longitudinal fasciculus is a bilateral axonal bundle that functionally
coordinates the actions of crardal nerves I1I, IV and VI, and receives inputs from the frontal eye
fields, cerebellar flocenlus, superior colliculus, accessary oculomotor nuclei, pontine reticular
formation, [astigial nucleus and cranial nerve VIII (Reulen ef al., Brain 1983: 106 (Pt 1):121-
140). It cnables saccadic and reflexive eye movements and carries the descending tectospinal

and medial vestibulospinal tracts into the cervical spinal cord,

[0025] Internuclear ophthalmoplegia (INCF) results from impaired function of the medial
longtitudinal tasciculus (Zee ef al., Baillieres Clin Newrol 1992; 1:455-470) and can be either
unilateral or hilateral. The most common causes of INO) are multiple scierosis and
stroke/ischemic injury. Other causes are frauma, tentorial herniation, infection, tumor, iatrogenic

injury, hemorrhage, vaseulitis, and other (Keane e/ al., Arch Neurol 2005; 62:714-717).

[0026] INO can be difficult to detect in paticnts with mild or intermediate slowing of adduction
and 4 variely of lechnologies have been proposed to inerease the accuracy of detection, such as
quantitative infrared oculography (Frohman et af., Newrology 2003; 61:848-850), succude testing
and electrooculography (Jozetfowicz-Korczynska er al,, J Neuro! 2008; 255:1006-1011) and
oculo-vestibular evoked myogenic potentials (Roscngren et al., Clin Neurophysiol 2011;
122:1264-1267). MRI sequences in patients with INO may also reveal lesions in the MLF
(McNulty e al., Clin Newroradiol 2014

[0027] INO can also be difficult to differentiate from infranuclear palsies of cranial nerves such
as a parlial third nerve palsy, or disorders such as myasthenia gravis or Guillain Barre or ocular

globe trauma. A method for quantitation of TNO would be a useful cutcome measure for
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assessing the efficacy of treatments for INO. Since INO is ollen seen in multiple sclerosis such a

method may also be useful for assessing the efficacy of treatments [or muliiple sclerasis (MS).

Chronice traumatic encephalopathy

[0028] Chronic traumatic encephalopathy (CTE) is a form of encephalopathy that is a
progressive degeneralive disease, which can currently only be definitively diagnosed
postmorten, in individuals with a history of multiple concussions and other forms of head injury.
In March 2014, researchers anmounced the discovery of an exosomg particle created by the brain
which has been shown to contain irace proteins indicating the presenee of the disease, however, a
test is not yct available. The discasc was previously called dementia pugilistica (DP), as it was
initially found in those with a history of boxing. CTE has been most commonly found in
professional athletes participating in American football, ice hockey, professional wrestling and
other contact sports who have experienced repetitive brain trauma. It has also been found
soldiers exposed to a blast or a concussive injury, in both cases resulting in characteristic
degeneration of brain tissue snd the accumulation of tau protein. (Individuals with CTE may
show symptoms of dementia, such as memory loss, aggression, confusion and depression, wlich

generally appear years or many decades after the trauma.

[0029] Repeated concussions and injuries less scrious than concussions ("sub-concussions™)
incurred during the play of contact sports over a long period have not yet been found to result in
CTE. In the case of blast injury, a single exposure to a blast and the subsequent violent

movement of the head in the blast wind can causc the condition.

[003D] CTL is a neurological degencrative disease found in individuals who have been subjected
to repetitive traumalic brain injuries by way of the acceleration of the head on impact and the
subsequent damage to axons. (McKee et al., J. Newropathol. Exp. Neurol. 68 (7): 709-35) While
repetitive brain trauma is thought to be necessary Lo cause C1'L, it is not sufficient, meaning that
not everyone exposcd to repetitive brain trauma will get the disease. Other risk factors are
possible but have not yet been reported, duc (o the donated brains in the brain bank at the Boston
University School of Medicine and elscwhere, which consists mostly of the brains of athletes

with a history of professional participation in contact sports. (Saulle ef al, "Chronic Traumatic
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Encephalopathy: A Review," Rehabilitation Research and Practice 2012: 1) Professional level
athletes arc the largest demographic to suffer from CTE due to {requent concussions from play in
contact-sport. These contact-sports include American football, ice hockey, rugby, boxing, and
wresling, (Daneshvar ef o, Clin Sporty Med 2011; 30(1%:1-17) Other individuals that have
been diagnosed with CTE were involved in military service, had a previous history of chronic
seizures, victims of domestic abuse, and or were involved in activities resulting in repetitive head
collisions. (Daneshvar ef ¢l., Phys Med Rehabil Clin N Am 2011; 22(4): 683-700) Reports of
CTE have steadily increased in younger athletes, most likely due to increased awareness of the
issue and perhaps due in part to athletes becoming bigger and stronger producing greater

magnitudes of forcc in collision.

[0031] The primary physical manifcstations of CTE include a reduction in brain weight,
associated with alrophy of the frontal and temporal cortices and medial temporal lobe. The
lateral ventricles and the third ventricle are often enlarged, with rare instances of dilation of'the
fourth ventricle. (Baugh et af., Brain fmaging and Behavior 2012, 6(2): 244-254) Other
physical manifestations of CTE include anterior cavun septi pellucidi and posterior
fenestrations, pallor of the substantia nigra and locus ceraleus, and atrophy of the olfactory
bulbs, thalamus, memmillary bodies, brainstermn and cerebellun. (Jancin, "Chronic traumatic
encephalopathy test sought," Inlernal Medicine News. December 2013) As CTE progresses,
there may be marked atrophy of the hippocampus, entorhinal cortex, and amygdala, (McKee ef
al., J. Newropathol. Ixp, Neurol, 2009; 68(7):709-35)

[0632] On a microscopic scale the pathology includes neuronal loss, tau deposition, TAR DNA-
binding Protcin 43 (TDP 43} beta-amyleid deposition, white matter changes, and other
abnormalities. The tan deposition occurs as dense neurofibrillary tangles (NFT), neurites, and
glial tangles, which are made up of astrocytes and other glial cells”! Beta-amyloid deposition is a
relatively uncommen feature of CTE. (McKee et al., (2012) "The Spectrum of Disease in

Chronic 'I'raumatic Encephalopathy” Brain:1-22)

[0033] A small group of individuals with CTE have chronic traumatic encephalomyopathy

(C'THEM), characterized by motor neuron disease symptoms and mimics Amyotrophic Lateral
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Selerosis (ALLS) (known in the United States as Lou Gehrig’s discase). Progressive muscle

weakness and balance and gait problems seem to be carly signs of CTEM.

Elfccts of Aleohol on Eye Movement
[0034] A substantial percentage of trauma subjcets arc simultaneously intoxicated with alcohol.

(Dinh et al.,, Emerg Med J 2014; 31:390-393; O'Keefle et al,, J Trauma 2009; 66:495-498)
Alcohol impedes assessment of patients with acute rauma by decreasing the (lasgow coma
scale score and obfuscating the clinical examination. (Jurkovich ef al, JAMA 1993; 270:51-56;
Rundhavg ef al, J Neurosurg 2014; 1:1-8) The impact of alcobol infoxication on eyc
movements has becn well-described. Aleohol intoxication (0.6 g/kg for men and 0.55 g/kg for
women) inhibits volitional antisaccades, impairs smooth pursuit and impacts the latency and
accuracy of pro- and anti-saccades in a dose dependent manncr, (Roche et al.,
Psychopharmacology (Berl) 2010; 212:33-44; Roche et al., Alcohol Clin Exp Res 2014, 38:844-
852; Fogt et al, Aviat Space Environ Med 2001; 72:579-585; Fransson e¢f al., Clin Newrophysiol
2010; 121:2134-2142) Alcohol also alters saccadic velocity, (King f al., J Stud Alcohol 2004,
65:27-36) These findings correlate closely with self-report of intoxication.

SUMMARY OF THE INVENTION
[0036] In a first aspect, the invention provides methods for diagnosing, assessing or quantitating

drug vse, drug abuse or narcosis in a subject by

Date Regue/Date Received 2022-03-01
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ay Tracking eye movement of at least one eve of the subjeet;

b) Analyzing eye movement of at lcast onc cye of the subject;

¢) Comparing eye movement of al least one eye of the subject to a normal or mean eye
movement; and, optionally

d) Calculating a standard deviation or p valug for eve movement of at least one eye of

the subject as compared to the normal or mean eye movement.

[0037] In some instances, eye movement of both eyes of the subject are tracked and analyzed. In
some Instances, both x and y coordinates of eye position for one or both eyes of a subject arc
collected for at least about 100, 500, 1,000, 5,000, 10,600, 50,000, 100,000, 200,000 or more eye
positions. In some instances, the eye position is elfectively the pupil position. In some instances
the eye movement is tracked for about 30, 60, 90, 100, 120, 150, 180, 200, 220, 240, 270, 300,

360 or mare seconds.

[0438] The comparing eye movement of at lcast one cye of the subject to a normal or mean eye
movement may feature comparing eye movement of at least one eye of the subject to the eye
movement of an eye of one or more other subjects or controls. In seme instances, the comparing
eye movement of at lcast one eye of the subject to a normal or mean eye movement may feature
comparing the eye movement of both eyes of the subject w the cye movement of one or both

eyes of one or more other subjects or controls.

[0039] In some instances, the method may feature collecting raw x and y cartesian coordinates of

pupil position, normalizing the raw x and y Cartesian coordinates, and sorting the data by eye.

[6040] The method may also feature caleulating individual metrics, such as, for instance,
scgment mean, segment median, and segment variance. The method may also feature calcuntating

specific metries such as, for example,
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Lvar¥tep = Var(§ sverage s=151) (13)
Rear¥iop = Var(faverage k=181) {14)
LwarXrit = Vor(Ziaverage Ratsa) {15
RuarXrit = Vi or{Zyavciage ko td2) {16}
LvarYbot ~ Var(jiaverage k-153) (17}
HyarYbot = Var(fyaverage ae1s3) (18}
LyorXief = Vor(f) average be1ss) (19}
LyarXlef = Ver(¥pverage keisa) {20}

LovarTotal - Average{Var(® avorago pars) + Var(f aversge k=15)) (21}
RuarTotal w  Average (Var{Zzavirogn kxis) + Var{fzaversge kars)]  (22)

or segment standard deviation and segment skew such as, for instance,

L. GkewFop = Fhew(fi averages 5=} )
R.SheuTop = SkewlPeavorage k=ts,t} 28
L.SkewRit = Skewl(z AVEIRED kals2) {29
R SkewRil = Skew(Znaverage k182) {30)
L.8kewBot = Skew(§1 avorags karaa) (31)
f.5kewBot = Skewlth avorage ki 53} (32)
L.8kewlef = Skew(®) avorage kntsd) (33)
B.EketoLef s Shew(¥a prerage k=154 {34}

or segment normalized skew, such as, for instance,

Skew{2;,]

FhowNorm{Ee) = ——%=, {35}

2502
ShewNeorm{gia) = M_&&iﬁ (36)

P
L. SkewTopNorm = Skmﬁﬂ!‘m(gl;average k-_-l-_é,‘lﬁ {3}’}
R.SkewTopNorm = ShewNorm{i average s=14.1) {38}
L.SkewRitNorm w SkewNorm{F1 average k=152) {39)
R.SkewRitNorm = ShewiNorm(Es average ke1:6.2) {4
L.SkewBotNorm = SkewNorm(§: average w153 {41)
R.SkewBotNorm = SkewN orm{fa.average k15,3 {423
L.8keoLef Norm = SkewNorm(Fy average ax1.5,4) A2

R.Skewlef Norm = SkewNorm(Zy averags 1-154) {44)
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[6041] The method may also feature calculating box height, box width, box area, ot box aspect

ratio.
box height

BD:EHeigflij-‘k B ifj,k,i o ﬁfﬁlﬁ i*ir’j
box width

BoxWidihgy = 2542 — 2104 {48)

box aspect ratio

BoxH, &'gh&g,k

AspectRatiogy = BoxWidth;

{47)

hox area

BoxAreay, = BozHeight, s % BoxWidth; ), {48}

[0042] The method may also feature calculating conjugacy of eye movement or variance from

perfect conjugacy of eye movement, such as, for example,
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Conf warXtop
Cong var Xrit
Cang varXbol

Cong varXief

Conj varYilop =

Conf varYrit
Clomf warY bt
Cong varYrit
Conj Cerr XYtop
Conf Corr XYrit
Conj Cors XY ot

Conj CorrXYlef

or variance X ratio top/

variance X ratio left/right (conjugacy), or variance y ratio left/right (conjugacy).
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{59
(50)
(61)
{62)
{63)
{64)
{65)
{66)
{o7)

{88)

[0043] In some instances, one or more of the I height, L width, L area, L varXrit, L varXlef, L

varTotal, R height, R width, R area, R varYtop, R varXrit, R varXlef, R varTotal, Conj varX,

Conj varXrit, Conj varXbot, Conj varXlef and Conj varYlef may be especially usetul for

demonstrating or detecting that a subject has been using or consuming a drug ot narcotic, is

under the influence of a drug or narcotic, is experiencing an impaired mental state because of a

drug or narcotic, or is in a state of narcosis. In some instances, two, three, four, five, six, seven,

eight, nine, ten or more metrics may be observed or determined.
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[0044] In some instances, the method may fzature calculating velocity of eye movement. In such
instances, the distance (z;) traveled by the pupil between times | and 2 may be determined as the

square root of:

() + (y2-yr)

where the coordinates of the pupil at time I are xy, yy , and the cocrdinates of the pupil at time 2

arc Xz, y,

[0045] The sum of the z’s may be obtained to determine the distance traveled by the eye pupil
over any time period of interest. The sum of the z°s over, for mstance, 1,2, 3, 5,7, 10, 15, 20,
25, 30, 60 or 90 or so second inicrvals may be obtained to determing the distance traveled during
each segment of a box eye movement trajectory. Pupil velocity may be delermined by dividing

by the lime in seconds.

[0046] The method may also feature detcrmiining whether eye pupil velocity changes in different
directions of eye movement reflected in an eye movement box trajectory. In some instances, one
or more 0L a Zoials Ziops Plefts Prights Zhowom May be determined with reference to an eye moverent
box trajectory. In some instances, one or more of such a Ziwl, Zieps Ziefts Zrights Zoattom May be
provided for each cyc. Further, in some instances Wilcoxon statistical analysis may be employed

to analyze groups of data.

[0047] The velocity of eye pupil movement may be slower by 5, 10, 25, 34, 33, 40, 50, 60, 70,
75% or more in a subject using or abusing a drug such as a narcotic or in a subjcel in a statc of
narcosis compared 0 a control, a normal, a subject not using or abusing a drug such as a narcatic
and not in a siate of narcosis, or compared to the velocity of eye pupil movement in the samc
subject at a time when (hat subject is not using or abusing a drug such as a narcotic or when that
subjecl is not in a statc of narcosis. Tn some such instances, the velocity of eye pupil movement
may be only about 25, 30, 40, 50, 60, 70, 75, 80 or 90% as fast. In some instances, when eye
pupil movement is represented in an eye movement trajcctory box, and the top or bottom or left
or right segment of the eye movement trajectory box may demonstraie morc or less slowing of

velocity of eye pupil movement than the other segments. For instance, in many instances, the
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top segment of the eye movement trajectory box may demonstratc more slowing of velocity of

eye pupil movement than the other three segments of the eye movement trajectory box.

[0048] A standard deviation or p value of 0.05,0.10,0.25,0.3,0.4,0.5,0.75.0.8,0.9, 1.0, 1.5,
2.0, 2.5 or more may reflect that a subject has been using or consuming a drug or narcotic, is
under the influence of & drug or narcotic, is experiencing an impaired mental state because of a
drug or narcotic, or is in a state of narcosis. As such, the methods described herein may be used

to detect drug use, drug abuse, and narcosis and assess or determine the severity of the same.

[0049] In some instances, the drug or narcotic may be a psychoactive compound with sleep-
inducing properties or a drug that is illegal or prohibited. In some instances, the drug or narcotic
may be one or more of an opiate, an opioid, morphine, heroin, and their derivatives, such as
hydrocodone, or cannabis, aleohol, or any other substance classified as a controlled substance by
the United States Controlled Substances Act. In somc instances, the drug or narcotic may be a

prescription medication such as, for instance, a benzodiazepine or harbiturate.

[0050] In 2 second aspect, the invention provides methods for dilferentiating between drug use,
drug abuse or narcosis and brain injury or a disease characterized by or featuring brain injury in a
subject by

a) Tracking eye movement of at least one eye of the subject;

b} Analyzing eye movement of at least one eye of the subject;

¢) Comparing eye movement of at least one cyc of the subject to a normal or mean eye

movement; and, optionally
d) Calculating a standard deviation or p value for eye movement of at least onc eye of

the subject,

[0051] Tn some instances, the normal or mean eye moverment of ¢) may be obtained from or
observed in a subject suffering from a brain injury. The brain injury may be, for instance, a
structural or a non-structural traumatic brain injury such as, for instance, a concussion, a

subconcussion or a blast injury.
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[0052] In some instances, eye movemenl of both eyes of the subject are tracked and analyzed. In
some instances, both x and y coordinates of eye position for one o both eycs of a subject are
collected for at least about 100, 500, 1,000, 5,000, 10,000, 50,000, 100,000, 200,000 or more cyc
positions. In some instances, the eye position is effectively the pupil posilion. In some instances
the eye movement is tracked for about 30, 60, 90, 100, 120, 150, 180, 200, 220, 240, 270, 3060,

360 or more seconds.

[0053] The comparing cyc movement of at least one eye of the subject to a normal or mean eye
movement may feature comparing eye movement of at least one eye of the subject to the eye
movement of an cyc of one or more other subjcots or controls, In some instances, the comparing
eye movement of at least one eye of the subject to 4 normal or mean ¢y¢ movement may feature
comparing the eye movement of hoth eyes of the subject to the eye movement of onc ot both

eyes of one or more other subjeets or contrals.

10054} In some instances, the method may feature collecting raw x and y cartesian coordinates of

pupil position, normalizing the raw x and y Carlesian coordinates, and sorting the data by eye.

|0055] 'The method may also feature calculating individual metrics, such as, [or instance,
segment mean, sepment median, and segment variance. The method may also feature calculating

specific metrics such as, for examplc,

Laar¥top = Var(fiavorago setss) {13}
Ruvar¥top = Vorlfhaversge reis) ()
LivarXrit = Ver(Zravernge ko1,2) (15}
RyarXrit = Var(Eeoeeage k=152) {18}
LuvarYbot = Vor{fiaverage bei5,3) 17
RwarYbot = Var{{haverage ke1.59) (18)
LovarXlef = Var{fpavernge xe15.4) (19}
LuvarXlef = Vor{faverage kwisa) (20}
LwarTotal = Average (Var(£; avernge xo1s) + Var(fiavorsge s-18)) {21}

BuerTotal = Average (1’ ﬂ"{i%mm:gg(} PRI ES Var{gz)m,m&gc hﬂja}) {22)

or segment standard deviation and sepment skew such as, for instance,
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1. Skew'Pop = Skew( average s8]
B.SkewTop = Shew(f avorage e=1:51)
L. SkewRil = Sﬁewggfltﬂv‘}!—agg kwlzﬁ,z}
REhewRil =« Shew(Ta average =152
L.SkewBot = Skew(fyavorage r=15,3)
R.SkewBot = Skew(haverage r-15,3)
LSkewlef = Skew(fy average kuind)
8. Skewlef = Skew(Fy avornge d=1:33)

or segment normalized skew, such as, for instance,

Sﬁsm*;‘%’mm.{i:j.k‘;} = Mﬁsﬂli
v LT
SkewNormifx ) = Mﬁé},

XY

L.8kewTopNorm = SkewNorm{f average #=15,:}
R.SkewTopNorm = ShowNorm(loaverage r=15.)
L.SkewRitNorm w SkewNorm(Z) average k=152)
R.SkewRitNorm = SkewNorm{% aversge ke15.4)
L8kewBotNorm = SkewNorm{§yaverage he153)
R.SkewBotNorm = SkewNorm{fs avuange tw15:3)

L.8kewkbe [ Norm = SkewNorm{E avorago keti£4)

R SkewLa:anrm = 5&%4&%{%{},}5\@{3&0 i;::.-i-;,sg}
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(2%
(28)
(29}
(30}
(31)
(32)
{33
(34}

@9
138)
(39)
£40)
(41}
(42)
{43}
(49)

[0056] The method may also feature calculating box height, box width, box arca, or box aspect

ratio,

box heiglt

box width

box aspect ratio

box area

BoeHeightye = H551 ~ Diaa

BosWidthiy = &ian — Fps

Borlfeighi;,

Aspéct Ratios s = BoxWidthys

{45}

(46}

)
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BorArenyy, = BozHelght;y x BorWidth;,,
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(48)

[0057] The method may also feature calculating conjugacy of eye movement or variance from

perfect conjugacy of cyc movement, such as, for example,

Gong varXtop
Cong wrXrit
Cong varXbot
Conj varXlef
Cond varYlop
Conf varYrit
Cong varY bt
Cong var¥ril
Conf CorrXYtop
Oong CorrXYrit
Conj Corr XY bot

Conf CorrXYlef

T @) -0
Tl -0
T
PR EN L
N
) {i*)z -
b3 TR
Tl ~0
S
T -o
p2E T
Yo (i)’ ~0
i
2 (G} {1} ~ -0
T
2o i
Y E -V
N fﬁw
g1
éliﬁé?"_
}:.f:'; -1t
PR
L 554 -1

¥

i

(57)

(50)
{60}
{61}
)
{63}
(64
(65)
{66)
{67}

{68}

or variance X ratio fop/bottom {conjugacy), variance y ratio lop/bottom (eonjugacy),

variance x ratio lefl/right (conjugacy), or variance v ratio lefl/right (conjugacy).
g ] gacy

[0058] In some instances, one or more of the L height, L width, L arca, L varXrit, L. varXlef, L,

varlotal, R height, R width, R area, R varYtop, R varXrit, R varXlef, R varTotal, Conj varX,
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Conj varXrit, Conj varXbot, Conj varXlef and Conj varYlel may be especially usclul for
demonstrating or detecting o1 assessing drug use, drug abuse or narcosis. In some instances,

two, three, four, [ive, six, seven, eight, nine, ten or more meirics may be observed or determined.

[0059] In some instances, the method may feature caleulating velocity of eve movement. In such
instances, the distance (z;) traveled by the pupil betwcen times 1 and 2 may be determined as the

squarc root of:

(3a-x1)* + (yo-yr)’

where the coordinates of the pupil at time 1 arc x4, y) , and the coordinates of the pupil at time 2
dare X3, ¥z,

[08460] In some instances, the sum of the z’s may be obtained to determine the distance traveled
by the cye pupil over any time period of interest. The sum of the »’s over, for instance, 1, 2, 3, 5,
7, 10, 15, 20, 25, 30, 60 or 90 or so sccond intervals may be obtained to determine at the distance
traveled during each segment of a box eye movement trajectory. Pupil velocity may be

determined by dividing by the time in scconds.

[0061] The method may feature determining whether eye pupil velocity changes in different
directions of eye movement reflected in an cye movement box trajectory. In some instances, one
or more of a Ziguts Zips Ziehs Zrights Zbolwm MAY be determined with reference to an eye movement
box trajectory. In some instances, ong or motre of such & Zyy, Zigg, Zion, Zrishts Zbotom MAY bE
provided for each ey¢. Further, in some instances Wilcoxon statistical analysis may be employed

to analyze groups of data.

[6062]The velocity of eye pupil movement may be slower by 5, 10, 25, 30, 35, 40, 50, 60, 70,
75% or more in a subject using or abusing 4 drug such as 4 narcotic or in a subject in a state of
narcosis compared to a control, a normal, a subject not using or abusing a drug such as a narcotic
and not in a statc of narcosis, compared to the velocity of eye pupil movement in the same
subject at a time when that subjeet is not using or abusing a drug such as a narcotic or when that
subject 1s nod in 4 stae ol narcosis, or compared to a subject sutfering from or experiencing brain

injury, such as, lor instance, structural or non-structural traumatic brain injury. In some such
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instances, the velocily of eye pupil movement may be only about 25, 30, 40, 50, 60, 70, 75, 80 or
90% as fast. In some instances, when eye pupil movement is represented in an eye movement
trajectory box, and the top or bottom or left or right segment of the eye movement trajectory box
may demonstrate more or less slowing of velocily of eye pupil movement than the other
segments. For instance, in many instances, the top segment of the eye movement trajectory box
may demonstrate more slowing of velocity of eve pupil movement than the other three segments

o[ the cyc movement trajectory box.

[0063] A standard deviation or p value of 0.05,0.10,0.25,0.3, 0.4, 0.5,0.75. 0.8, 0.8, 1.0, 1.5,
2.0, 2.5 or more may rcflect that a subjcct has been using or consuming a drug or narcotic, is
under the influence ol a drug or narcotic, is experiencing an impaired mental state because of a

drug or narcotic, or is in a state of narcosis. In some instances the eye movement is tracked for

about 30, 60, 90, 100, 120, 150, 180, 200, 220, 240, 270, 300, 360} or more seconds.

[0064] In some instances, the drug or narcotic may be a psychozclive compound with sleep-
inducing properties or a drug thal is illegal or prohibited. In some instances, the drug or narcotic
may be one or more of an opiate, an opioid, morphine, heroin, and their derivatives, such as
hydrocodone, or cannabis, alcohol, or any cther substance classified as a controlled substance by
the United States Controlled Substances Act. In some instances, the drug or narcotic may be a

prescription medication such as, for instance, a henzodiazepine or barbiturate.

[6063] In a third aspecl, the invention provides methods for diagnosing, assessing or quantitating
drug use, drug abuse or narcosis in a subject by

g} Tracking cye movement of at least one eye of the subject;

b) collecting raw x and y cartesian coordinates of pupil position;

¢) normalizing the raw x and y Cartesian coordinates; and

d) caleulating one or more individual metric.

|0066] In some instances, eye movernent of bath cyes of the subject are tracked and analyzed. In
some instances, both x and y coordinales of eye position for one or both eyes of a subject are

collecied for at least about 100, 500, 1,000, 5,000, 10,000, 50,060, 100,600, 200,000 or more cyc
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positions. In instances where the eye moverment of both eyes are tracked, the method may

additionally feature sorting the data by eye.

[0867] The one or more individual metric may be any one of

Lvar¥lep = Var(lh average k=usa} {13}
RuwarYlop = Var{f averaze x=15.) {14)
LovarXrii = Var{ AVErage kminz) {15}
RuarXrit = Var{Zraverage bettz) {16)
Lover¥bot = Var{faverags keiss) {17)
Rvar¥bot = Varl{fhavorsge k=153) (18)
LuvarXlef = Ver(#aversge ke (19}
LvarXief = Var{Zaverago kwrss) 20)

LovarTotel = Averoge{(VariZ;avergo beis) + Var{fiaversge s-1s)) (24
RuwarTotel = Average (Var(2a svorogo huts) + Ver{faversge kst {23

or segment standard deviation and scgment skew such as, for instance,

L.SkewTop w= Skew(P average =151} (20

R.SkeuTeop = ShowlGraverage ox151) {28)

L.Skewkit == Skew{F; avorags ke15.2) (29)

R SkewRit = Skew(T2 averaps k=1:52) {30)

L. BkewBot = Skew(§ yvernge k=153 {38)

R.SkewBot = Skew(fh avovage ka153) {a2)

E.8kewLef = Skew(#s pverage knisa) {38}

H.Skewlef « SkewlZy average k=15.4) {34

or segment normalized skew, such as, [or instance,
SkewNorm{Zip) = §§w‘ew@j‘k‘i3‘ {88}
ZE TP
SkewNorm(fg;) = M&ﬁ} {36}
S TR

L.SkewTopNorm = SkewNorm{Jraverage s=12.1) @n
R.GkewTapNorm == SkewNorindfy average k=15,1) {18}
L. SkewHitNorm w ﬁke’m3”*:'0‘;‘.7;1{:1‘:_1)5‘@;35@ b=152) {39}
R.BkewRitNerm = Skﬁu-';'\'orm{fgﬁaverage k=1:5.1) {40}
L5 bvewBoiNorm « ShewlN ormndi average k=1.3) {41)
R.8kew:Bot Norm == Skew Nm‘m(fzz,ammge bw18.3) {4
L.Skewle f Norm = SkewNorm(E, SVEERZ ke L8d) {43)

RSkewlefNorm= SkewNorm{Fy  AVOTAZS k=15.4) {44}
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[0068] The method may also feature calculating box height, box width, box area, or box aspect

ratio.
box height
BocHeight;, = I?j,m ~ g FA% {48}
box width
BozWidifiyg = 2500 — Zja4 {46)
box aspect ratio
) , Boxilzight; s
Aspect Ratiogg = Sommnicd ik
pectRatioy = o 47
hox area
BorAreoyy, = BozHeightyy x BexWidthjs {48}

[0969] The method may also feature calculaling conjugacy of eyc movement or variance from
perfect conjugacy of eye movement, such as, for example, or variance x ratio top/bottom
(conjugacy), variance y ratio op/bottom (conjugacy), variance x ratio left/right (conjugacy), or

variance y ratio left/right (conjugacy).
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Conj varXtop
Cong varXrit
Coangd varXbot
COomj varXief
Cong var¥tep
Cong varYrit
Clong varYbol

Cong v ¥rif

Conj CorrXYtop
Cond Corr XY rit
Cong Corr XYoot

Conf Corv XYl

]
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{59)
(60)
{61
{62}
(€3)
(64)
(65)
{66}
{67)

(68)

[078] In some instances, one or more of the 1. height, T, width, T, arca, . varXrit, [, varXlef, I,

varTotal, R height, R width, R area, R varYiop, R varXrit, R varXlel, R varTotal, Conj varX,

Conj varXrit, Conj varXbot, Conj varXlef and Conj varYlef may be especially useful for

demonstrating or detecting or assessing drug use, drug abuse or narcosis. In some ingtances,

two, three, four, five, six, seven, eight, nine, ten or more metrics may be observed or determined.

[8071] In some instances, the method may featare caleulating velocity of cye movement. In such

instances, the distance (z)) traveled by the pupil between times 1 and 2 may be determined as the

square reot oft

(2 X1 + (v2 y1)°
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where the coordinates of the pupil at time 1 are X, y; , and the coordinales of the pupil at time 2

are Xo, y7,

[0072] In some instances, the sum of the 7’s may be obtained to determine the distance traveled
by the eve pupil over any lime period of interest. The sum of the 2’s over, for instance, 1,2, 3, 5,
7,10, 15, 20, 25, 30, 60 or 90 or so sccond intervals may be obtained to determine at the distance
traveled during each segment of a box cyc movement trajcetory. Pupil velocity may be

determuned by dividing hy the time in seconds.

[0073]1 The method may feature determining whether eye pupil velocity changes in different
directions of eyc movement reflected in an eye movement box trajectory. In some instances, one
or more of a Zial, Zuops Ziehs Zrights Zbotiom WAy be determined with reference to an eye movement
box trajectory. In some instances, one or more of such @ Ziyal, Zicps Zicfs Zrights Zhotem MAay be
provided for each eye. Further, in some instances Wilcoxon statistical analysis may be employed

to analyze groups of data.

[8074] The velocity of eye puptl movement may be slower by 5, 10, 25, 30, 35, 40, 50, 60, 70,
75% or more in a subject using or abusing a drug such as a narcotic or in a subject in a state of
narcosis compared 1o a control, a normal, a subject not using or abusing a drug such as a narcotic
and not in a state of narcosis, or compared to the velocity of ¢ye pupil movement in the same
subject at a time when that subject is not using or abusing a drug such as a narcotic or when that
subjeet is not in a state of narcosis. In some such instances, the velocity of eye pupil movement
may be only about 25, 30, 40, 50, 60, 70, 75, 80 or 90% as fast. In some instances, when eye
pupil movement is represented in an eye movement trajectory box, and the top ot bottom or left
or right segment of the eye movement trajectory box may demonstrate more or less slowing of
velocily of eyc pupil movement than the other segments. For instance, in many instances, the
top scgment of the eye movement trajectory bux may demonsirate more slowing of velocity of

eve pupil movement than the other three segments of the eye movement trajectory box.

[6075] A standard deviation or p value of 0.05, 0.10, 0.25, 0.3, 0.4, 0.5, 0.75. 0.8, 0.9, 1.0, 1.5,
2.0, 2.5 or more may reflect that a subject has been using or consuming a drug or narcotic, is

under the influence of a drug or narcotic, is experiencing an impaired mental state because of a
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drug or narcotic, or is in 4 stale of narcosis. In some instances the eye movement is tracked for

about 30, 60, 90, 100, 120, 150, 180, 200, 220, 240, 270, 300, 360 or morc seconds.

[0076] 1n some instances, the drug or narcotic may be a psychoactive compound with sleep-
inducing properties or a drug that is illcgal or prohibited. Tn some instances, (he drug or narcotic
may be one or more of an opiate, an opioid, morphine, heroin, and their derivatives, such as
hydrocodone, or cannabis, alcohol, or any other substance classified as 4 controlled substance by
thc United States Controlled Substances Act, In some instances, the drug or narcotic may be a

prescription medication such as, for instance, a benzodiazepine or barbiturate.

[0077] In a fourth aspect, the invention provides a kit usclul for deteeting, screening for or
guantitating drug use, drug abuse or narcosis in a subject, containing a device for tracking cye
movemertl, one or more means for analyzing eye movement tracking data such as, for instance,
an algorithin or computer program, and instructions. Processing eye movement observations,
making measurements of eye movement observations, determining distributions of values
measured and performing statistical tests may all be accomplished using suitable computer

software that may be included in such a kit.

[0078] In a (ifth aspeet, the invention provides methods for diagnosing or asscssing inlernuclear
ophthalmoplegia (INQ) in a subject by
a) Tracking cyc movement of both eyes of the subject;
b) Analyzing eye movement of both cyes of the subject;
¢) Comparing eye movement of a first eye of the subject to eye movement of a second
eye of the subject; and
d) ldentifying the subject as having eye movement of a first eye that is significantly
different from eye movement of a sccond eye.
The method may further feature
e) Tracking eye movement of cach eye of the subject separately.
The method may also further feature
0D Identifying the subject as having substantially normal ¢ye movement of each cyc

when eye movernenl of cach eye of the subject is tracked separately .
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[0079] A diagnosis of internuclear ophthalmoplegia (INO) may be made or provided as a
possibility or the status of internuclear ophthalmoplegia (INO) may be cvaluated or internuclear
ophthalmoplegia (TNO) may be assessed if the subject is d) identified as having eye movement of
a first eye that is significanily diflerent from eyc movement of a second eye when tracking eye
movement of both eyes of the subject and if the subject is also f) identificd as having
substantially normal eye movement of each eye when eye movement of each eye of the subject is
tracked separately. 'I'he method is uscful for differentiating internuclear ophthalmoplegia (INO)
from infranuclear nerve palsies or other disorders affecting the muscles associated with ocular

motility.

[0080] In a sixth aspect, the invention provides methods for diagnosing or assessing internuclear
ophthalmoplegia (INO) in a subject by

a) Tracking eve movemenl of buth eyes of the subject;

h) Analyzing eye movement of both eves of the subject;

¢) Comparing the x or y Cartesian coordinates at any time point for the eye movement
of a first eye of the subiject to the respective X or y Cartesian coordinales at the lime
point for the eye movement of a second eye of the subject,

d) Providing a sum of the diffcrences botween all of the x coordinates of the first eye
compared to the second eye over the time tested or providing a sum of the
differenees in y coordinates of the first eye compared to the second eye over the time
tested or both; and, optionally

e) Providing a total sum of the diffcrences between both x and y coordinates of the first
eye comparcd to the scecond eye over the time lested.

The method may lwther feature
0 Tracking eye movement of cach cyc of the subject separately.
The method may also further feature
g) Identifying the subject as having substantiatly normal eye movement of cach cye

when eye movement of each eye ol the subject is tracked separately.

[0081] In some instances, the subject suffering from the internuclear ophthalmoplegia (INO)

may have a lotal sum of the differences between both x and y coordinates of the first eye
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compared (o the second eye over the time lested that is 10%, 20%, 30%, 40%, 50%, 60%, 70%,
80%, 90%, 100%, 150%, 200%, or two, three, four, five, six, eight, ten or more times greater
than the total sum of the differences between both x and y coordinates of the lirst eye compared
to the second eye over the time tested in a healthy control or in a reference value based upon one
or more healthy controls or based upon the subjcct at a time before the internuclear

ophthalmopiegia (INO).

[0082] A diagnosis of internuclear ophthalmoplegia (INQ) may be made or provided as a
possibility or the status of internuclear ophthalmoplegia (INO) may be evaluated or internuclear
ophthalmoplegia (INO) may be asscsscd if the subjeet is d) identificd as having cyc movement of
a first cye that is significantly ditferent from eve movement of a sccond eyc when tracking eye
movement of both eyes ol the subject and if the subjeet is also f} identified as having
substantially normal eye movement of cach cyc when eye movement of each eye of the subject is
tracked separately. The method is useful for differentiating internuctear ophthalmoplegia (INO)

[rom inlranuclear nerve palsies.

[0083] In a seventh aspect, the invenlion provides methods lor asscssing or quantitating or
diagnosing internuclear ophlhalmoplegia (INO) in a subject by
a) Tracking eye movement of both eyes of the subject;
b) collecting raw x and y cartesian coordinates of pupil position;
¢) normalizing the raw x and y Cartesian coordinates: and
d) calculating one or more individual metric.
The method may further feature
e) Tracking eye movement ol cach ¢ye of the subjeet separately.
The method may stilt further feature
f) calculating one or more second or additional individual metric.
The mcthod may also further feature
¢) Identifying the subjcct as having substantially normal ¢cye movement of each eye

when eyc movement of cach cye of the subject 1s tracked separately.



CA 02957384 2017-02-06

WO 2016/022414 PCT/US2015/043083
32

[0084] A diagnosis of internuclear ophthalmoplegia (INO) muy be made or provided as a
possibility or the status of internuclear ophthalmoplegia (INO) may be evalualed or internuclear
ophthalmoplegia (INO) may be assessed if the subject is identitied as having normal motility or
aspect ratio in the cves agsessed separately and abnormal aspect ratio or conjugacy when the eye
movement of both eyes is tracked together. The method is useful for diffcrentiating internuclear
ophthalmoplegia (INO) from infranuclear nerve palsies or other disorders affecting the muscles

associated with ocular motility.

[0085] Eye movement of both eyes of the subjeet are tracked and analyzed. In some instances,
hoth x and y coordinates of eyc position for one or both cycs of a subject are collected for at least
about 100, 500, 1,000, 5,000, 10,000, 50,000, 100,000, 200,000 or more eye positions. [n somc
instances, the eye position is effectively the pupil position. In some instances the eye movement

1s tracked for about 30, 60, 90, 100, 120, 150, 180, 200, 220, 240, 270, 300, 360 or more

seconds.

[0086] In some instances, the method may feature collecling raw x and y carlesian coordinales of

pupil position, normalizing the raw x and y Curlesiun coordinates, and sorting the data by eye.

[0087] The method may also feature calculating individual metrics, such as, for instance,

segment mean, scgment median, and segment variance. The method may also feature calculating

specific metrics such as, for example,

or segm LrarYiop = Var(§average k=1sa) (13
fear¥top = Var{faaverage kepsi) an
LogrXrid = Vm‘{f:gxquagg k=132) {15}
RuyarXrit = Var(Zsgerage £-132) {18)
LvarYbot =~ Var(ih averoge r-153) {n
RavarYbhot = Ver{fiaverage k-1353) (183
LvarXlef = Var(®average k=p5.4) (19)
LavorXief = Ver(Zsaverage ketiss) {20}

LausrTotal = Average (Var(3s svorago koia) + Vor(f sverage k=ts)) {21}
RuarTotal «  Average (Vnr{;fg‘m:@;agﬂ kxi'.ﬁ}'i' Vﬂ"{ﬁi,avma@ k_m}};ﬁ}} {22}
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L.SkeuTop = Skaw(fi svorage k=15.1)
HBkewlop - Shoillpaverage k=1:51)
L.Skewhit = Skew(Fr averoge k=152
R.Skewhit = Skew(T: averago 132}
L.8kewBot = Skew(ih avorage kwisa)
R.SkewBot = Skew(fh avoragn ke158)
I;.8kemlef = Skew(#) pverage ketsa)
H.5keswLef = Skewl¥; gocrage ketna)

or segment normalized skew, such as, for instance,

BhowNorem {5137.1} = _35:‘39-7{3“}1.‘)1
Pdlyat v

SkewNormiFz ) =
: Tihij e

L.SkewTopNorm = SkewNerm{f aversge k=1:5)
RS kewTam‘Jarm- w= ShewN Gi"m(g?mav,m-agg k= 3;53)
E.SkewitNorm s Skeu ¥ Drm{f]]ammge E150)
R.SkewlliNorm = ShewlN Wm(:fg,ﬁvgragg k::,m,'g)
LSkewBolNorm = SkewNerm{@ averoge b=135)
R.SkewBotNorm = SkewNerm(§: avarage t»1:5.3)
L.SkewLef Norit = SkewNorm{Fy arnrage kei6t)
R.SkewLefNorm = SkewNorm{Zaaverage b=15,4)

PCT/US2015/043083

{31)
(32)
(33)
{34

{36)

(36)

(37)
(38)
(39)
(40)
@)
(42)
(49)
4

[0088] The method may also feature calculating box height, box width, box arca, or hox aspect

ratio.

box height

box widih

BuzHeight sz = Bi5,4 ~ iaa

BozxWidthys = Zjen — Fjua

{45}

(46)
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box aspect ratio

BoxHnight;s

AszpectRotiogs = BorWidih.
dih;

hox area

BoxArea;s = BosHeight;g % BoaWiith;y

PCT/US2015/043083

(1)

{48)

[0089] The method may also feature calculating conjugacy of eye movernent or variance from

perfect conjugacy of eye movement, such as, for example,

T -0
na
L {Ea) ~ 0
I3C
S fkg) =0
T

Oonj varXitep =
ConfoarXrit =

Cony varXbot =

Conj varXlef

]
i
amas®
il
i
Ere

Cong varYiop = _E_‘{_gi}_:g'
Cong varYrit = e, 70
Conj varYhol =

Cong var¥Yrif =

Conj CorrXYiop = S22l

Conj CorrXYrit = -&3&-;
R

Cond CorrXYbot = a—g—"i%-’-

Conj CorrX¥lej = M““

{57
{58)
59
(60)
(51)
i52)
(63)
(64)
(65)
(56)
{67}
(68)

ot variance x ratio top/botlom (conjugacy), variance y ratio top/bottom (conjugacy),
P JLgacy ), y P ugacy
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variance ¥ ratio left/right (conjugacy), or variance y ratio lefi/right (conjugacy).
3 ¥ 8 | UZAcy,

[6090] In some instances, one or more of the 1. height, L width, L area, L. varXrit, L varXlef, L.
varlotal, R height, R width, R area, R varYtop, R varXrit, R varXlel, R varTotal, Conj varX,
Conj varXrit, Conj varXbot, Conj varXlef and Conj varYlef may be especially useful for
demonstrating or detecting or assessing internuclear ophthalmoplegia (INO) or differentiating or
distinguishing it from infranuclear nerve palsics. In some instances, two, three, four, five, six,

seven, eight, nine, ten or more melrics may be observed or determined.

[0091] In a eighth aspect, the invention provides a kit uscful for detecting, screening for or
quantitating internuclear ophthalmoplegia (TINO) and usetul for ditferentiating internuclcar
ophthalmoplegia (TINO) from infranuclear nerve palsies containing a device for tracking eve
movemenl, vne or more means for analyzing eye movement tracking data such as, for instance,
an algorithm or computer program, and instructions. Processing eyc movement observations,
making measurements of cye movement observations, determining disiributions of values
measured and performing statistical tests may all be accomplished using suitable computer

software that may be included in such a kit.

[0092] In a ninth aspect, the invention provides methods for diagnosing or assessing attention
deficit hyperactivity disorder (ADHD), chronic traumatic encephalopathy, or a schizophrenia
spectrum disorder in a subject by

a) Tracking eye movement of both cyes of the subject;

b) Analyzing eve movement ol both eyes of the subject;

¢) Comparing cyc movement of a first eye of the subject to eye movement of a sceond

eye ot the subject; and
d) Identifying the subject as having eye movement of a first eye that is significantly

different from cyc moverment of a second eye.

{0093] In a tenth aspect, the invention provides methods for diagnosing and asscssing attention
deficit hyperactivity disorder (ADHD), chronic traumatic cncephalopathy, or a schizophrenia

spectrum disorder in u subjeet by
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a)  Tracking eye movement of both eyes of the subject;

b)  Analyzing eye movement of both eyes of the subject;

c) Comparing the x or y Cartesian coordinales at any time point for the cye
movement of a first eye of the subject to the respective x or y Cartesian coordinates at
the lime point for the eve movement of a second eye of the subject;

d)  Providing a sum of the differences between all of (he x coordinates of the first cye
compared to the second eye over the time tested or providing a sum of the differenees in
y coordinates of the first cyc compared to the second eye aver the timc tested or both,
and, optionally

e) Providing a total sum of the differences between both x and y coordinates of the first

eye compared (o the sccond cye over the time tested.

[0094] In some instances, the subject sullering from lhe atlention deficit hyperactivily disorder
(ADHD), chronic traumatic encephalopathy, or a schizophrenia spectrum disorder may have a
total sum of the differences between both x and y coordinales of the first eye compared to the
second eve over the time tested that is 10%, 20%, 30%, 40%, 50%, 60%, 7G%0, 80%, 90%,
100%, 150%, 200%, or two, three, four, five, six, eight, ten or more times preaicr than the total
sum of the differences between both x and ¥ coordinatcs of the first cyc compared to the second
eye over the time lested in a healthy control or in a rcference value based upon one or more

healthy controls or based upon the subject at a time before the disease.

|0095] 1n a cleventh aspect, the invention provides methods for diagnosing or assessing attention
deficit hyperactivity disorder (ADLLD), chronic traumatic cncephalopathy, or a schizophrenia
spectrum disorder hy

a) Tracking eye movement of at least one eye of the subject;

b) Analyzing eye movement of al least one eye of the subject;

c) Comparing cyc movement of at least one eye of the subject o a normal or mean cyc

movemeni; and, optionally
d) Caleulating a standard deviation or p value for eye movement of at least onc cye of

the subjcct as compared to the normal or mean eye movement.
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[0096] In some instances, eye movement of both cyes of the subject are tracked and analyzed. In
some instances, both x and y coordinates of eye position for one or both cycs ol a subject are
collected for at least about 100, 500, 1,000, 5,000, 10,000, 30,000, 100,000, 200,000 or morc cyc
positions. In some instances, the eye position is cffectively the pupil position. In some instances
the eye movemenl is tracked for about 30, 60, 90, 100, 120, 150, 180, 200, 220, 240, 270, 300,

360 or more scconds.

[0097] The comparing cyc movement of at least one eye of the subjcet to a normal or mean eye
movement may feature comparing cye movement of at Icast one eye ol the subject to the eye
moverment of the other cye of the subject or may feature comparing cyc movement of at lcast one
eye of the subject to the eye movement of an eye of ong or more other subjects or controls. In
some instances, the comparing eye movement of at least one eye of the subjcct to a normal or
meun eye movement may [eature comparing the eye movement of both eyes of the subject to the

eye movement of one or both eyes of one or more other subjects or controls.

[0098] In some instances, the method may feature collecting raw x and y cartesian coordinates of

pupil position, normalizing the raw x and y Cartesian coordinates, and sorling the data by eye.

[0099] The method may also feature calculating individual metrics, such as, for instance,

segment mean, segment median, and segment variance. The method may also feature calculating

specific metrics such as, for example,

LoarYtep = Var(§ sverage k=15.1) {13)
Rwvar¥top = Var{faaverago s=151) {14y
DivarXrit == Vor(Zyaverage s=1s2) (15}
RevarXrit = Var(Eyawregs s=134) {16
LvarYbot = Var(f aversge -153) {17)
Rear¥bor = Var(fzavoage ka153) {18)
LvarXlef = Vor(¥;average ketibis) {19)
LaarXlef = Ver(Z:pvorage kntsa) {20}

LyarToial = Average (b"rxr{i;,amm;p kot + Vor{fraverage ;,;;1:5}) (213
RyarTotal = Averege (Vor(faaverago k=1s) + Var{Baaverapo k=1n)] (22}

or segment standard deviation and segment skew such as, for instance,
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L.SkewTop == Skews(ff; gverage ks i}
ASkewTop = S&cw{&z,ammge kelst}
L.Skewit w Skew(Z1 average k=152
it 3 khewitit w Skew(Zzaverage k-1:32)
L.SkewBot = Skew(fii average r=15)
R.EkewBol = Skew(lh averago k-153)
L.SkewlLef = Skewl®y averago ketsa)
H.5kewlef = Skew{Fy pvcvage k=15,)

or segment normalized skew, such as, for instance,

. Skew(Di
SkewNorm(E; 51} = { mgi
Py
; N Shewlin )
SkewNorm{f e = W?’Ey b

b

v

L.5kewTopNorm = SkewNorm{f) Average d=151}
R.SkewTopNorm = SkewNorm{in average k=15.4)
L.&kewHilNorm w Skew Norm{E average FIRETY
B SkewRilNorm = SkewNorm{Zaaversge k=152)
L.SkewBoANorm = SkewNermiih average v-153)
R.8kewBotNorm = Skenl¥ arm(fr:;,ammgc PPN |
L.8kewLefNorm = SkéwNorm (Fravorage k=154)
R,é'kcw[;ﬂjﬁ"ﬁrm = S&ﬁuﬁf‘;@&‘J'ﬁ(ﬁz,ngggg - 3155'.)
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(30)
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{35)

(38)

@n
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(44

[0100] The method may also feature caleulating box height, box width, box area, or box aspect

ratio.

box height
Bozilaightyx = Jyu1 —~ Dua

box width

BoxWidth ca = Biee — Fiaa

box aspect ratio

AspectBotia; . = BozWidthyy

{45}

(48)

(47)
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BozAren;) = BorHeightyy ¥ BexWidth;
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{48)

[0101] 'The method may also [cature caleulating conjugacy of eye movement or variance from

perfect conjugacy of eye movement, such as, for example,

Conj vorXtep
Cond var Xrit
Cong varXbol
Cong varXlef
Cung warYtop
Conf vor¥rit
Conj varYbo!
Cong var¥ril
Conj CorrXYtop
Cong Corr XY rit
Cond CorrXY ot

Cong CorrXYief

or variance x rati

vatiance x ratio left/right (conjugacy), or variance y ratio left/right (conjugacy).

i

il

H

Y @) -o0
T
Yl -0
neg
PR
P M

E !‘55;)1 = {
bIE
23y -0
S
T lin) ~0
7
Yy -0
2o
Y P -0
Yods !
Yo &sih
ZE -1
S du
L -1
¥ &aihy
2 840

(50)
(61)
(62)
(63)
{64)
(65)
(59)
(67

(68)

[0102] In some instances, one or more of the L height, . width, L area, L varXrit, L varXlef, .

varlotal, R height, R width, R arca, R varYtop, R varXrit, R varXlel, R varTotal, Conj varX,

Conj varXrit, Conj varXbot, Conj varXlef and Conj varYlef may be especially uscfui for
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demonstrating or detecting or assessing allention delicit hyperactivity disorder (ADHD), chronic

traumatic encephalopathy, or a schizophrenia spectrum disorder. In some instances, two, three,

four, five, six, seven, cight, nine, ten or more metrics may be obscrved or determined.

[0103] A standard deviation or p value of 0.25, 0.3, 0.4, 0.5,0.75. 0.8, 0.9, 1.0, 1.5, 2.0, 2.5 or

motc may reflect that a subject has attention deticit hyperactivity disorder (ADHD) , chronic

traumatic encephalopathy, or a schizophrenia spectrum disorder. As such, the methods described

herein may be used to detect attention deficit hyperactivity disorder (ADHD), chronic traumatic

encephalopaihy, or a schizophrenia spectrum disorder and assess or determine the severity of the

SeHne.

|0104] In a twelfth aspect, the invention provides methods for diagnosing, assessing or

quantitating atlention deficil hyperactivity disorder (ADHD), chronic traumalic encephalopathy,

ot a schizophrenia spectrum. disorder in a subject by

a) Tracking eye movement of at least one eye of the subject;

b) collecting raw x and v cartesian coordinates of pupil position;

¢) normalizing the raw x and ¥ Cartesian coordinates; and

d) calculating one or more individual metric.

[0105] Tn some instances, eye movement of both eyes of the subject are tracked and analyzed. In

some instances, both x and ¥ coordinates of cyc position for one or both eyes of a subject arc

collected for at least about 100, 5060, 1,000, 5,000, 10,000, 50,000, 100,000, 200,000 or motc cyc

positions. In instances where the eye movement of both eyes are tracked, the method may

additionally feature sorting the data by eye.

[0106] The one or more individual metric may be any onc of

Lvar¥tep
BaonrYilop
Lovar Xt
RoavarXrit
LvarYbot
Haar¥bot
LvarXlef
LauorXlef
LowarTotal
RoarTotal

it

it

it

Var(fi average dsvaa)
Var(fa sverage k=1,1)
Vor(Zyaverage tsis2)
Var {3 average £--1:5,2)
Var(ji averoge k-1:5,3)
Var(ravorage x=1.5,3}
Var(®gaverage k=15.4)
Var(Es average ko1:5,0)
Average (Var(Z avorage hoin) + Vor{fraverage kets))
Average (Var{Zpsverage v=1s) + Vor(fa sverago rera))

(18
(14)
{15)
(16)
(17
{18)
(i
{20}
f21%
{#2)
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or segment standard deviation and segment skew such as, for instance,

L.SkeuTop = Skew(f avorage hn13.4} 27
R.GheuTop = Skcwfy};,awmga plist) {28}
L.&bew il = Skewn{Fr anorags keisa) {29
R.SkewRit = Bkew(Tzavernge ko13,2) {30}
L.SkewBot = Skewl(lh avernge kawss) {31)
R.SkewBet = Skewlfl avorage t~153) (32)
L.SkewLef = Shew!Ey avernge keis.s) {33)
R.Skewkaf = Skew(T; pverage k=1:34) {343

or segment normalized skew, such as, [or instance,

SkewNorm{Ej 44} = M| (a5)
Ttins
SkewNormifipg) = M@"L&i}l {36)
Tt '
LSkewTopNorm = SkewNorm{fh averape r=151) £amy
R.SkewTopNorm = SkewNorm{i average x=15.) {38)
L.Skew RitNorm = SkewNarm{F ’awm;gﬁ Ee132) (39)
H.BkewRiUNorm = SkewlV ormiFo average k=16,3) {40)
L. SkewBotNorm = SkewNorm(fsaverage bsi:s,3) (413
R SkewBotNorm s« SkewNorm{favorage k=153 (42}
L.SkewlefNorm = SkewNarm{Z, rwﬂmgﬁ Fetisd) (439
R.SkeulefNorm = SkewNorm(2y avorage b=154) (44)

[0107] The method may also feature calculating box height, box width, box arca, or box aspect
ratio.

box height

RoxHeight g =51 ~ i s {45}
box width
Bonidtfz,a,k = ﬁjj—g e ijlggq {’M}
box aspect ratio
wH atghits
AspectRoting g = Boztloighit; {47}

ﬁ!’?l“"idiﬁj}:
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box area

BozAren;y, = BoxHeighty, x BoxWidth;y {48}

[0108] The method may also feature calculating conjugacy of eye movement or variance from

perfect conjugacy of eye movement, such as, for example,

* Ty -0 ;
Conj varXtop = ==E (57)
£y
Conj varXrit = P15 s {58)
L&
¥ (#5) - 0
Cont varXbol = o . ki
poe rET &
) & % - »
C var X1 o m;l—-‘ (
o of S9N {60}
. S ) -0
o Y i o ) 1
any varY top S0 {61}
oy —
Conj varyrit = E{g;} i {62}
o Y P~ ©
o Yiot = 083 77 3
oni Vary o S {63}
o vl
Conj var¥ril = &%&?ﬁ—f-ﬁ o
Conf Core XYiop = g:: ;Hhi, {85)
—
Cong CorrXYeit = %%—‘f‘% (56)
Conf CorrX¥bor = %‘xf‘fé’%« (o)
Conj CorrXYief = %éifff‘ff 168

or variance X ratio top/bottom (conjugacy), variance y ratio top/bottom {conjugacy),

variance X ratio Jeft/right (conjugacy), or variance y raiio left/right (conjugacy).
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[0169} In some instances, ane or more of the L height, T. width, T arca, 1. varXrit, [ .varXlef, {.
varTotal, R height, R width, R arca, R varYtop, R var¥rnit, R varXlel, R varTotal, Conj varX,
Conj varXrit, Conj varXbot, Conj varXlef and Conj varYlel may be cspecially useful for
demonstrating or detecting or assessing attention deficit hyperactivity disorder (ADHD), chronic
traumatic encephalepathy, and schizophrenia spectrum disorders. In some mstances, (wo, three,

four, five, six, seven, eight, nine, ten or morc metrics may be observed or determined.

[0110] A standard deviation or p value 0£ 0.25,0.3,0.4,0.5,0.75. 0.8, 0.9, 1.0, 1.5, 2.0, 2.5 or
more may reflect that a subject has attention deficit hyperactivity disorder (ADHD), chronic
traumatic cnecphalopathy, or a schizophrenia spectrum: disorder. As such, the methods deseribed
herein may be used to detect attention deficht hyperactivity disorder (ADHD), chronic traumatic
encephalopathy, or a schizophrenia spectrum disorders and assess or determine the severity of

the same.

[0111] In a thisteerth aspect, the invention provides a kit useful for detecting, screening for or
guantitating attention deficit hyperactivity disorder, chronic traumatic encephalopathy, and
schizophrenia spectrum disorders containing a device for tracking eye movement, one or more
means for analyzing eye movement tracking data such as, for instance, an algortthm or computer
program, and instructions. Processing eye movement ubservations, making measucements of eye
movement observations, determining distributions of values measured and performing statistical
tests may all be accomplished using suitable computer software that may be included in such a

kit.

[0112] Tn a fourteenth aspect, the invention provides methods for diagnosing, quantitating or
identifving alcohol consumption or intoxication in a subject by
a} Tracking eye movement ol both eyes of the subjeet;
b)) Analyzing eve movement of both cyes of the subject;
¢) Comparing eye movement of a first eve of the subject to eye movement of a
second eye of the subject; and
d) ldentifying the subject as having cyc movement of a first eye that is significantly

diffcrent from eye movement of a second eye.
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[0113] In a filteenth aspect, the invention provides mcthods for diagnosing, quantitating or

identilying alcohol consumption or intoxication in a subject by

a)
b)
c)

d)

€)

Tracking eve movement of hoth eyes of the subject;

Analyzing cye movement of both eves of the subject;

Comparing the x or y Cartesian coordinates at any time point for the eye
movement of a first eye of the subject to the respective x or y Cartesian
coordinates at the time point for the cye movement of a sccond eye of the subjeet;
Providing a sum of the differences between all of the x coordinates of the first eye
compared (0 the second eye over the time tested or providing a sum of the
differences in y coardinates of the first eye compared to the second eye over the
time tested or both; and, nptionaliy

Providing a total sum of the differences between both x and y coordinates of the

[irst eye compared (o the sceond eye over the time tested.

[0114] In some instances, the subject having consumed alcohol or being intoxicated may have a

total sum of the differences between both x and y coordinates of the first eye compared to the
second eye over the time tested that is 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%,

100%, 150%, 200%, or two, three, four, five, six, cight, ten or more times greatet than the total

sum of the differences between both x and ¥ coordinates of the first eye compared to the second

eye over the time tested in a control or in a reference value based upon one or more contrels or

based upon the subject at a time before the aleohol consumption or intoxieation,

[0115] In a sixteenth aspect, the invention provides mecthods for diagnosing, quantitating or

identitying alcohol consumption or intoxication by

a)
b)

©)

d)

Tracking cye movement of at least onc cye of the subject;

Analyzing eye movement of at least one eye of the subject;

Comparing cyc movement of at least one oy of the subject to a normal or mean
eye movement; and, optionally

Calculating a standard deviation or p value for eye movement of at least one eye

of the subject as compared to the normal or mean eye movement.
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|0116] In some instances, eye movement of both eyes of the subject are tracked and analyzed. In
some instances, both x and y coordinates of eye position for one or both eyes of a subject are
colected for at least about 100, 500, 1,000, 5,000, 10,000, 50,000, 100,000, 200,000 or moic cye
positions. In some instances, the eye posilion is effectively the pupil position. In some instances
the eye movement is tracked for about 30, 60, 90, 100, 120, 150, 180, 200, 220, 240, 270, 300,

360 or more scconds.

[0117] The comparing ¢ye movement of at leust one eye of the subject to a normal or mean eye
movement may feature comparing cyc movement of at least one eye of the subject to the eye
movement of the other cyc of the subject or may feature comparing eye movement of at least one
eye of the subject to the eye movement of an eye of one or morc other subjects or controls. In
some instances, the comparing cye movement of at least one cye of the subject to a normal or
mean eye movement may feature comparing the eye movement of both cycs of the subject to the

cye movement of one or both eyes of one or more other subjects or controls.

[0118] In some inslances, the method may feature callecting raw x and y cartesian coordinates of

pupil posilion, normalizing the raw x and y Cartesian coordinates, and sorting the data by eye.

[0119] The method may also feature calculating individual metrics, such as, for instance,
scpment mean, segment median, and segment variance. ‘The method may also feature calculating

specific metrics such as, for example,

LavarYiop = Var{fiaverage rais) {13
RuwrYiop = Vor{faswrage x=151) (14)
LarXrit = Vor{Zravcrage d=i32) {18)
RuarXrit = Var(Zasaverage ketsa) (16)
LyorYbot = Var(§average h=153) (17
RuowrYdei = Var(aemroge k-152) (18}
LovarXiej = Ver(®iavernge k=155) {16}
LvarXte] = Vor(Zyaverage s=154) (20}

LvwrTolal = Average (Vor(Eiavorago ruts) + Vor{favernge xs1s)) (21
ByarTotal = /i_?){ﬂ‘ 174 {Yﬂf{fgagsgyagg - 1..5} +V 6’{52)5’&’?5‘;‘1@3 4&51:6}) (22)
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or scgment standard deviation and segment skew such as, for instance,

L.SkewTop = Skt average kat50)
R.ShewTop = Shew{fa svorage kntsi)
L SkewHit = Skew(Z1avernge k=19,2)
R.Skew iy w SkewlZr average k=152)
L. SkewBot = Skew(fh sverage kassa}
RSkeu:Bot = Skew(fs avorogo 4-15.5)
L Skewlef = Show(Zy avorage keis.s)
R.SkewLef » Skewl¥, poorage k=)

or segment normalized skew, such as, for instance,

” Shew(Fyp)
BkewNorm(E41} = "m'éf'&g‘
Fhspe
Skew(ii; )

SkewNorm{gju = .
Thina

R.SkewTopNorm = Skewl erm{faverage s=181)
LEkew Rt Norm « Sizcwﬁﬂrm(fg,ammga k=152
R.SkewRitNorm — SkewNorm{E aeerage k=15.2)
L SkewBotNorm = SkewNerm{§iaverage kovss)
R.SkewButNorm = SkewNar m(f‘é,ammge PITERY)
L.Skewlef Norm = SkewNorm(Es avorage knts,4)
R SkewlefNorm = SkewNorm {ﬁmmmgq b=15,4)

PCT/US2015/043083

(a7
{28)
29
(30)
(31
(32)
(33
(G}

(35

(36)

{370
(38)
(9
(40)
(1)
42)
49)
{44)

[0120] The method may also feature calculating box height, box width, box area, or box aspect

ratio.
box height

BGE{{GLQ}Z{:}\* = ;1"‘&2; - :;,5.3:13
box width

BoeWidth;y = B00 — Fj04

box aspect ratio

BoxHe z‘gh’i;z;k

AspectHalio; s =
pect Rotioe BozWidth;x

(46)

(47)
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bhox area

BogArea; ;= BesHeightis x BoxWidih;
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(48)

[0121] The method may also feature calculating conjugacy of eye movement or variance from

perfect conjugacy of eye movement, such as, for example,

Gong warXiop
Cend var Xeit
Ceny var Xbot
Conj varXlef
Cong varYlop
Clond vurY'rit
Ceng varYlhot
Cong var¥rit
Conj CoreXYiop
Cong CorrXYrit
Cong CorrXYbot

Conf CoreXYlaf

i

¥

Yy -0
PN

Yiz
o)t -0

Bh

Y&

S E:ﬁl -1
T dabn
}:'ﬁz ~ %
Yo dsin
Eig -
Sl
Tho1

1

kS

¢

(60)
(61)
(62
(63}
{64)
{65)
(66)
(67)

{68)

or varianee x ratio top/bottom (conjugacy), variance y ratio top/bottom (conjugacy),

variance x ratio lelt/right (conjugacy), or variance y ratio lelifright (conjugacy).

[0122] In somc instances, onc or more of the le[i.blinklength. value, right.aspectRatiomean. value,

right.skewTop.valuz, right skewTopNorm.value, right. varTolal.value, right.varXrit.value,

conj.varXhot.value, ripht.distTop.valuc, right.distRit.value, left.vel Top.value, lefl.velRit.value
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may be especially useful for demonstrating or detecting or assessing alcohol consumption or
intoxication. In some instances, two, three, four, five, six, scven, cight, nine, ten or more metrics

may be observed or determined.

[0123] A standard deviation or p value of 0.05,0.1,0.2,0.25, 03,04, 0.5,0.75. 08,09, 1.0,
1.3, 2.0, 2.5 or more may reftect that a subject has consumed alcohol or is inloxicaled. As such,
the methods described herein may be used to detect, diagnose, quantitate or identify alcohol

consumpition or intoxication or determine the scverity or extent of the same.

[0124] In a seventeenth aspeet, the invention provides methods for diagnosing, assessing or
quantitating aleohol consumption or intoxication in a subject by

a)  ‘lracking eve movemcnt of at least one eye of the subject;

h)  collecting raw x and ¥ cartesian coordinates of pupil position;
c) normalizing the raw x and y Cartesian coordinates; and

d) calculating onc ar more individual metric.

[0125] In some instances, eye movement of both cves of the subject are tracked and analyzed. In
some instances, both x and v coordinates of eye position for one or hoth eyes of a subject are
collected for at least about 100, 500, 1,000, 5,000, 10,000, 50,000, 100,000, 200,000 or more eye
positions. In instances where the eye movement of both eycs are tracked, the method may

additionally feature sorting the data by eye.

[0126] The one or more individual metric may be any one of

Lrvar¥tap = Varlfi average keist) {13}
Ruar¥lop = Varifaverage x=15) {14
LowvarXrit = Var(E averago p=1m2} {18}
RaarXrit = Var(@raverage k-13) {16)
Lvar¥Ybot = Var{fhaversge kerna) {17
Ryar¥bot = Var(ihavorage as150) (18)
LvarXlef = Vor(¥ average x4l (19}
frvarXilef = Var(Zsaverage kwisg) {20}

LawarTotol = Average (Vor{Ziaverago suis) + Var(faverage 2=16)) (21}
RverTotal = Average (Var(Zaavoroge st} + Var(foaversge peas))  (22)
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L Fhewlop = SRevolfls aversge konsi)
REhewTap =2 Skewlfs avorage p=151)
L. Shewhid = Skew(Ty averaps kx152)
R.8kewitit Sk&iﬂ(ﬁf{gﬁyﬁ:ﬂé@ Eotis2)
L.SkewBot = Skewl§y yvorags katsa)
R.SkewBot = Skl avorsge b-153}
L.Skewlef = Skew(Z avorage r=1:5.4)
H.SkewLef = SkewlZy prorage k=lsal

or scgment normalized skew, such as, for instance,

Skeul Tz 1)
L e !
_ Shew(ian)

Gi)‘ A

HhewMNoralli g =

SkowdNorm{Gia )

L.SkewTopNorm = SkewNormi: average k=151)
R.SkewTopNorm = ShewNorm{j; average =151}
L.SkewRitNopm s Skew Norm{Z) average =152}
R.BkewRitNorm == SkewNorm(Ty acovage k-18,2)
L SkewBotNorm = SkewNorm{fhaverage karaa)
R.SkewBotNorm = SkewNorm{f averagn k~153)
L.8kewle f Norot = SketoNoymn {;Egiammgs R 1;5,4}
R.8kewlef Norm = SkewNorm (Zpavorage hw1s,i)

PCT/US2015/043083

@n
{28)
(29)
{30)
(an
(32)
{33)
{(34)

(35)
(38)

BN
{38)
39
{<0)
{41}
{42}
(43)
{44}

[0127] The method may also featurc calculating box height, box width, box area, or box aspect

rafio.

box height

box width

Bozileightye = 8,51 ~ Usagy

BoxWidther = Zip0 — Fjna

box aspect ratio

Borksig -‘i.lfz‘.,ie

AspectRotiog p = e
e VT BorWidid

{48)

(46)

{47)
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BoxAreass = BocHeightyy x BorWidth; s
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{48)

[0128] The method may also feature caleulating conjugacy of eye movement or variance from

perfect conjugacy of eve movement, such as. for cxamvle,

Conj warXtop
Conf varXrit
Conf varXhot
Conj varXief
Conf varY lop
Conj varYrit
Cong varY bol
Cong wvar¥rit
Cong DorrXYiop
Cong Corr XY it
Cong Corer XY bot

Conj CorrXYlef

L@y -
POE
L) -0
3 ]
¥ (E)* ~0
x3
PIREEY i
3 7
S gt~ 0
“\ﬂz I
i)y -0
Yo
L) -0
X !
T gt~ 0
P T
3o &
S R -1
5 #ain
Yy -1t
PN
3ay -1
L
Vi -1

{(57)
(58)
(59}
(60)
(1)
(62)
{63}
{64)
{85)
{66)
{67}
{68)

ar variance x ralio top/hottom {conjugacy), variance y ratio top/bottom (conjugacy),

variance x raiio lefi/right (conjugacy), or variance y ratio lelt/right (conjugacy}.

[0129] In some instances, one or more of the left.blinklength.value, rightaspeciRatiomean.value,

right.skewTop.value, right.skewTopNorm. value, right varTotal.valuc, right.varXrit.value,
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conj.varXbot.value, right.distTop.value, right.distRit.value, left.velTop.value, lefl.velRil.value
may be especially useful for demonstrating or detecling or asscessing alcohol consumption or
intoxication. In some instances, two, three, four, five, six, seven, eight, ning, ten or more metrics

may be obgerved or determinoed.

[0130] A standard deviation ot p value of 0.05, 0.1, 0.2, 0.25, 0.3, 0.4, 0.5, 0.75. 0.8, 0.9, 1.0,
1.5, 2.0, 2.5 or morc may refleet that a subject has consumed alcohel or is intoxicated. As such,
the methods described herein may be used fo detect alcohol consnmption or intoxication or

determine the severity or extent of the same.

[0131] In a cighteenth aspect, the invention provides a kit uscful for detecting, screening for or
quanlitating aleohol consumption or intoxication containing a device for tracking eye movement,
one or more means for analyvzing eye movement tracking data such as, for instance, an algorithm
or computer program, and instructions, Processing eye movement observations, making
measurements of eye movement observations, determining distributions of values measurced and
performing statistical tests may all be accomplished using suitable computer soliware Lhal may

be included in such a kit.

[0132] In a nineteenth aspect, the invention provides a compurter system. The computer system
or computing device 1000 can be used to implement a device that includes the processor 106 and
the display 108, the eye movement/gaze tracker component 104, cte. The computing system
1000 includes a bus 1005 or other communication component for communicating informetion
and a processor 1010 or processing circuit coupled to the bus 1005 for processing information.
The computing systcm 1000 can also include one or more processors 1010 or processing circuits
coupled to the bus for processing information. 'T'he computing system 1000 also includes main
memory 1015, such as a random access memory (RAM) or other dynamic storage deviee,
coupled ta the bus 1005 for storing information, and instructions o be executed by the processor
1010. Main memory 1015 can also be used for storing position information, temporary
variables, or other intermediate information during execution of instructions by the processor
1010. The computing system 1000 may further include a read only memory (ROM) 1010 or

other static storage device coupled (o the bus 1005 for storing static information and instructions
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for the processor 1010. A storage device 1025, such as a solid state device, magnetic disk or

optical disk, is coupled to the bus 1005 for persistently storing information and instructions.

[0133] The compuling system 1000 may be coupled via the bus 1005 to a display 1035, such as a
liquid crystal display, or aclive matrix display, for displaying information to a user. An input
device 1030, such as a keyboard including alphanumeric and other keys, may be coupled to the
bus 1005 for communicating information and command selections Lo the processor 1010, In
another implementation, the input device 1030 has a touch screen display 1035, The inpul
device 1030 can include a cursor control, such as a mouse, a trackball, or cursor direction keys,
for communicating direction information and command selections to the processor 1010 and for

controlling cursor movement on the display 10335.

[0134] According to various implementations, the processes described hercin can be
implemented by thc computing system 1000 in response to the processor 1010 cxecuting an
arrangement of instructions contained in main memory 1015, Such instructions can be read into
main memory 1015 from another computer-readable medium, such as the storage device 1025.
FExecution of the arrangement of instructions contained in main memory 1015 causes the
computing system 1000 to perform the illustrative processes described herein, One or more
processors in a multi-processing arrangement may alse be employed (o execute the instructions
contained in main memory 1015, In alternative implementations, hard-wired circuitry may be
uscd in place of or in combination with software instructions to cffect illustrative
implementations. Thus, implermentations are not limited to any specific combination of

hardware circuitry and softwarc.

BRIEF DESCRIPTION OF THE FIGURES

[0135] Figure 1 (A and B) demonstrates that as the aperlure containing a video moves in a
rectangular pattern, different nerves move the pupils. Figure 1A demonstrates movement of the
left eye, and Figure 1B demonstrales movement of the right eye. Cranial nerve III moves the

pupil up and down. Cranial nerve VI movcs it laterally. 'This data was obtained on a monocular
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eye tracker wilh sequential tracking of each eye. The video goes around five times with each

tracking recorded in a separate color (red, green, cyan, magenta, blue).

|0136] Figurc 2 A and B represent the eye-box trajectory of a normal subject tracked binocularly
(Figure 2A, [cft cye; Figure 2B right eye). Note that the eyes appear to be moving relatively the
same, with some differences. Tigure 2 C and D are time-course representations (Figure 2C, left
cyc; Figure 2D right eye), in which the x-axis is the Cartesian coordinate of the eye position and

the y-axis s ime,

[0137] Figure 3 represents total conjugacy versus age. Normal subjects demonstrated conjugate
eye movement (hat was not impacted hy age. A linear regression t-test was uscd to determine
whether the slope of the relationship between total variance and age yielded a regression line
statistically significantly different from 0. The test resulted in a t-statistic of -0.523 and a p-value
of 0.6017 showing that the slope of the regression line was not statistically significantly diflerent
from 0. Thus in our subjcct population ranging in age from 7 to 75, there was no change in

conjugacy of eye movements with age.

[0138] Figure 4 represents male versus female conjugacy of eye movements. Normal subjects
demonstrated conjugate eye movement that was not impacted by gender. A Welch Two Sample
t-test with 68,49 degrees of freedom resulted in a t-statistic of 0.6734 and a p-value of 0.5029

showing that the difference in the means was not statistically significantly different from 0.

[0139] Figure 5 represents X (horizontal) versus Y (vertical) conjugacy. Normal subjects
demonstrated horizontal eye movement that was statistically highly significantly more conjugate
than vertical eye movement. A paired t-test was used to delermine it the mean of the subjcct-
paired differences between the total x-variance and total y-variance was statistically significantly
different from 0. With 124 degrees of freedom, the test resulted in a t-statistic of -3.0263 and a p-
value of 0.003011 showing that the mean of the subject-paired differences was slafistically
highly significanily different from 0. Specifically, it was shown that for a particular subject, x-

variance is statistically significantly less than y-variance.
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[0140] Figurc 6 demonstrates the test-retest reliability of a stationary to stationary tracker.
Subjects (n=27) demonstrated high test-retest reliability between two scparate eyetracking
sessions on the stationary tracker, A paired t-test was nsed to determine if the mean of the
subject-paired diffcrences betwoen the total variances for two sepurate eyetracking sessions was
statistically significantly diffcrent from 0. With 26 degrees of freedomn, the test resulted in a t-
statistic of 1.2778 and a p-value of 0.2126 showing that the mean of the subject-paired

differences was not statistically significantly difterent from 0.

]0141] Figure 7 demonstrales the test retest reliability of a stationary io portable tracker.
Subjects (n—-24) demonsteated high test-retest reliability between separate eyetracking sessions
on the stationary tracker and the portable tracker. A paired t-test with 23 degrees of freedom (n =
24), resulted in a t-statistic of 1.3661 and a p-valuc of 0.1851 showing that the mean of the

subject-paired diffcrences was not statistically significantly different from 0.

[0142] Tigure 8 represents [indings from a 38 year old right-handed male recruited from the
emergency room after being hit by a car while riding his bicycle. The paticnt was brought in
with a backboard and C-collar, intoxicaled with reported loss of consciousness and normal vitals
but intermittent confusion with retrograde amnesia. On physical examination he was alert and
oriented x3, had a right cyc hematoma and a posterior vertex sofl lissue hematoma, He had
active bleeding over a Scm vertical laccration overlying the left maxilla. A. Head CT findings
include hilateral parafalcine posterior vertex subdural hematomas measuring up to 8mm in
thickness. There were multiple punctuate-subcentimeter bifrontal contusions, right greater than
left. There was a 4 mm left parafalcine subdural hematoma. He had no significant ophthalmic
history following his last optometric visit 10 years prior. No other major body injuries.
Quantitative serum alcohol level was 130 mg/dl. Medications administered up to 24 hours prior
to recruitment included acetarninophen 325mg, bacitracin, moxifloxacin hydrochloride. B.
Represents cye movement tracking box plols 2 days after triage. The patient was positive for
12/22 symptoms according to SCAT3 with a scverity score of 45/132 and GCS scorc of 13/15.
Total SAC score of 17/30. C. Represent cye movement tracking box plots 13 days aller iriage.
The patient was positive for 10/22 symptoms according to SCA'T'3 wilh a severity score of
27/132 end GCS score of 15/15. Total SAC score of 24/30. Medications administered up to 24
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hours prior to eye tracking included ibuprofen.

[0143] Figure 9 represents findings from a 37 year old right-handed [emale. The patient fell 2
weeks prior Lo seeking medical care. She denied loss of consciousness at the time. After taking
aspirin, she developed word finding difficulty 4 days prior to admission. She presented to the
emergency room where her examination was otherwise non-focal. A. The head CT showed a
mixcd attcnuation predominantly hyperdense subdural fluid collection over the left cerebral
convexity measuring up to 1.7 cm in thickness with associated mass effect upon the left lateral
ventricle and 7mm left to right midline shill of the scptum pellucidum. The patient underwent
craniotomy and was recruited for the study from NSICU on the third postoperalive day. She
denied word finding difficulty and was neurologically non-tocal at the time of recruitment and
reported no ophthalmic history. Medications administered up to 24 hours prior to recruitment
included Keppra, Ancel, Nexiwn, eparin, Acetaminophen, Zofran. There were no drugs or
aleohol reported for the past 24 hours. B. Represents eye movement tracking box plots 3 days
post operatively and 17 days post injury patient. The patient was positive for 6/22 symptoms
according to SCAT3 with a severily score of 17/132 und GCS scare of 15/15. Total SAC score of
18/30. C. Represents eye movement tracking box plots al 35 days post surgery and 49 days post
injury. The paticnt was positive for 13/22 symptoms according to SCAT3 with a severity scote
of 32/132 and GCS score of 15/15. Total SAC scorc of 27/30. No medications, drugs or alcohol

24 hours prior.

[0144] Figure 10 represents findings from a 22 year old right-handed male recruited from the
emergency. room who was participating in a skateboard competition and experienced a fall from
10-15 fect landing on his unhelmeted head. He lost consciousness for approximately 30 minutes
and then was agitated, confused and amnestic [or the cvent, His trauma bay GCS was 15 and he
had a moderatc sized left scalp hematoma on physical cxamination. A. His head CT findings
included a comminuted minimally displaced [racture of the left occipitoparictal bone with
extension to the antetior aspect of the left temporal bone. There was also a small underlying left
subdural hematomsa with pneumocephalus. There was partial opacification of the left mastoid air
cells, and a noo-displaced fracture through the tympanic roof could not be completely excluded.

He had no significant ophthalmic history other than eye pressure at the time of recruitment, and
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his last optometric visit was a year prior. Llis cranial trauma history included that 1.5 years ago
he fell with loss of consciousness. Medications administered up to 24 hours prior to recruitment
included leveliracetam 500 mg/100, 0.82% NaCl Premix, Ondansctron 4 mg/50 ml,
Acclaminophen 325 mg. B. Represents eye movement tracking box plots 1 day afler injury. The
patient was positive for 13/22 SCAT3 symptoms with a severity scorc of 62/132 and GCS score
of 14/15. The total SAC score was 19/30. C. Represents eye movement (racking box plots 12
days after injury. ‘T'he patient was positive for 19/22 SCAT3 symptoms with a severity score of
81/132 and GCS score of 15/15. The tolal SAC score was 17/30. 1), Represents eye movement
tracking box plots 66 days aller injury. The patient was positive for 19/22 SCA'T3 symptoms
with a severily score of 69/132 and GCS score of 15/15. The total SAC score was 24/30, No

medications, drugs or alcohol were consumed in the 24 hours prior to lracking on any occasion.

[0145] Figure 11 represents the findings from a 23 year old right-handed male who lell from
height of 30 feet. The Patient was awake, alert and hypotensive in the field, GCS 14. He
reported diffuse pain including in head, no vomiting. The neurological examination was non-
focal, but the patient was intubated for chest and pelvis injuries. He had no ophthalmic history
other than an optometric visit 6 months prior, He wears corrective lenses for astigmatism and
reporis a learning disability. Medications administered within 24hours prior to eye tracking
included albuterol, vancomyein hydrochloride, piperacilin tazobactam, aztrconam, pentacel. A.
Represents eye movement tracking box plots § days after injury. No SCAT was performed
initially. B. Represents cye movement tracking box plots 16 days alicr injury. The patient was
positive for 16/22 SCAL3 symptoms with a severity score of 18/132 and GCS of 15/15. Total
SAC score of 22/30. C. Represents eye movement tracking box plots 34 days alfler injury. The
patient was positive for 10/22 SCAT3 symploms with a severity score of 27/132 and GCS of
15/15. Total SAC score of 22/30. ID. Represents eye movement tracking box plots 75 days after
injury. The patient was positive for 13/22 SCAT3 symptoms with a severity scorc of 39/132 and

GCS of 15/15. Total SAC score of 26/30.

[0146] Figure 12 represents the findings from a 47 year old right-handed male recruited from the
emergency room. The paticnt was incbriated and crashed his bicycle into a parked truck. He was

unhelmeted. [le vomited and then became unresponsive. Upon arrival, he was intubated, GCS
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3T. Radiograph revealed a broken clavicle. Quantitative serum alcohol level was 284 mg/dl. He
had no ophthalmic history following an optometric visit many years ago. Upon recruitment 24
hours later the patient was extubated, alert and oriented x3. Medications administered up to 24
hours prior to recruitment included claritin and hydrocodone-acetaminophen, lidocaine,
etomidale, and succinylcholine. A. Represents eye movement tracking box plots a few hours
after triage. The patient was positive for 14/22 SCAT3 symptoms with a severity score of
72/132 and GCS scorc of 15/15. His total SAC score was 19/30. He reported feeling scverely
warse than baseline. B. Represents cye movement tracking box plots at 92 days post triage.
The patient was positive for 10/22 SCAT3 symptoms with a scverity score of 40/132 and GCS
score of 15/15. His total SAC score was 21/30.

[0147] Figure 13 represents the findings from a 53 year old right-handed female recruited from
the ER after falling on the street down bus steps, impacting her face. She denied loss of
conscious or amnesia and presented immobilized with cervical collar, On cxamination she had a
lip laceration. She had a medical history significant for migraines and bitemporal hemianapsia
due to benign pituitary adecnoma. Head CT showed moderate multifocal while matter disease to
right putamen, posteriorly in the right caudate head and left fronlal corona radiate, maybe
ischemic in origin, and bilateral proptosis. Her last optometric visit was one month prior o
recruitment, and she wears corrective lenses and bifocal contact in right eye. Medications
administered up to 24hours prior to recruitment included diovan, lidocaine, hydrochloide 600mg,
acetaminphen 650mg, vitamins, and tylenol. A. Represents eye movement tracking box plots a
fow hours after riage. The patient was positive for 16/22 SCAT3 symptoms with a severity
score of 40/132 and GCS score of 15/15. The total SAC score was 23/30. B. Represents eye
movement tracking box plots at 10 days post injury. ‘the patient was positive for 4/22 SCAT3
symptoms with a severity score of 17/132 and GUS scorc of 15/15. The total SAC score was
20/30. C. Represents eye movement tracking box plots 17 days post injury. D. Represents eve
movement tracking box plois at 113 days post injury. The patient was pesitive for 16/22 SCAT3
symploms with a severity score of 48/132 and GCS score ot 15/15. The total SAC score was
27/30.
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[0148] Figure 14 represents graphically that while MRI and CT can detect structural traumatic

brain injury (TBI), eye tracking can detect physiologic distuption of cerebral function.

[0149] Figure 15 is 4 block diagram of a computer system in accordance with an illustrative

implementalion.

|0150] Figure 16 is a schematic diagram showing a configuration of how a subject’s cye
movements are measured, analyzed and displayed by such a computer system as shown in Figure

8.

[0151] Figurc 17 represents findings from a subject affected by chronic methadone use. Chronic
mcthadone use decreases disconjugacy (particularly in the “y” coordinates). A. Represents eye
movement tracking box plots 1 day postoperative. B. Roepresents eye movement tracking box
plots 4 days postoperative. (.. Represents eye movement tracking box plots 66 days

postoperative.

[(152] Figure 18 represents [indings from a 41 year old male chronic methadone user who fell,
hit his head and sustained an epidural hematoma and sicull fracture. He underwent surgery and
was recruiled for eyc-tracking vn post-op day 1. Despite use of daily methadone, which is
associated with decreased disconjugacy, he hud a sustained disconjugate eye movements even at
66 days postoperatively. A. Represents eye movement tracking box plots at points 1-5. B.
Provides a composite of eye movement tracking box plots 1-5. C. Provides Lell and Right
Aspect delermined as described herein. ). Represents AX [L-R] and Conj. varX determined as
described hercin. E. Provides a plot of Left-X, Right-X, Left-Y and Right-Y determined as

described herein. F. Represents AY [L-R] and Conj. varY determined as deseribed herein,

[0153] Ligure 19 provides the eye movement tracking trajectories of a 65 year old male
presented o the cmergency room with acute onset of double vision. On examination he had left
to right {L to R) nystagmus, and L impaircd adduction on rightward gaze. He was diagnosed in
the ophthalmology clinic with INO duc to a midbrain ischemic stroke, Binocular afferent eye

tracking was performed and revealed abnormal aspect ratios and conjugacy.
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[0154] Figure 20 also provides the eye movement (racking trajecturies ol a 65 year old male
presented to the emergency room with acute onset of double vision. On cxaminatlion he had lell
to right (1. to R) nystagmus, and L impaired adduction on rightward paze. He was diaghosed in
the ophthalmotogy clinic with INO due to a midbrain ischemic stroke. Monocular afferent eye

tracking was performed and revealed normal aspect ratios.

{0155] Figure 21 also provides the eye movement tracking trajectories of a 65 year old male
presented to the emergency room with acutc onsct of double vision. On examination he had left
to right (I. to R) nystagmus, and L impaired adduction on rightward gaze. He was diagnosed in
the ophthalmology clinic with INQ due to a midbrain {schemic stroke. Monocular afferent cyc

tracking was performed and revealed normal aspect ratios.

[0156] Figure 22 provides the eye movement tracking trgjeciories of a 61 year old female wha
presented with a twmor affecting her left (1) VIth and IHrd nerves as conlirmed by ophthalmic
examination. Binocular aflerent tracking was performed and revealed abuormal aspect ratios

and conjugacy.

[0157] Figure 23 also provides the eye movement tracking trajcctories of a 61 year old female
who presented with a tumor affecting her left (L) VIth and ITIrd nerves as confirmed by
ophthalmic cxamination, Monocular afferent eve tracking was performed and revealed abnormal

aspect ratios.

[0158] Tigure 24 also provides the eye movement tracking trajectories of a 61 year old fomalc
who presented with a tumor affecting her left (L) VIth and Hird nerves as confirmed by
ophthalmic examination, Monocular afferent cye tracking was performed and revealed abnormal

aspeet ralios,

10159 Figure 25 represents the eye-box trajectories of'a 19 year old male subject with ADIID
tracked binocularly (Figure 25A, lefll eye; Figure 251 right eye). The aspect ratio is provided for

each eye.
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10160] Figure 26 demonstrates the conjugacy of lell and right eye movement represented by Ax
{Vigure 26A) and Ay (Figure 26B) for the 19 year old malc subject with ADHD tracked

binocularly demonstrated in Figure 25.

{0161} Figure 27 represent the eye-box trajectories of a second 19 vear old male subject with
ADHD tracked binocularly (Figure 27A, lell eye; Figure 27B right eye). The aspect ratio is

provided for each eve.

[1162] Figure 28 demonstrates the conjugacy of lefl and right cye movement represented by Ax
(Figure 28A) and Ay (Figure 28B) for the 19 ycar old malc subjcet with ADHD tracked

binocularly demonsirated in Tigure 27.

[0163] Figure 29 represents the eye-box trajectorics and conjugacy of eye movement of a subject
with possible chronic trawmatic encephalopathy (CTE) and ADHD tracked binocularly (Figure
29A, lelt eye; Figure 29B righl cye). The aspect rativ is provided for each eye (Figures 29C,
29D). The conjugacy of ledi and right eve movement represented by Ax (Figure 29E) and Ay
{Figure 29F) is represented.

[6164] Figure 30 represents a second testing or repeat of the cye-box trajectories and conjugacy
of cye movement of the subject with possible chronic traumatic encephalopathy (CTE) and
ADHD tracked binoccularly as represented in Figure 30. (Figure 30A, Icft cve; Figure 30B right
eye) The aspect ratio is provided for each eye (Figures 30C, 30D). The conjugacy of left and

right eye movement represented by Ax (Figure 30E) and Ay (Figure 30F) is represented.

[0165] Figure 31 A and B represent the eye-box trajectories of a 31 year old male subject
tracked binocularly (Icft cyc; right cyc). Figurc 31A represonts the cyc-box trajectories observed
before drinking alcchol, and Figure 31B represents the cye-box trajectories observed after

drinking alcohol.
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[0166] Figure 32 A and B represent the eye-box trajectories of a 34 year old female subject
tracked binocularly (left eye; right eve). Figure 32A represents the eye-bux lrajectories observed
before drinking alechol, and Figure 32B represents the eye-box trajectories observed after
drinking alcohol.

DETAILED DESCRIPTION OF THFE. INVENTION

[0167]) Before the present methods are deseribed, it is to be understood that this invention is not
limited to particular methods and experimental conditions described, as such methods and
conditions may vary. It is also to be understood that the terminology used herein is for purposes
of describing particular embodiments only, and is not intended to be limiting, sinee the scope of
the present invention will be limited only by the appended claims, As used in this specification
and the appended claims, the singular forms "a”, "an", and "the" include plural references unless
the context clealy dictates otherwise. Thus, for example, references to "the method” includes
one or more methods, and/or steps of the type described hercin and/or which will become
apparent to those persons skilled in the art upon reading this diselosure and so forth in their
entirety.

[0168] Unless defined otherwise, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which this invention
belongs. Although any methods and materials similar or equivalent to those described herein can
be used in the practice or testing of the invention, the preferred methods and materials arc now
described.

[0169] The terms used herein have the meanings recognized and known to those of skill in the
art, however, lor convenience and completeness, particular terms and their meanings are set forth
below.,

Date Regue/Date Received 2022-03-01
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[0170] "Subject" or "patient" refers to a mammal, preferably a human, undergoing trealment or
screening for a condition, disorder or discasc such as, for instance, any condition characicrized

by or featuring disconjugale gaze or strabismus.

[0171] By “assessing or quantilaling brain injury” ot "assessing or quantitating structural and
non-structural fraumatic brain injury” is meant identifying, diagnosing, or determining the
severily or physiological effects or sequelae of a traumatic brain injury such as, {or instance,

concussion, subeoncussion or blast injury.

[0172] By “localizing a ccntral nervous system lesion” is meant in some instances determining
information that may predict a likely position of a lesion, for instance, determining the side of the
body, for instance, lefl or right, where a lesion may likely be located within the central nervous
system. In other instances, “localizing a central nervous system lesion” may mean determining
a particular fossa or compartment, such as, for instance, a fascia compartment or brain ventricle

in which a lesion is likely located within the central nervous system.

[0173] By “control” is meant a subject, individual or patient who has consumed substantially no
aleohol or absolutely no alcohol in a particular preceding time frame such as, for instance, the

fast 1,2,3, 4,5, 60, 8, 10, 12, 18, 24, 48 or 72 hours.

[0174] By “assessing central nervous system integrity” is meant identifying one or more
symptoms thal may indicate a pathology of or affecting the central nervous system, or
identifying, assessing, quantifying or diagnosing a pathclogy of the central ncrvous system. The
pathology may be, for instance, one or more of increased intracranial pressure, hydrocephalus,
concussion, dementia, schizophrenia, amyotrophic lateral sclerosis, musculur sclerosis, autism

and Fragilc X disease.

[0175] By “vergence” or “vergence disorders” refers generally io convergence, when the eyes
rotale inward as an object moves closer, and to divergence, when the eyes rotate outward as an
object moves farther away. Both convergence and divergence are tested to some extent as an

object moves around, effectively assessing sustained vergence. Most vergence disorders are due
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to the pathologies and causes deseribed herein, for instance, trauma. Some vergence disorders
may be congenital, The methods and algorithms described herein facilitate sercening for such

vergence and vergence disorders.

[6176] By “having eye movement of a first cyc thal s significantly dillerent from eye movement
of a second cyc™ is meant displaying eye movement in a first eye over 3, 10, 25, 50, 100, 1,000,
5,000, 10,000 or more observations, tracked with at least x, y coordinate positions, that is at lcast
5%, 10%, 15%, 20%, 25%, 30%, 40%, 50%, 73%, or 100% or more variant compared to the
corresponding eye movement observations tracked from the sccond cye. The 5%, 10%, 15%,
20%, 25%, 30%, 40%, 50%, 75%, or 100% or more variant may be calculated or observed either
numerically or graphically. Alternatively, “having eye movement of a first eye that is
significantly different from eye movement of a second eye” is meant displaying eye movement
in a first cyc over 5, 10, 25, 50, 100, 1,000, 5,000, 10,000 or more observations, tracked with at
lcast x, y coordinate positions, that, when graphically displayed in a scatterplot as described
herein, is at least 5°, 10°, 15°, 20°, 25°, 30°, 407, 50°, 60°, 75° or 907 or morc variant compared
to the corresponding eye movement observations tracked and graphically displayed on a

scatterplot as described herein from the second eye.

[0177] By "narcosis” is meant unconsciousness, or a statc of lacking normal awareness of the
self or environment induced by one ur more narcotic or ancsthesia, or any mental status change

or chronic behavioral affect that may be induced by acule or chronic use of narcotics.

[0178] By "narcotic” is meant any psychoactive compound with any sleep-inducing properties,
or any drug that is prohibited, such as heroin or morphine. It is meant to include, for instance,
opiates, opioids, morphine, heroin and their derivatives, such as hydrocodone as well as
cannabis, alcohol, and any other substance classified as a narcotic by the United States

Controlled Substances Act.

{0179] By "schizophrenia spectrum disorders” is meant disordets featuring one or more
symptoms of schizophrenia including positive symploms like hallucinations, delusions, and

disorganized thoughts and speech; negative symptoms like cmotional and behavioral
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disturbances; and cognitive symptoms like difficulty paying attention, and understanding and
utilizing information. The term cncompasses and cmbraces different schizophrenia spectrum
disorders, including, for instance, schizotypal personality disorder, schizoid personality disorder,

delusional disorder, schizoaffective disorder, and schizophreniform disorder.

[0180] By "attcntion deficit hyperactivily disorder” (ADHD) is meant a psychiatric disorder of
the neurodevelopmental type in which there are significant problems of allention, hyperactivity,
or acting impulsively that are not appropriate for a person's age. Often, these symptoms begin by
age six to twelve and persist for more than six months. The term specifically embraces all such
dingnoses made according to DSM-TV criteria and all diagnoses made via the ICD-10 ctiteria. .
By "chronic traumatic encephalopathy (CTE)" is meant symptoms resulting from trauma, either
as an isolated cvent or in the form of multiple prior injuries such as associated with concussion

ot subconcussion and associated with the syndrome named "chronic traumatic encephalopathy.”

Eyc movement fracking device

[0181] According to the methods deseribed, tracking cyc movement may be performed using
any suitable device such as, for example, an Byclink® 1000 binoculat eye tracker (500 Hz
sampling, SR Research). ‘The suitable device, i.e. the eye tracker, may be stationary or portable.
The eye tracking movement samples may be obtained at any suitable frequency, such as for
instance, 10 11z to 10,000 Hz or more. ‘The subject may be posilioned an appropriate distance
from the device, such as, for example, 10, 20, 30, 40, 50, 55, 60, 70, 80, 90 cm or more, or even
a meter or more from the device screen. In some instances, the subject’s head may be stabilized,
such as, for instance by using a chinrest or similar stabilizing mechanism. The subject may be
seated or reclining. Preferably, the presentation monitor of the device is adjusted so as to
substantially match the subject’s gaze direction. The tracking eye movement may be performed
for a total of, for example, 30, 60, 90, 120, 150, 180, 200, 220, 240, 270, 300, 330, 360, 400,
450, 500 sceonds or more, or for 5, 10, 15, 20, 25, 30, 45, 60, or 90 minutes or more. Ag such,
according to the methods provided, 1,000, 5, 000, 10,000, 20,000, 25, 000, 50,000, 75,000,
100,000, 150,000, 200,000, 250,000, 300,000 or more samples of eye position may be obtained.
Similarly, the tracking eye movenﬁqent may be performed using a video oculography device, such

as, for instance, goggles, or using a web-cam based tracking system.
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[0182] According fo the methods described, analyzing eye movement may be performed by any
suitable means. In some instances, a stimulug and an analysis stream are provided that allows
interpreting raw eye position data. In some instances, an algorithm may be provided lor looking
at pupil position directly thereby yielding informalion sboul ocular moulity. Prelerably, a device
is adapted into a novel mobile system that may analyze eye movement close in time or

substantially concurrent to the eye movement itself.

Tracking eve movement in response to a moving or visual stimulus

[0183] According 1o the methods described, eye movement may be tracked in response to a
visual stimulus. In some instances, the visual stimulus may be, for instance, a video such asa
music video that may move, for instance clockwise, along the ouler edge, of a computer monitor.
1n some instances, such a video may be provided starting at the upper or lower, left or right hand
corners, ol a scrcen. The visual stimulus such as a video, e.p. a music video, may be provided in
a substantially square aperture with an area of approximately 10, 12, 14, 16, 18, 20, 25, or
degrecs, for example, approximately 1710, 1/8, 1/6, 1/5, Vi, 1/3, 42 of the size of the screen or s0.
The visual stimulus, such as, for example a music video, may play substantially continiously
during the eye movement tracking, and it may in some instances move across the screen at a
relatively or subslantially constant speed, For nstance, such a visual stimulus, for instance, a
music video may cover each edge of & monitor in aboul 2, 5, 10, 13, 20, 30, 45 or 60 seconds or
so. Therefore, in some instances, a full cycle may take, for instance, 10, 20, 30, 40, 50, 60, 75,
100, 120, 150, 180 seconds or so. Multiple cycles of such a visual stimulus, for instance a music
video muy be played, for instance, one, two, three, four, five, six, seven, eight, ninc, ten, twelve,
fifteen, twenty or more full cycles. As such, the visual stimulus may be provided, the eye
movement may be tracked, in effect, in some instances the video may be played for a total of, for
example, 30, 60, 90, 120, 150, 180, 200, 220, 240, 270, 300, 330, 360, 400, 450, 500 scconds or
more. In instances where the visual stimulus is in the form of a video, a countdown video may
be played in the starting position for, for instance, 5, 10, 13, 20, 25, or 30 seconds or more before
beginning the visual stimulus, ¢.g. video, to provide subjects sulficient time to orient to the
visual stimufus. Likewisc, the visual stimulus, for instance a video, may be continued for an

addition 2, 5, 10, 15, 20, 30, 45 or 60 seconds or so after the eye movement tracking is
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performed to reduce or substantially avoid boundary effects. The same result could be obtained
by having the visual stimulus moving over any distance X relative to any amount of time t. The
ideal stimulus would move however in the hoth the x and y Cartesian plancs to optimize the

assessment capability of the method,

Comparing Fye Movement of a Iirst Lyve of the Subject to Eve Movement of a Second Eye of

the Subject or a Control

[0184] According to the methods described, comparing eye movement of a first eye of the
subject to cye movement of a second eye of the subject, may be performed by analyzing data.
Data from the tracking eye mevement may provide an indication of whether an individual
subject’s paze is conjugate (eyes are moving together) versus disconjugate. Comparing eye
movement of a first eye of the subject 10 eye movement of a second eye of the subjcct may
feature generating scatterplots. Comparing eye movement of a first cyc of lhe subject to eye
movement of a second eye of the subjecl, may feature plotting the horizontal eye position along
one axis and vertical eye position along an orthogonal axis. Such comparing eye movement of
the subject to a control, or comparing ¢yc movement of a {irst eve of the subject to eye
movement of a second eye of the subject, may feature generating, plotting pairs of (x,y) values,
for instance, 50,000, 100,000 or more pairs ol values (x,y). Such pairs of values (x,y) may be
plotted representing, for instance, the two components of the instantaneous angle of pupil

reflcetion (horizontal, vertical) over a period of time, for instance, 100 or 200 seconds or more.

[0185] As such, comparing eye movement of a first eye of the subject (0 eye movement of a
second eye of the subject, may feature gencrating ligures substantially resembling boxes that
reflect the trajectory traveled by the visual stimulalion, such as when it moves across a4 screen.

In healthy controls, these figures substantially resembling boxes may look like, for instance,
substantially equilateral rectangles or squares, reflecting the trajectory traveled by the visual
stimulus across a screen. In instances ol neurclogical damage or increased intracranial pressure,
such figures may not substantially resemble a box, a rectangle or a square. In fact, in some
instances, the cranial nerve having reduccd or impaired function or conduction may be identified.
In some instances, the figures generated that reflect the trajeclory raveled by the visual

stimulation may demonstrate abnormal distribution of or ahsence of normal plolting pairs (n
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particular areas. Increased variability along the y-axis may for example rellect cranial nerve L
dysfunction. Dcereased variability along the y-axis, or decreascd height (o width ratio may
reflect CN I dystunction. Incrcased height to width ratio may reflect CN I'V or VI dysfunction.
The height of the box may be mathematically determined by assessing the position of the pupil
as the video traverses the top and bottom of the presented visual stimulus. This “actual” height
may be dilferent from the perceived height mathematically, since the perceived height can
represent abcrrant pupillary motion due to the patient’s ccular motility dysfunction. The
integrity of the box walls may also be indicative of other types of dysfunction, Both cranial
nerve palsies and mass ellect may cause defects in box trajectory. Supratentorial mass lesions
and CN III defects may impact the top andfor bottom of the box. Infratentorial mass lesions or
CN VI palsies may impact the sides of the box. For instance, in the case of the left eye, the
upper left quadrani of the figure may reflect activity, function or conduction of cranial nerves 111
and VI, the fower left quadrant of e ligure may reflect activity, function or conduction of
cranial nerves [l and 1V, while the upper right quadrant and the lowcr right quadrants may
reflect activity, function or conduction of cranial nerve I1I. In the case of the right eve, the upper
and lower left guadrants of the figurc may reflect activity, function or conduction of cranial
nerve 111, the lower right quadrant of the figure may reflect activity, function or conduction of
cranial nerve 111, while the upper right quadrant and the lower right quadrant may reflect activity,

function or conduction of cranial nerves TV and V1.

[0186] Comparing cye movement of a first eye of the subject to eye movement of a second eye
of the subject, may feature determining the distribution of certain measurements in the control
population and comparing the subject with these control distributions. In such instances, visual
stimulus trajectory may be divided into [our time components, for instance, two, three, four, five,
six or more repelitions of the first few, tor instance. 2, 5, 10, 15, 20 or so seconds of each
rotation cycle. In such instances, comparing eye movement of the subject to a control may
feature evalualing such variables as the rclative variance in each arm, and the rclative intogrity of

cach arm.

[0187] Comparing cyc movement of the subject to a control, or comparing eye movement of a

first eye of the subject to eye movement of a second eye of the subject, may also feature
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meusuring the integrity of each subject’s values. In instances featuring generating figures
substantially resembling boxes that reflect the trajectory traveled by the visual stimulation, such
as when it moves across a screen, the sides or arms of the figures (e.g. the top of the box and the
bottom of the box) may be z-scored using the mean and standard deviation calculated from the
control population. The resulting score may indicale how dilferent the subject’s values are

compared with the control values, such as, for instance, in units of standard deviations.

[0188] According to the methods described, identifying the subject as having eye movement
significantly different from the control, or identifying the subject as having eye movement of a
first eye that is sigmficantly different from eye movement of a second eye, may be performed
using a z-scorc. Because 95% of all values in a normal distribution lie within two standard
deviations of the mean, a z-scorc of 2 may be used as a significance threshold. Subjects with z-
scores above, for instance, 2 in either or bath, or 1, 2, 3, or 4 sides or arms of the figures may be
judged to have significant disturbances of ocular motility. Similarly, identitying the subject as
having eyc movement significantly different from the control, or identitying the subject as
having eye movement of a [irst eye that is significantly different from eye movement of'a second
eye, may be perlormed by assessing whether it has or there is a diffcrence that exceeds a

predetermined threshold.

[0189] Identitying the subject as having eye movement significantly different from the control,
or identifying the subject as having eye movement of 2 first eye that is significanlly diltercnt
from eye movement of' a second eye, may feature determining relative variance. In some
instances, multiple such as 1,000, 2,000, 3,000, 5,000, 10,000, 20,000 or more point distributions
may be gencrated by, for instance, taking multiple samples from a multiple number of values
randomly chosen with replacement from the multiple control values. For cach subject, the
relative variance in either or both, or |, 2, 3, or 4 sides or arms of the figures may be compared
respectively with the corresponding control distribution, and the pereent of the control
distribution with variance below that of the test value may be detexmined. A p-value of .05 a
widely accepted measure of statistical significance corresponds to 95% of control values falling
below the test value. In such instances, subjects with variance higher than 95% of the values in

the control distributions may be determined to have significant disturbances of ocular morility.
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The video may also move in other trajectories not resembling a reclangle, such as a triangle,

circle or linear or nonlincar trajociorics. As long as the trajectories can be resolved into vectors
along Cartesian coordinates (horizontal vertical or x,y) the same principles will apply. In short,
any (rajeclory (e.g. any shape, or line, or curve, ete.) studied over time may provide information

about Ceniral Nervous System function or dysfunction.

[0190] Comparing the movement of one eye of a subject to the other eye of a subject may be
performed by comparing the x,y Cartesian coordinates al any time point t, for example, by
subtracting the x coordinate of the left eye [rom the x coordinate of the right eve or vice versa, or
by subtracting the ¥ coordinate of the left eye from the y coordinate of the right eye or vice versa.
‘T'he sums of the differences between all of the x coordinates over the time tested informs
regarding horizontal movement of the pupil. The sums of the differences in y coordinates over
time informs regarding vertical movement of the pupil. The total sum of the differences between
hoth x and y coordinates over the time tested may be totaled to obrain a measure of total
disconjugacy of gaze, which may be a surrogate marker for cenfral nervous system integrity. In
such a way, it is possible to quantitate the extent of central nervous system (CNS) integrity by

quantitating the extent of disconjugate gaze.

Eve movement (racking without 4 mioving ur visual slimulus

[0191] Eye movement may also be tracked wilhout using a moving stimulus. It is possibla to
assess conjugacy without having the stimulus move at all, bul by assessing the x, y coordinates
over times during naturalistic viewing. For example, cyc movement may be tracked during
televigion watching or live viewing of an environment without a specific viewing apparatus such

as a monitor or scresn.

[0192] According to the methods described, comparing the x or y Cartesian coordinates at any
time point for the eye movement of a first eye of the subjeel to the respective x or y Cartesian
coordinates at any time point for the eye movement of a second cve of the subject, may be
performed by analyzing data. Data from the tracking eye movement may provide an indication
of whether an individual subject’s gaze is conjugate (eyes are moving together) versus

disconjugate. Comparing the x or y Cartesian coordinates at any time point for the eye
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movemernl of 1 lirst eye of the subject to the respective x or y Cartesian coordinates at any time
point for the eye movement of a second eye of the subject, may feature generaling scatterplots.
Comparing the x or y Cartesian coordinates at any (ime point for the cyc movement of a first eye
of the subject to the respective x or ¥ Cartesian coordinates ai any time point for the eye
movement of a second eye of the subject, may [eature plotting the ditference between the
horizontal eye positions along one axis and time along an orthogonal axis, as well as the
difference between the vertical eye positions along one axis and time along an orthogonal axis.
Such comparing the x or y Cartesian coordinates at any time point for the ¢ye movement of a
first cyc of the subject to the respective x or y Cartesian coordinates at any time point for the eye
movement of a secand cyc of the subject, may feature generating, plotting pairs of (x. v} values,
for instance. 25,000, 50,000, 75,000, 100,000, 150,000 or morc pairs of valucs (%, y). Such paits
of values (x, y) may be plotted representing, for instance, the two components of the
ins{anianeous angle of pupil reflection (horizontal, vertical) over a period of time, tor instance,

100 or 200 or 250 or 300 seconds or more.

[0193] As such, comparing the x or y Cartesian coordinates at any time point for the eye
movement of a first eye of the subject to the respective x or y Cartesian coordinates at the time
point for the eye movement of a sceond cye of the subject, may allow generating plots asscssing

conjugacy of eye movements over time.

|0194] Comparing the x or v Cartesian coordinates at any time point for the eye movement of a
first cyve of the subject to the respective x or y Carlesian coordinatcs at the time point for the eye
movement of a second eye of the subjeet, may feature determining the distribution of certain
measurements in the control population and comparing the subjcet with these control
distributions. In such instances, visual stimulus trajectory may be divided into four time
components, for instance, two, three, four, five, six or more repetitions of the first fow, for
instance, 2, 5, 10, 15, 20 or so scconds of each rotation cycle. In such instances, comparing the x
ory Cartesian coordinates at any time point for the eye movement of a first eye of the subject to
the respective x or v Cartesian coordinates at any time point for the cyc movement of a second
eye of the subject may featwre evaluating such variables as the velative variance in cach arm, and

the relative integrity of each arm.
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[0195] Comparing the x or y Carteslan coordinates at any time point for the eye movement of a
first eye of the subject to the respeclive x or y Carlcsian coordinates at the time point for the eye
movement of a second eye of the subject may be performed by comparing the x, y Carlesian
coordinates at any time point t, for example, by subtracting (he x coordinate of the left eye from
the x coordinate of the right eye or vice versa, or by subtracting the v coordinate of the lelt eye
from the y coordinate of the right eye or vice versa. The sums of the differences between all of
the x coardinates over the time tested informs regarding horizontal movement of the pupil. The
sums of the differences in y coordinates over time informs regarding vertical movement of the
pupil. The total sum of the differences botwoen both x and y coordinates over the time tested
may be lotaled to obtain a measure of total disconjugacy of gaze, which may be a surrogate
marker for central nervous system integrity. In such a way, it is possible to quantitate the extent

of central nervous system (CNS) integrity by quantitating the extent of disconjugate gaze.

[0196] Providing a sum of the differences between all of the x coordinates of the first eye
compared to the second eye over the time tested or providing a sum of the differences in y
coordinates of the first eye compared to the second eye over the time tested or both may be
performed subsequent to comparing the x, ¥ Carlesian coordinates at the time point t. For
example, by subtracting the x coordinate of the left eye from the x coordinate of the right eye or
vice versa., Also, by subtracting the y coordinate of the lefl eye [rom the y coordinate of the right
eye or vice versa. The sums of the differences between all of the x coordinates over the time
tested informs regarding horizontal movement of the pupil. The sums of the differences in y
coordinates over time informs regarding vertical movement of the pupil. The total sum of the
differences between both x and y coordinates over the lime wested can be summed to obtain a
measure of total disconjugacy of gaze, ar as an average of five eyebox trajectory cycles

formulaically represented as follows:

LA
Kavpik = 5 ,foralli=1:N, k=1:2,

where Xjj refers o the x-coordinate of the pupil, and k refers to the lefl or right eye of a subject.

In cases where a subject’s data was niissing at any given time point in the five cycles, the
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dengminator of the equation was the number of cycles where the data was present. The
dillerence in the x and y position, for the left and right eye, may then be computed. This vectar
of difference may then be plotted graphically for purposcs of assessment and interpretation. To
have a single metric expressing the level of pupil disconjugation, a variance of the data may be
computed with respect to an expected mean of zero. This is significant because the code assumes
that a healthy suhject has 7ero vertical or horizontal pupil position difference between each eye.
The variance for cither horizontal (x) or vertical {substitute y for x) movement may be computed
as follows:

5‘“’
1, o
VQ-“:::? = EZ{H,AQ.éwg’ﬁ_ - X.-h:gi‘}_*) - 0}1

=1

[0197] Providing a total sum of the differences between both x and y coordinates of the first eye
compared to the second eye over the time tested may be performed by calculating the total
variance in both the horizontal and vertical planes between the first and the second eyes. The

total variance may be computed as follows:

Varpg, = Van, + Vor,

[0198] In somge instances, the Vary or the Vary or both, calculated as described herein, may be
0.05,0.07, 0.1, 0.15, 0.20, 0.25, 0.30, 0.40, 0.50, 0.60, 0.75, 0.90, 1.0, 1.10, 1.25, 1.50, 1 75, ar
2.0 or morc. Similarly, in some insiances, the Vary, calculated as described herein, may be 0.1,
.15, 0.20, 0.25, 0.30, 0.40, 0.50, 0.60, 0.75, 0.90, 1.0, 1,10, 1.25, 1.50, 1.75, 2.0, 2.50, 3.0 or 4.0
oT morc, in subjcets having a neurological disease or condition characterized by or featuring

disconjugacy of gaze or strabismus.

[0199] Tracking eye movement may feature generating figurcs substantially resembling boxes
that reflect the trajectory travcled by the visual stimulation, such as when it moves across &
screen, often called eyc movement hox trajectory. Tn healthy controls, these figures substantially
resembling boxes may look ke, for instance, substantially equilateral rectangles or squares,
reflecting the trajectory traveled by the visual stimulus across a screen. In instances of structural
and non-structural traumatic brain injury, neurological damage or increased intracranial pressure,

such figures may not substantially resemble a box, a rectanglc or a squarc. In fact, in some
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instances, the cranial nerve having reduced or impaired function or conduction may he identified.
In some instances, the figures generated that reflect the trajectory traveled by the visual
stimulalion may demonslrate abnormal distribution of or absence of normal plotting pairs in
particular areas. Increased variability along the y-axis may for example reflect cranial nerve 11
dysfunction. Decreased variability along the y-axis, or decreased height to width ratio may
reflect CN T dysfunction. Increased height to width ratio may reflect CN IV or VI dysfunction.
The height of the box may be mathematically determined by assessing the position of the pupil
as the video traverses the top and bottom of the presented visual stimulus. This “actual” height
may be different from the perceived height mathematically, since the perecived height can
represent aberrant pupillary motion due to the patient’s ocular motility dysfunction. The
integrity of the box walls may also be indicative of other types of dvsfunction. Both cranial
nerve palsies and mass effect may cause defects in box trajectory. CN I defeets may impact the

top and/or hottom of the box. CN VI palsies may impact the sides of the box.

Traumatic Brain Injury

[0200] Tn addition to concussions, sub-concussive head hils also produce measurable changes in
brain MRI. For instance, there may be persistent changes in white matter properties in athletes
who did not experience a concussion during a season but had several blows to the head. A
number of sub-concussive events may be as damaging as a frank concussion. The MRI changes
repotted in this study were causally related to the presence in serum of players of auto-antibodies
against the brain protein S100B. Sub-concussion Lo leakage of the blood-brain barricr,
exiravasation of brain $100B in blood, activation of an immune response due to antigen
unmasking and production of auto-antiboides. These auto-antibodies may be pathogenic as
shown for example in epileptic human brain. (Phan et al., "Extracranial sources of S100B do not
affect serum levels.” PLoS One. 2010; 10 53(9); Carvalho-Tavares ¢t al., Neurobiol Dis. 2013,
59:206-19) The link between S100B auto-antibodies and CTE needs experimental
confirmation; however, antibodies against S100B or other brain protein have been found in

patients affected by Alzheimer's disease.

[0201] Clinical symptoms of chronic traumatic encephalopathy arc only beginning to be

understood. They are thought to include changes in mood (i.c. depression, suicidality, apathy,
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anxiety), cognition (i.c. memory loss, executive dysfunction), behavior (short fusc, aggression),
and in some cases motor disturbance (i.c. difliculty with balance and gait). The pathology of
CTE has been broken up into stages, the clinical symploms and clinical progression of CLE are

not fully characterized.

[0202] The lack of in-vive techniques to show distinct biomarkers for CTH is the reason CTE
cannot be definitively diagnosed during lifeiime. The only known diagnosis for CTE occurs by
studying the brain tissue altcr death. Concussions are non-structural injuries and do not result in
brain bleeding, which is why most concussions cannot be secn on rouline neuroimaging tests
such as CT or MRIL. Acute concussion symptoms (these that oceur shortly after an injury) should
not be confused with CTE. Differentiating between prolonged post-concussion syndrome (PCS,
where symptoms begin shortly aller a concussion and last for weeks, months, and sometimes
even years) and CTE symptoms can be difficult. (Poiricr, Clinical Pediatric kimergency
Medicine 2003; 4 (3): 179--85) Research studies are currently examining whether neuroimaging
can detect subtle changes in axonal integrity and structural lesions that can occur in C1E.
Recently, more progress in fs-vive diagnostic techniques for CTE has been made, using DTL
(MRT, MRI, and MRS imaging; however, more research nceds to be done before any such

techniques can be validated.

Drug Use, Drug Abuse and Narcosis

[0203] A patient may have altered mental status for a wide variety of reasons, which commonly
include impairment due to the use of narcotics. The metheds described herein demonstrate that
an eye tracking algorithm performed while a subject watches (clovision or a short tilm clip
continuously playing in a moving aperture can distinguish between normal subjeets and those
administered the narcotic methadone. Eye tracking was performed on 93 mcthadone patients and
100 controls. These two populations were distinguishable by comparing the velocity of eye
movements. Eye racking was then performed on 53 of the methadonc patients before and atter
their daily administration of narcotic. The observed eye tracking demonstrated that puypyil

velocity slowed us the eyes moved in one of four trajectories using a box trajectory.  These data
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demonstrate that eye tracking may be usclul for detecting narcotic use/abuse and to distinguish

between altered mental stalus from narcotics versus other causes such as brain injury.

Structurally and Non-structurally Brain Injured Subjecis

[0204] A purpose of the prospective obscrvational study described herein was to quantitatc
differences in eye tracking of structurally and non-stricturally brain injured subjects relative to
non-brain but bodily injured and healthy non-injured controls (o idenlily the eye tracking
parameters associated with structural and non-structural injury. Another purpose was lo identify
a correlation between impaired eye tracking and clinical neurologic functioning. Liye tracking
and clinical concussion assessments were performed on 44 injured subjeets, and eye tracking was
performed only on 31 healthy normal controts. 51 eye tracking paramciers were assessed in each
patient. 10 parameters showed statistically significant differences between negative controls
(healthy normal people and corporally injured trauma patients) and both positive controls
(patients with structural brain injury) and patients with non-structural brain injury. 8 addirional
parameters showed statistically significant differences between negative controls (healthy normal
people and corporally injured trauma paticnts) and paticnts with cither structural or non-
structural brain imjury. 10 of the cyc tracking mcasures showed statistically significant
correlation between SCAT or SAC scores, demonstrating that these eye tracking parametcrs

correlated with a validaied clinical outcome measure.

|0265] In order to assess ocular motility including the function of cranial nerves 111, IV, and VI
and associaled nuclei, a novel technique for automated eye movement tracking was developed
using temporal rather than spatial calibration. The position ol the pupil is predicted based on
time clapsed since the start of the video rather than spatinl calibradon, enabling detection ol
impaired ability to move the pupil relative o normal coutrols or the opposite eye. Temporal
calibration offers the additional advantage of utility to populations that may not be willing or
able to cooperate with calibration instructions such as young children, forcign-language

speakers, minimally conscious persons, or aphasics.

[0206] The data presented herein quantitates differences in eye tracking of structurally and non-

structurally brain injured subjects relative to non-brain but bodily injured and healthy non-
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injurcd controls to identify the parameters associated with structural and non-structural injury.
The data presented herein further cstablish a corrclation between impaired eye tracking and

clinical neurologic functioning.

Tnlernuclear Ophthalmaoplegia {INO)

[0207] The present methods provide an eye tracking aleorithm that detecls and quantitates the
extent of internuclear ophthalmoplegia (INO) and differentiates it from an infranuclear palsy.
‘The algorithm features having an individual observe a short film clip playing continuously in a
moving aperture for a period of time while being eye tracked, The video is viewed with both
eyes (binocular aflerent), and both eyes are tracked. Pupil positions (Cartesian coordinates) are
compared over lime (o determine if the eye movements are coordinated. Aspect ratio (the ratio
of movements in the horizontal versus vertical plane) and/or horizontal and vertical conjugacy
(the difference in coordinates between the left and right eyes in the x and y planes respectively)
are assessed to identify whether the cyes are moving together. If they are not moving together, a
lesion in the medial longitudinal fasciculus (MLF) resulting in INO can he distinguished from an
infranuclear palsy by retracking the same individual with first one eye covered or closed
{monocular affcrent, monocular cyc tracking) and then the other eye covered or closed.  Thus by

blocking the afferent information to one eye INO can be differentiated from infranuclear palsy.

[0208] An individual with an interouclear ophthalmoplegia (INO) will have normal motility
(aspect ratio) in the cyes assessed separately (monocular afferent/monccular tracking) and

abnormal tracking (abnormal aspect ratio/abnormal conjugacy) in the eyes assessed togeiher.

[0209] The methods described herein fealure first tracking the eye movement in a subject with
both cyes trying to move together and then tracking the eye movement of each eye separately.
The cye movement of each eye separately is tracked with the other eye covered or closed or
otherwise maintained as unable to see by any suitable means or manner. The results obtained
from such eye tracking indicatc whether the pathelogy or problem impacting eye movemsnt is
with the movement of one eye (infranuclear, i.e. a problem with the nerve poing to that cye, with
muscles innervated by those nerves or with the ocular structares) versus a problem with cve

movement coordination of both eyes (supranuclear).
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[0210] An individual with an infranuclear palsy will demonstrate abnormal motility in the
affected eye regardless of whether the eyes are tracked separatcly or together (with a monccular
or binocular afferent) since the problem is occurring distal to the medial longitudinal fasciculus

(MT.F) *‘coordination’ center.

[0211] High resolution automated eye movement fracking, occurring over, for instance, about
220 seconds, is a powerful tool for detecting subclinically apparent ocular motility dysfunction,

and thus aid in the rapid diagnosis of multiple neurological disorders or brain pathologies.

[0212] The data presented herein does not fealure a calibration slep in ¢yc movement tracking,
Thus patients need not reliably follow instructions, and the data does not filter out the possible
effects of cranial neuropathy. Unlike other studies {Contreras ef al., Brain research 2011;
1398:55-63; Maruta et al., The Journal of Head Trauma Rehabilitation 2010, 25(4):283-305;
Contreras ef al., Journal of Riological Physics 2008; 34(3-4):381-392 and Trojano et al., J
Newrol 2012:(published online; ahead of print)) the data presented herein does not use saccade
count or spatial accuracy as the measure, In addition to results based on the moving aperture's
periodic envelope presented in this paper, the methodology also aflords a very fine-scale data

showing eye movements in responsc to the suceessive [rames of the movie itself,

[0213] The methods described herein build on pre-existing methods that rely on intact ocular
motility to address clinical questions.  (l.ee ef af., Brain research. 2011; 1399:59-05; Conlreras
et al., Brain research 2011; 1398:55-63; Maruta ef al., The Journal of Head Trauma
Rehabilitation 2010; 25(4):293-305). The methods deseribed herein differ in several ways.
[irst, the present methods feature diagnosing specific clinical conditions related to vision and
ocular motilily reflecting the function of cranial nerves I1, 111, TV, VI and associated nuclei rather
than measuring cognitive impairment due to primarily corlical mild to moderate traumatic brain
injury. Second, the present melhods use more (ine-scale infunmation, using, for instance, about
100,000 measurements to pull out subtle differences that can be lost through the somewhat
arbitrary thresholding of velocity measures into saccades. Third, the present methods do not use
measurements of spatial accuracy, which requires transforming the raw data by a series of

scaling and rotating processes whase effectiveness depends on the ability of their subjects to



CA 02957384 2017-02-06

WO 2016/022414 PCT/US2015/043083
78

follow precise commands reliably. In such methods previously uscd, it is necessary 1o exclude
the vast majority of neurologically compromised patients. l'urther, such mcthods previously
used lose any information telated to the function of cranial nerves 1L, ITL IV and VI, because the
spaliul distortions expected to result from damage 1o these nerves is reversed in the process of

spatial calibration,

[0214] Trojano et al.,./ Neurol 2012;(published onling; zhead of print) recently described
uncalibrated eye movement measurcments in a population of minimally conscious and
persistently vegetative patients. The methods described herein differ in scveral ways. First,
Trojano et al. report data from 11 rather than 25 healthy control subjects. Second, Trojano ef al.
cvaluate chronic disorders of consciousncss rather than acute changes in intracranial pressure.
Third, Trojano ef al. sample eye movements at 60 [z rather than 500 Hz, effectively reducing
the power of the data 100-fold. Fourth, Trojano ef 4l report differences in on-target and off-
{arget fixations between the groups, despiic not having spatially calibrated the data, making these
values noisy. Finally, Trojano ef al. usc static stimuli moving in a quasi-periodic way. The
methods described herein use moving images shown within an aperture that moves periodically
and allows assessing both coarsc and fine eye movement characteristics in both controls and

patients.

[0215] The methods described herein provide a useful adjunct for diagnosis of internuclear
opbthalmoplegia (INO) and prospeciive monitoring of such patients at nisk for developing the
same. The data presented herein demonstrale that palients with prossly intact cxtraocular
movements on physical exam, and relatively minimal changes in pathology, may have profound

disruption on high resolution tracking.

[0216] The data presented herein demonstrates in part that it is possible to diagnose internuclear
ophthalmoplegia (INO) by analysis of ¢ye movements during watching of a video, The methods
described herein are significantly different from other technologies since imaging studies enable
one to see the brain and invasive techniques enable determination of an arbitrary pressure ot

oxygenation number. The methods described herein actually assess physiologic functioning.



CA 02957384 2017-02-06

WO 2016/022414 PCT/US2015/043083
79

Aftention Deficit Hyperactivity Disorder (ADHD). Chrenic Traumatic Encephalopathy, and

Schizophrenia Spectrum Disorders

[0217] The present methods provide an eyc tracking algorithm useful for detecting and
diagnosing attention deficil hyperactivity disorder (ADHD), chronic traumatic encephalopathy,
and schizophrenia spectrum disorders. The methods feature an eye tracking algorithm performed
while someone watches a video playing continuously in an aperture on a viewing monitor that

asscsses how well the eyes move together.

[0218] Three individuals with ADIID demaonstrated profoundly abnormal lracking particularly
with regards to vertical ocular motility and conjugacy. Two of these people were diagnosed with
ADHD in childhood. The third is a 62 year old male who was diagnosed with ADHD aficra 12
yedr long career as a professional hockey player in the National Hockey League ending 21 years
prior, with numerous prior concussions and one hypoxic incident over that time span. The
former hockey player reports fecling off-balance and disoriented, in addition to having ADHD,
raising the possibility that he has CTE or chreonic traumatic encephalopathy from his many years

of playing hockey.

[0219] In addition 30 patients were evaluated by a newrologist for clderly onsct mild cogpitive
impairment. These patients were evaluated as having possible dementia and demonstrated cye

tracking with metrics significantly deviated from 40 age matched control subjects.

[0220] High resolution automated eye movement tracking, occurring over, for instance, about
220 seconds, is a powerlul tool for detecting subclinically apparent ocular motility dysfunction,

and thus atd in the rapid diagnosis of multiple neurological disorders or brain pathologies.

[0221] The methods described herein provide a useful adjunct for diagnosis of and assessing
attention deficit hyperactivity disorder (ADHD), chronic traumatic encephalopathy, and
schizophrenia spectrum disorders and prospective monitoring of such patients at risk for
developing the same. The data presented herein demonstrale that patients with grossly intact
extraocular movemznts on physical exam, and relatively minimal changes in pathology, may

have profound disruption on high resolution tracking.
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[0222] The daia presented herein demonstrates in part that il is possible to diagnose attention
deficit hyperactivity disorder (ADHD), chronic traumatic encephalopathy, and schizophrenia
spectrum disorders by analysis of eye movemenis during watching of a videa. 'The methods
described herein are signilicanily different from other technologies since imaging studies enable
onc to sce the brain and invasive techniques enable determination of an arbitrary pressure or

oxygenation number, The methods described herein actually asscss physiologic functioning.

Alcohaol consumption

[0223] A patlient may have altcred mental status for a wide variety of reasons, which commonly
include impairment due to consumption of alcohol. The data presented herein demonstrates that
an cyc tracking algorithm performed while a subject watches (clevision or a short film clip
continuously playing in a moving aperture can distinguish between normal subjeets and those
who have consumed or arc intoxicated with alcohol. Tye tracking was performed on 33 normal
healthy contral subjects. These individuals were then enabled to consume alcohol if they so
wished. Breathalyzer analysis was performed alter consumption in all subjects, of whom 29
were intoxicated. Fye tracking was repeated using a different music video, Statistical analysis
was performed to compare pre and post alcohol consumplion eye fracking metrics. 11 of 90 eye
tracking melrics were statistically significantly different in pre-versus post alcohol consumption
cye tracking. This data demonstrates that eye tracking may be useful for detection of aleohol
consumplion and intoxication and to distinguish between altered mental status from alcohel

versus other causes.

[0224] The present methods provide an eye tracking algorithm useful for delecting and
diagnosing alcohol consumption and intoxication. The methods feature an eye tracking
algorithm pertormed while someone watches a vidco playing continuously in an aperture on a

viewing monitor that assesses how well the eyes move together,

[0225] Oncc again, the data presented herein does not featurc a calibration step in eye movement
tracking, Thus patients need not reliably follow instructions, and the data dees not filter out the

possible ellcels of eranial neuropathy. Unlike other studies (Conlreras e al., Brain research
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2011; 1398:55-63; Maruta er al., The Jowrnal of Head Trouma Rehabilitation 2010; 25(4):293-
305; Contreras ef al., Journal of Biological Physics 2008; 34(3-4):381-392 and Trojano e/ of., ./
Newrol 2012;(published onkine; ahcad of print)) the data presented herein does not use saccade
count or spatial accuracy as the measure. In addition to results based on the moving aperture's
periodic cnvelope presented in this paper, the methodology also affords a very fine-scale data

showing eye movements in response to the successive frames of the movie itself.

[0226] Once apain, the methods described herein build on pre-existing methods that rcly on
intact ocular molility to address clinical questions. (Lee et al., Brain research, 2011, 1399:59-
65; Conlreras ef wl,, Brain research 2011; 1398:55-63; Maruta er ol., The Journal of Head
Trauma Rehabilitation 2010; 25(4):293-305). The methods described herein differ in several
ways. First, the present methods feature identifying alcohol consumption or intoxication ox
diagnosing specific clinical conditions related to vision and vcular motility reflecting the
function of cranial nerves T, TTT, TV, V1 and associated nuclei. Second, the present methods use
more fine-scale information, using, for instance, about 100,000 measurements to pull out subtle
differences that can be lost through the somewhat arbitrary thresholding of velocity measures
into saccudes. Third, the present methods do not use measurements of spatial accuracy, which
requires transforming the raw data by a series of scaling and rotating processes whose
effectivencss dopends on the ability of their subjects to follow precise commands reliably. In
such methods previously used, it is nccessary to exclude the vast majority of neurologically
compromised patients. Further, such mcthods previously used lose any information related to
the function of cranial nerves LI, 11, 1V and VI, because the spatial distortions cxpected to result

from damage to these nerves is reversed in the process of spatial calibration.

[0227] The methods described herein provide a uscful adjunct for diagnosis of' and assessing
ulcohol consumption and intoxication. The data presented herein demonstrate that patients with
grossly intact extravcular movements on physical cxam, and relatively minimal changes in

pathology, may have profound disruption on high resolution tracking.

[0228] The data prescried hercin demonstrates in part thal it is possible 1o diagnose alcohol

consumption and intoxication by analysis of eye movements during walching of'a video. The
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methods described herein are significantly different from other technologies since imaging
studies enable one to see the brain and invasive techniques enable determination of an arbitrary
pressure or oxygenation number. The methods described herein actually assess physiologic

{unctioning.

Conjugacy of eye movement

[0229] The prescat invention utilizes an eye movement tracking method that 1s useful for
quantitating gaze conjugacy, and thus disconjugacy, during naturalistic viewing. Similarly, the
method assesses vergence, or the ability of the eyes to focus on a single point. When the point
maoves closer the eves converge and if it moves further away they diverge, Watching a moving
stimulus on a monitor thus requires sustaincd vergence. [t may be performed while a subject
watches television or a video moving inside an aperture with a set trajectory for about 220
seconds at a fixed distance [rom a viewing monitor. It may also be performed as e subject
views natural stimuli over time. The position of each pupil may be recorded over time elapsed as
the video travels on its time course, cnabling deteetion of impaired ability 1o move the pupils
relative to time and therefore relative to cach other. This method has high test-retest reliability
in control subjects without significant neurclogic ot ophthalmic impairments vsing both a

stationary and portable cye tracking device.

[0230] The present invention utilizes a techniquc for non-spatially calibrated tracking performed
while subjcets walch a music video moving inside an aperturc on a computer monitor. The
aperture moves around the monitor periphery at a known ralc so that the position of the pupil can
be predicted at any given time based on the time elapsed since the start of the video. By using
elapsed time, rather than spatial calibration, the method delects impaired ability to move one
pupil relative Lo the other. EIncalibrated tracking not only does not compensate for impaired
motility, but also ¢un be used in paticnts who do not follow commands such as aphasics, foreign-
language speakers, persistently vegelative individuals and small children. Ti can also be used on

animals.

[0231] If the subject’s eyes are positioned about 55 em from the center of the 30 x 35 em

viewing monilor, the method and associated algorithm elicits pupil movement in 2 maximum
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range of about 15° in any direction from midposition, or approximately 30° total from top to
bottom or side to side. Thus, in some instances, the method and associated algorithm may not
require ar asscss the full range of ocular motility, nor the entire visval ficld. Use of a larger

monitor, or onc positioned closer to the subject would enuble assessment of these.

[9232] The obscrved and measured conjugacy was significantly higher in the horizontal plane
than vertical. This may reflect any of multiple factors: (1) the shape of the monitor was not a
perfcet square but rather a 177 diameter rectangle. Each sidc was traversed in 10 seconds so the
eyes had a greater distance to travel horizontally than vertically. Becausc the cyes were moving
faster horizontally they may possibly be morc conjugate. (2) ITumans have stronger event
rclated desynchronization on electroencephalogram with horizontal versus vertical eye
movements (Kaiser, ez al., Clin Newrophysiol., 2009; 120: 1988-1993), Humans may have
evolved to have higher conjugacy in the horizontal plane than in the vertical because more prey
and predators are likely to be at near the same altitude rather than above or below. Other species
have demonstrated diffcrences in vertical versus horizontal eye movements (Lisberger, ef al., J
Neurophysiol., 1989, 61: 173-185). (3} The control population is predominantly English
speaking and thus reads from left to right, and reads faster horizontally than vertically (Seo, et
al., Vision Res., 2002; 42: 1325-1337). 'l'esting of a population that rcads vertically may
potentially vield higher vertical conjugacy.

{0233} The technique described herein differs from uncalibrated tracking using static stimuli for
on-target and ott-target fixations in a population of minimally conscious and persistently
vegetative patients that have open eyes (I'rojano, et al., f Neurol., 2012 (published online; ahead
ol print)}. The moving images shown within an aperture that moves periedically allow assessing
both coarse and fine eye movement characteristics in toth controls and neurologically impaircd
subjects. Unlike other studies (Contreras, et al,, Brain Res., 2011; 1398: 55-63; Contreras, ef al,
J Biol Phys., 2008; 34: 381-392; Macuta, er of., J Head Trawma Rehahil,, 2010; 25: 293-305,
Trojano, ef al., ./ Neurol., 2012 (published online; ahead of print)) the present methods do not use
saccade count or spatial accuracy which requires transformation of raw data by a scrics of
scaling and rotating processes whose effectivencss depends on the ability of their subjects to

follow precise commands reliably. The present methods also differ from gaze estimation, which
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requires cither a fixed head position or multiple light scurces and cameras to localize the pupil

(Guestrin, et al., IEEFE Trans Biomed Eng.. 2006; 53: 1124-1133).

[0234] Video oculography is a rclatively newer technique that uses infrarcd cameras mounted in
aopgles to track the center of the pupil’s position as the cye moves. It has been demonstrated to
be useful in screening for neurovestibular and labyrinthine dysfunction and most recently in
distingunishing these from vertcbrobasilar stroke (Newman-Toker, ef af., Stroke, 2013; 44: 1158-
1161). Video oculography generally relics on spatial calibration (Ilong, af af,, Behav Res
Methods, 2005; 37: 133-138; Schreiber, ef al., IEEE Trans Biomed Eng., 2004; 51: 676-679).
The use of our non-calibrated stimulus algorithm with video oculography rather than a sole eye

tracking camera might be an interesting subject for future study.

[0235] The methods described herein provide both sensitivity and specificity. Because so many
different cortical functions are required for watching a video, any process impeding global
cranial function or specific cranial nerve function will likely be revealed by the present methods.
Tracking may be confounded in patients with a history of prior brain insult, who are intoxicated,
or arc under the influence of pharmacologic agents. Patients’ cognitive abilities, attention gpan

and distractibility will impaci the quality of ocular motility data.

[0236] The methods described herein are useful for screening for strabismus. In a populalion of
14,006 consecutive patients examined at a pediatric cyc clinic in Rome, 2.72% demonstrated
either A or V-pattern strabismus (Dickmann, et al., Ophthalmic fopidemiol., 2012; 19: 302-305).
A-paltern was associated with a greater prevalence of neurological impairment, hydrocephalus
and meningomyelocele, while those with V-pattern exhibited a greater prevalence of
craniosynostnsis and malformative syndromes (Dickmann, ez of, Ophthalmic Epidemiol., 2012,
19; 302-303). Deluys in treatment of strabismus onset following binocular vision maturation
may be associated with permanent disruption of slereopsis and sensory fusion (Fawceett, Curr
Opin Ophihalmol., 2005; 16: 298-302).

[0237] Given the relatively low prevalence of strabismus, the methods described herein are

useful for the rapid automated assessment of acquired disconjugacy and vergence disorders.
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Such disconjugacy end vergence disorders may be due to neurologic causes including trauma,
hydrocephalus, demyelination, inflammation, infection, degenerative disease,
neoplasm/paraneoplastic syndrome, metabolic disease including diabetes, or vascular disruption
such as stroke, hemorrhage or aneurysm formation. Disconjugacy may also be due to
ophthalmologic causcs such as conjunctivitis, ophthalmoplegia, ocular injury or other diseases.
As such, the methods described herein are useful for screening for strabismus or congenital
disconjugate gaze, screening (or acquired disconjugate gaze duc to neurologic causcs including
trauma, hydrocephalus, demyelination, inflammation, infection, degenerative discasc,
neoplasm/paraneoplastic syndrome, metabolic disease including diabetes, or vascular disruption
such s stroke, hemorrhage or aneurysm formation. Disconjugacy may also be due to
ophthalmologic causes such as conjunctivitis, ophthalmoplegia, ocular injury or other diseases,

and assessing reading/learning disorders.

Binocular eye movement monitoring

[0238] When the human brain is physiologically intact, the eyes move together with a conjugate
gaze. Only by deliberate conscious cffort can an individual overcome this mechanism (cg when
they deliberately “cross™ the eyes.) A failure of the eyes Lo move in complete synchrony is

called disconjugate gaze.

10239] Binocular tracking may be used to compare the non-spatially calibrated trajectory of one
eye to the other. Subtle differences between the trajectories of the two eyes may be detected.
These differences provide valuable information regarding the physiologic function or
dysfunction of the movement of onc eye relative to the other. In the absence of known structural
ocular injury, such differences reflect physiologic differences in the function of the two sides of
the brain. Since brain lesions due to stroke, lrauma or concussion, tumors, demyelinating
disease, hydrocephelus, degencrative disease, etc. are rarely completely symmietric, comparing
the cye movement of one eyce to the eye movement of the other ¢ye may be used to either
confirm the presence of a lesion, to differentiate the existence of a lesion from other more global

factors that may affect a person’s ability to participate in an eye tracking task, such as fatigue,
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intoxication, medications, drug abuse, malingering, or lack of willingness to participate in an eye
4 & 1 P

tracking task.

[0240] Thus binocular tracking and directly comparing the trajcctorics obtained over time, rather
than with spatial calibration, may be used to diagnose pathology and wo distinguish between these
diagnoses and global factors that may impact eye tracking. In addition to or instead of an eye
tracking camera, a video oculography device such as gogglcs may be used to evaluate eye
movements over time rather than with spatial calibration. The eye tracking device may also be

located remotely and function via the internet or other visualization mechanism.

Computing System

[0241] A compuling system according to the invention is deseribed herein. Implementations of
the observer matter and the functional operations described herein can be implemented in other
types of digital electronic circuitry, or in computer sofiwarc, firmware, or hardware, including
the structures disclosed in this specification and their structural equivalents, or in combinations
of one or more of them. The computer system or compuling device 1000 can be used to
implement a device that includes the processor 106 und (he display 108, the eye movement/gaze
tracker component 104, ete. The computing system 1000 includes a bus 1005 or other
communication component for communicating information and a processor 1010 or processing
circuit coupled to the bus 1005 for processing information. {he computing system 1000 can also
include one or more processors 10310 or processing circuits coupled o the bus for processing
information. The computing system 1000 also includes main memory 1015, such as a random
access memory {RAM) or other dynamic slorage device, coupled to the bus 1005 for storing
information, and instructions to be executed by the precessor 1010, Main mermory 1015 can also
be used for storing position information, temporary variables, or other intermediate information
during execution of instructions by the processor 1010, The computing system 1000 may further
inchude a read anly memory (ROM) 1010 or other static storage device coupled to the bus 1005
for storing static information and instructions for the processor 1010, A storage device 1025,
such as a solid state device, magnetic disk or optical disk, is coupled to the bus 1005 for

persistently storing infermation and instructions.
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[0242] The computling system 1000 may be coupled via the bus 1005 to a display 1035, such as a
liquad crystal display, or active matrix display, for displaying information to a user. An input
device 1030, such as a keyboard including alphanumeric and other keys, may be coupled to the
bus 100% for communicating information and command selections to the processor 1010. In
another implementation, the input device 1030 has a touch screen display 1035, The input
device 1030 can include a cursor control, such as a mouse, a trackhall, or cursor direction keys,
for comnmnicating direction information and command selections to the processor 1010 and for

controlling cursor movement on the display 1035.

[0243] According to various implementations, the processes described herein can be
implemented by the computing system 1000 in response to the processor 1010 executing an
arrangement of instructions contained in main memory 1015, Such instructions can be read into
main memory 1015 from another computer-readable medium, such as the storage device 1025.
Execution of the arrangement of instructions contained in main memory 1015 causes the
computing system 1000 to perform the illustrative processes described herein. One or more
processors in a multi-processing arrangement may also be employed to execute the instructions
contained in main memoty 1015, In alternative implementations, hard-wired circuitry may be
used in place of or in combination with software instructions to effect illustrative
implementations. Thus, implementations are not limited to any specific combination of

hardware circuitry and software.

[0244] Implementations of the observer matter and the operations described herein can be
implemented in digital electronic circuitry, or in computer software, firmware, or hardware,
including the structures disclosed in this specification and their structural equivalents, or in
combinations of one or more of them. The observer matter described herein can be implemented
as one or more compuier programs, i.¢., one or mote moedules of computer program instructions,
encoded on one or more computer storage media for execution by, or to control the operation of,
data processing apparatus, Allematively or in addition, the program instructions can be encoded
on an artificially-generated propagated signal, ¢.g., a machine-generated electrical, optical, or
electromagnetic signal that is generated to encode information for transmission to suitable
reeeiver apparatus for exccution by a data processing apparatus. A computer storage medium

can be, or be includad in, a computer-readable storage device, a computer-readable storage
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substratc, a random or serial access memory array or device, or a combination of one or more of
them. Moreover, while a computer storage medium is not a propagated signal, a computer
storage medium can be a source or destination of computer program instructions encoded in an
arlificially-generated propagated signal. ‘The computer storage medium can also be, or be
included in, one or more separate compenents or media (e.g., multiple CDs, disks, or other

storage devices). Accordingly, the computer storage medium is both tangible and non-transitory.

[0245] The operations described herein can be performed by a data processing apparatus on data

slored on one or more computer-readable storage devices or reeeived from other sources.

[0246] The term “data processing apparatus” or “computing device” encompasscs all kinds of
apparatus, devices, and machines for processing data. including by way of example a
programmable processor, 4 computer, a system on 4 chip, or multiple ones, or combinations of
the foregoing. The appartatus can include special purpose logic circuiiry, e.g., an FPGA (ficld
programmable gate array) or an ASIC (application-specific intcgrated circuit). The apparatus
can also include, in addition to hardware, code that creates an exccution environment for the
computer program in question, e.g., code that constitutes processor firmware, a protocol stack, a
database management system, an operating system, a cross-pladorm runtime environment, a
virtua! machine, or a combination of one or more of them. The apparatus and execution
environmen! can realize varicus different computing model infrastructures, such as web services,

distributed computing and grid computing infrastructures.

|0247] A computer program (also known as a program, software, software application, script, or
code) can be written in-any form of programming language, including compiled or interpreted
Janguages, declarative or procedural languages, and it can be deployed in any form, including as
a stand-alone program or as a module, component, subroutine, objeet, or other unit suitable for
use in a computing environment, A computer program may, but need not, correspond to 4 file in
a file system. A program can be stored in a portion of a file that holds other programs or data
(e.g., one or more scripts stored in a markup language document), in a single file dedicated to the
program in question, or in multiple coordinated files (c.g., files that store one or more modules,

sub-programs, or portions of cade). A computer program can be deployed to be executed on one
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computcr or on multiple computers that are located at one site or distributed across multiple sites

and inlcrconnected by a communication network.,

[0248] Processors suitable for the execution of a computer program include, by way of example,
both gencral and special purpose microprocessors, and any one ot morc processors of any kind of
digital computer. Generally, a processor will reecive instructions and data from a read-only
memory or a random aceess memory or both. The essential elements of a computer are a
processor for performing actions in accordance with instructions and one or more memory
devices for sloring instructions and data. Generally, a computer will also include, or be
operatively coupled lo receive daty from or Lrans(er data to, or both, one or more mass storage
devices for storing data, e.g., magnetic, magneto-oplical disks, or optical disks. However, a
computer need not have such devices. Moreover, a computer ¢an be embedded in another
device, ¢.8., 2 mobile telephone, a personal digital assistant (PDA), a mobile audia or video
plaver, a game console, a Global Positioning System (GPS) receiver, or a portable storage device
(e.2., a universal serial bus (USB) flash drive), to name just a few. Devices suitable for storing
computer program instructions and data inciude all forms of non-volatile memory, media and
memory devices, including by way of example semiconductor memory devices, e.g., EPROM,
EEPROM, and flash memory devices; magnetic disks, e.g., internal hard disks or removable
disks; magneto-optical disks; and CD-ROM and DVD-ROM disks. The processor and the

memory can be supplemented by, or incorporated in, speeial purpose logie eircuitry.

[0249] To provide for interaction with a user, implemeniations of the obscrver matter described
in this specification can be implemented on a computer having a display device, e.g., a CRT
{(cathode ray tube) or 1.CD (liquid erystal display) monilor, for displaying information to the user
and a keyboard and a pointing device, e.g., a mouse or a trackball, by which the user can provide
input (o the computer. Other kinds of devices can be used to provide lor interaction with a user
as well; for example, feedback provided to the user can be any form of sensory feedback, e.g.,
visual feedback, suditory feedback, or tactile feedback; and input from the user can he roceived

in any form, including acoustic, speech, or tactile input.

[0250] Described herein are muny specific implementation details, these should not be construed

as limitations on the scope of any invenuons or o what may be claimed, but rather as
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descriptions of [eatures specific to particular implementations of particular invenlions. Certain
featurcs described herein in the contexl of separatc implementations can also be implemented in
combination in a single implementation. Conversely, various features described in the context of
a single implementation can also be implemented in multiple implemcentations scparately or in
any suitable subcombination. Moreover, although features may be described above as acting in
certain combinations and even initially claimed as such, one or more featurcs from a claimed
combination can in sume cascs be excised from the combination, and the claimed combination

may be directed to 2 subcombination or variation of 1 subcombination,

[0251] Similarly, while operations are depicted in the drawings in a particular order, this should
not be understood as requiring that such operations be performed in the particular order shown or
in sequential order, or that all illustrated operations be performed, to achieve desirable results. In
certain circumstances, multitasking and parallel processing mauy be advantageous, Moreover, the
separation of various system components in the implementations described above should not be
understood as requiring such separation in all implementations, and it should be understood that
the described program components and systems can generally be integrated in a single software

product or packaged into multiple softwarc products,

The relationship of aspect ratio and variance as measures of the signal .

[0252] When the (x, y) paits are plotted to show the ‘box plots,’ they have been preprocessed
hecause the absolute values of the raw data arc of limited use since chunges in the signal over
timc are most important. There arc many ways to normalize data, including dividing by the
mean, by the standard deviation, or by the variance. Furthermore, the standard dcviation or
variance can be computed for all the data at once or x can be normalized using the variance of x
and y can be normalized using the variance of y. Any normalization procedure for periodic data
likely includes subtracting the mean, su the signal can be plotted as signal change alternating
around zero. All of these transformations are conventional and widely used in data analysis by
those of ordinary skill in the ar(. The details depend on the question being asked and the type of

modeling or slalistical (esting being used.

[0253] In creating the box plots described herein, the raw data is preprocessed us follows: for the

x (horizontal) and y (vertical) veclors indcpendently, the mean is subtracted and divided by the
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standard deviation (which is the square root of the variance). This puts all the data in the same
relative frame (zero-mean, max and min about 1 and -1). This is the reason the boxes look

square (even if the stimulus presentation monitor is not square).

[0254] This means that ‘long’ and ‘short’ sides are reflecting relative variability. If the
variability is high, the denominator is high and the mecasure value low. So, for example, if the
variability of the horizontal (x) data is high relative to the variability of the vertical (y) data, the
horizontal aspect of the box will be relatively smaller, and the result will be a tall skinny box
(higher aspect ratio). Conversely, if the variability of the vertical (v) data is high relative to the
variability of the horizontal (x) data, the vertical range will be reduced and the result will be a
short fat box (lower aspeet ratio).

< greater horizontal (x) variance -|- equal variance -|- greater vertical (y) variance =

[0255] Thus, particular implementations of the observer matier have been described. Other
implementations are within the scope of the following claims. In some cases, the actions recited
in the claims can be performed in a different order and still achieve desirable results. [n addition,
the processes depicied in the accompanying figures do not necessarily require the particular
order shown, or sequential order, to achieve desirable resulls. In certain implementations,

multitasking and parallel processing may be advantageous.

Disconjupgate cye tracking assessment

19256] The methods described hercin provide means for assessing or quantifying disconjugate
gaze or disconjugate eve movement. These means feature receiving an array of pupil x and y
coordinates that may be generated or obtained according to the methods described herein. These
coordinates may be averaged across, for instance, five cycbox trajectory cycles. Formulaically

this can be represerited as follows:
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i Xy

Xavgin ™ Cforalli=1:N, k=12,

.
where Xijx refers to the x-coordinate of the pupil, and k relers to the left or right cye of a subject.
The difference in the x and y position, [or the left and right eye, may then be computed. This
vector of difference may then be plotted graphically for purposes of assessment and
interpretation. To have a single metric expressing the level of pupil disconjugation, a variance
of the data may bc computed with respect to an expected mean of zero. This is significant
hecause the code assumes that a healthy subject has zero lateral or longitudinal pupil position

difference between each eye. The variance may be computed as follows:
Vary, ::}f ]a:v— 'I(XAVg.i - 0)2-
10257] The total variance may be computed as follows:
Varpe =Var, +Var,

[0258] The variance in X, Y, and the total variance may be plotied in order to assess the amount

of disconjugation (i.c. disconjugate gaze) present in a subject.

Gieneral Definitions

[0259] Raw x and y cartesian coordinates of pupil position are collected and stored in a one-

dimensional vector: ‘
Tty {1}
B (2

[0260] This data is normalized according ta the following form:

. Zi —~ Aean{z) )
g, = T Meanlz) )

&y :
- & eaaﬁ{gl

i = B (@)
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[0261] Index i corresponds to an individual data point. The size of i depends on the cyc tracking
hardware capture frequency and the time of tracking. 1he data is then sorted by cye (= 1:2, left,
right), cycle (current stimulus method features an aperture that moves around the eomputer
v Ijey {8}
& By {6

screen for five cycles) (k=1:3, firs, second, third, fourth, (il and box segment (1=1:4, top,
right, hottom, left). Implicit, is that each 7, &, 7 has ils own data poiats, #, whose size is also

governed by the hardware tracking frequency and time length,

Individual Metrics
scgment mean - _
Ei by {7}
ks {&
[0262] Corresponds to the arithme The

result is one number representing each segment /.

median

[0263] Corresponds to the statistical median of all data points on cach scgment / for all j, #. The

result iz one number representing each segment .

T (%
Fippe {10}
sepment variance
Var{Ze ), {11
Var{gadl- {12}

[0264] Correspends to the statistical variance of all data points on cach segment / for all j, . The

result is one number representing each segment /.,



CA 02957384 2017-02-06

WO 2016/022414 PCT/US2015/043083
94

specific metrics

Loaar¥lop = Vm‘{ﬁi.avﬂr&g& Eaist) {13)
Ruar¥iop = Var(f averago z-16,1) {14)
LoarXrit = Var(Zi avernge kelda) {185)
HyerXrit = Var{Zysverage k16,) {16}
LwerYbet = Var{fiaverago s-15.:) {17)
RuerYbot = Var(faverage ren5,2) (18)
LovarXlef = Ver(%aversgo kensa) (1%
LouarXlef = Vor{Zzaverago knise) 20)

LaarTotal = Average (Var(2)average seis) + Var(i sversge k=1s)] (1)
RaarTotal = Avercge (Var{3gaverage ksts) + Vor(average kars)) (4]

segment standard deviation

TEy 00t (28}
it (24}

[0265] Corresponds to the statistical standard deviation of all data points on cach segment [ for

all j, k. The result is one number representing each scgment /.

scgment skew

Skew{¥sas) =it — Tikh {25
Shew{fan) = Fiag~ Bing {26)

[0266] Corresponds to the slalistical skew (how far the mean is from the median) of all data

poinis on each segment / for all j, k. The result is one number representing each segment /.

specific metrics

L. SkewTop == Sheti Ui avorage sot 5.4} (21
B.SkewTay < Skowfp avorage ke 151 (28)
L.SkewHit = Skew(Fr gverage b= 1:5.2) (&)
Re8hewBit = Skew(Ty averngs 1152 {30}
L SkewBot = Skew!h sverage wmis3) {31)
RSkewBot = Skew(fh average &-153) {32)
L.SkewLef = Shew(Zynverage keraa) {33}

R Skawlef = Skete{% prernge k54) (34)
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segment normalized skew

SkewNorm{E4.) = M, {36
LT ’
SkewNorm{fipg) = Fhetlias] {48)
T
L.SkewTopNorm = SkewNorm{f average s=15.1) {30
R.SkewTopNorm = SkewNorm{isaverage s=1:5.1) (38}
E.SkewlitNorm a SkewNorm(21 average i=1.42) {39
R.SkewRit Norm = ShewNorm{Tg average k-153) {40)
L.5kewBolNorm = SkEZ‘?.UNWn{ﬁ} AVEEage *;;;_5}3] {42}
RSkewBotNorm = SkewNorm{ih AVITOgE se1:54) {42
L. SkewlefNorm = SkewNorm{Fs averego i-us.4) {43
RSkewle f Norm = SkewNorm{2yaverege t=154) 44
box height
BozHeightsp = 841 ~ Bina {45)
hox width
BosWidthsy = %09 ~ B0 {46}
box aspect ratio
s BoxHealght; i o
APl Riulicis b 5 ommmoaie— p
SpectRalioge = s m (1)
box area
BorArea;, = BorHeightsr x BoxWedthyy, {48}

conjugacy
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[6267] The [ive cycles are averaged together Lo give one averaged cyele, rendering:
E14s (39
Fre {50}
[0268] Then the data [rom the right eye is subtracted from the left eyc to obtain a delta value:

£ = T3 Tap (51)
= g — P {52}

[0269] Here x represents the left normalized raw x pupil position minus the right normalized raw

x pupil position. / corresponds to the top, right, bottom and left segments of the box.

variance (conjuzacy)

[0270] The variance here does not follow the traditional form of statistical variance. In the
traditional form, the average of the data points is sublracted [rom the sum of individual data
points. In this case, the average is forced to zero, thus inferring thal the hypothetical control

patient has perfect conjugacy (left and right eye move precisely together).

gt
y F 3 o CI _
Conj varX = Var($) = ;g:.- {21 , -
R i (59
4 "A"s? -0
Coni var = ¥ari) = HAH 20, (59
L=y W
TotalVariance = Conj tofVer = Var(£) + Var(y), (55}
i A=
CaVariane = Conf CorpXY = h%wloﬁml (58)
pmg
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Cond varXtop
Cond wr Xvit
Cong varXbot
Cond varXief
Conj var¥top
Conj varYril
Conj var¥ bot
Conj var¥rit
Conj Cors XYiop
Cond Corr XY'¥it
Cenj Cors XY bot

Conj CorrXYlief

specitic metrics

i
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Y@yi-o
)OE N
i) -0
a7
PEY
pSE I
Z_ f {‘i‘q)g —{)
T
() -n
oh
i) -0
Th
()~
1O
¥ (5 -0
P A
Sirh
-
3 datn
3ogg-17
2 dnin
Sodyg~1'
o Bai
Yoy =1

variance X ratio top/bottom (conjugacy)

. Var{h)
Lot} warXtopbotRatio = wemewtast
o P O Farls)
variance y ralio lop/botlom (conjugacy)
e . . Var{i}
Cond varYiopbotRablo or sewd200
] e T Var(gey

variance x ratio left/right (conjugacy)

(50)
(67)
(68)
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L N . Varidy) .
Conj w nifid e
ohj varXlefeitRatio Vr(as) (71}
variance v ratio left/right (conjugacy)
Conf var YickritRatio — oo i0s) (72)
Var{gs)

[0271] The following examples are set forth to provide those of ordinary skill in the art with a
description ol how to make and use the methods, kits and compositions of the invention, and are
not intended to limit the scope thereof. Efforts have been made to insure accuracy of numbers
used (e.g., amounts, temperature, etc.) but some experimental errors and deviations should be
accounted for. Unless indicated otherwise, parts arc parts by weight, molecular weight is average

molecular weight, temperature is in degrees Centigrade, and pressure is at or near atmospheric.

EXAMPLE 1

Background
[0272] Eye movements contain clinically important information about neurological integrity.

Clinical devices may take advantage of the relative ease of automated cye-movement tracking,
for applications such as assessing recovery following clinical intervention. A technigue was
designed that can reliably measure eye movements with precision, without initial spatial
calibration. Eye movements were tracked without spatial calibration in neurologically intact
adults and in neurosurgical patients as they watched a short music video move around the
perimeter of a sereen for 220s. Temporal features of the data were measured, rather than

traditional spatial measures such as accuracy or speed.

[0273] The methods reliably diseriminated between the presence and absence of neurological
impairment using these uncalibrated measurements. The results indicate that this technique may
be extended to assess neurologic integrity and quantify deficiis, simply by having patients watch

TV.
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[0274] These methods are useful in a number of contexts, including rapid assessment of
potentially neurolopically injured individuals, monitoring of patients whose states might
fluctuate between impairment and recovery, and measuring the efficacy of rehabilitation or

intervention.

[0275) Eye movements have long been known 10 contain clinically relevant information about
neurological integrity. Assessment of ocular motility 15 a standard part of any neurological exam,
because it is easy and informative. However, there are some problems with the standard clinical
exam including that it is normally administered by an expert, and generally is only qualitative,

not quantitative.

[0276] The relative ease, portability, and noninvasivencss of automated cye-movement tracking
devices has made it a promising area of translational rescarch, for applications such as testing for
concussion on athletic Gelds and assessing recovery following clinical intervention. Lye
movement studies have provided insight into ¢linical fields from psychiatry to traumatic brain
injury (TBI) and rehabilitation, (Trajano, ef al., J Newrol,, 2012, 259(9):1888-95; Gitchel, er al,
Areh Newrol, 2012, 69(8):1011-7; Qiu, ¢/ al., PLoS One, 2011, 6(10):625805; Plow, et al., PMR,
3(9):825-35; Heitger, ¢f al., Brain,, 2009, 132(Pt 10):2850-70; Pearson, ef al., Br J Sports Med.,
2007, 41(9):610-2; Heitger, et al., J Neurol Sci., 2007, 15;253(1-39 2):34-47; Suh, ef al.,
Newrosci Lett., 2006, A01(1-2):108-13; Suh, ¢f al., Neurosci Leti., 2006, 410(3):203-7; Heitger,
et al., Brain Inj., 2006, 20(8):807-24; Yang, et af., Image and Vision Computing, 2002,
20{4):273-87; and Heitger, ef al, Prog Rrain Res., 2002, 40:433-12 48) Studies commonly
measure accuracy of spatial fixation, time spent on particular fixation targets, and saccade count.
(Trojano, ef al., J Newrol , 2012, 259(9):1888-95 and Foulsham, ef al., Vision Res., 2011,
51(17):1920-31) Despite the promise, it has proven difficult to develop clinical applications
based on quantilalive measurcments of cyc-movements, (Heilger, ef ol,, Prog Bruin Res., 2002,
40:433-12 48 and Foulsham, ef al., Vision Res,, 2011, 51(17):1920-31) pessibly because spatial
calibration can be difficult in clinical settings, and because spatial calibration precludes the usc

of eye tracking for detection of dysfunctional ocular motility.

[6277] The standard use of an cyc-tracker requires that the system be calibrated individually for

cvery obscrver at the start of every measurement session. Calibration invelves asking the
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observer Lo look al a serics o bigh-contrast dots displayed on a computer monitor. The
calibration process may be repeated several times until sufficient accuracy has been achieved.

Only then can eye movements be recorded.

[0278] 1t has been difficult to use cve-tracking in clinical applications with obscrvers for whom
this calibration process is difticult {e.p., requiring many repetitions) or impossible. Calibration
requires a willing observer who can tollow commands reliably. Many clinical conditions that
result in a loss of neural integrity, such as stroke or brain injury, also render the observer

unwilling or unable to follow instruction.

[0279] Also problematic for using eye-tracking methods to brain injury or stroke patients, the
calibration process itself may reduce the sensitivity of the eye tracking test. For example,
consider a patient with impaired vertical ocular motility. Because the calibration process
assumes that the eyes cover the full range of locations mapped out by the calibration points, it
assigns the maximum pupil angle up and down incorrectly to the ‘top’ and ‘bottom’ of the
monitor, respectivety. [n such instances, all future measurements for that observer are adjusted
to conform to that incorrect assignment. Thus, impaired ncular motility may be undetected in

tests that begin with a spatial calibration of the eye tracker.

[0280] Eye movement measurements may reflect severity of damage to the brain, as well as
recovery following clinical intervention, The methods deseribed hercin were used to test patients
from neurosurgery, emergency department und ophthalmaology clinics as well as a control set of
healthy volunteers. The success of the method involves two features. First, the methods
described herein do not use spatial measures of accuracy as a variable of interest. By looking at
eye movement trajectories in the time domain rather than the spatial domain, it is possible to
quantify measures that do not rely on spatial calibration. Second, the measures are easily

visualized and cvaluated, making them immediately useful to the clinician or rescarcher,

Methods
[0281] Subjects. Healthy observers were recruited in New York University according to TRB

approved protocols as determined by the University Committee on Activities Involving Human
Subjects (LICAIHS). All participants provided written informed consent, and the consent forms

were approved by UCAIHS. Patients with neurological deficit were recruited from the
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neurosurgical practice al Bellevue Hospital. Written informed consent from the subjects or their
legal proxics were obtained for prospective data collection according to guidelines established by
the NYU IRB.

|0282] Observers, Because of the potential for uncalibrated eye-tracking (o serve as an initial
screen, the patient population was not restricted to a specific pathology. Rather, an arbitrary
sample of patients who came through the clinic was recruited. The resulting sample was

representative of the range of disorders seen in the clinie.

[0283] Fye Movement Tracking, Obscrvers’ eye movements were recorded using an Eyelink
1000 binocular eye tracker (500 Hz sampling, SR Rescarch). All observers were scated
approximatcly 55 cm from the screen. Some test paticnts were tracked on multiple visits at

different stages of diagnosis, surgery, and recovery.

[0284] Visual Stimulus. The visual stimulus provided as a music video that played continnously
while it moved clockwise aleng the outer edges of a computer mionitor. Observers were
instructed to watch the video. The stimulus was expected (o evoke smooth pursuit eye
movements as well as possible saccades and microsaccades as the observers scanned the video.
The video was presented in a square aperture with an arca approximately 1/8 of the size of the
sereen (about 16° of visual angle). This squarc aperture started at the upper left hand corner of
the screen and moved al a constant speed, taking 10 seconds to traverse each edge of the
monitor. A full cycle took 40 seconds, and five full cycles were played, for a total of 200
seconds. A countdown video played in the starting position for 10 seconds before the music
video began, to give observers time to oricnt to the stimutus. Only the 200 seconds of the musie
video were used for analyses. The eye tracker sampled eye position at 500 11z, yielding 100,000

samples of eye posilion over 200 seconds.

[0285] Axis Orientation. The camera and monitor were securely mounted, so that “herizontal’
for the camera was the same as ‘horizontal® for the monitor. Therefore, the terms ‘horizontal’
and “vertical’ are defined with respeet to the monitor, not with respect to head-tilt. However, the
head was typically aligned with the monitor, and a chinrest was used with all controls and about

half of the patients, to ensure the continued alignment. The eyetracker converted changes of
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pupil angle into two orthogonal components which it labeled x, and y, and which in turn referred
to horizontal and vertical change, due to the linked orientation of the monitor und camera.

Thercfore, we also refer to horizontal and vertical components as x and y respectively.

[0286] Data preprocessing, There was no spatial calibration so the units of the raw timecourses

were of limited valuc. Therefore, for each observer, the imecourses were nonalized by
subtracting the mean and dividing by the standard deviation. This wag done for cach timecousse
independently, The different timecourses were treated as distinet data sels from the same test

patient or neurologically intact control.

[0287] l'imecourses. The normalized x- and y- timecourses were plotted across time (Figure 1A
and B). The clockwise movement of the visnal stimulus alternated between horizontal changes
and verlical changes, and the x- and y- timecourses in nearologically intact observers show the

same allernation.

[0288] Visualization: Scatterplots, 'or visualization, scatterplots of the entire time scrics were

created by plotting the 100,000 (x,¥) pairs representing the two orthogonal components of the
instantancous angle of pupil reflection over 200 seconds. In neurologically intact controls, these
[igures look like boxes, reflecting the timing of the visual stimulus as it moved around the

screen.

[0289] Quantitative data analysis and statistics. The x- and y- trajectorics were fit with sinusoidal

functions. The alternations in horizontal and vertical motion of the visual stimulus were thought
10 result in eve movement trajectories that were approximately sinusoidal with 4 period of 40 s,
but with different phases for x and y. We further hypothesized that (1) the phase difference

between x and v should be 45 degrees for neurologically intact controls, reflecting the 1/4 cycle
alternation of horizontal and vertical eye movements; and (2) the model would fit data from the

neurologically intact control observers better than it it data from the patient group.

0290} Degrec of correlation (r) with a sinusoid was calculated for 1 each time course, 'The
squarc of this value (12) is a measure of goadness of fit of the modcl to the data. The cortelation
values were used because they better suited for statistical analysis. Throughout the text, ‘model

31’ refers to the correlation values (r).
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[0291] Phasc was calculated as phase of the sine function that best fit the data. The 8 {ollowing
complementary procedures were uscd to assess the statistical signilicance ol any differences in
these two measures (phase difference and model fit) as compared between the neurologically

intact control observers and the test patient observers.

[0292] (i) Statistical Analysis 1: hypothesis festin

petformed to determine whether the data from the test patient population could have come from

. For cach mcasurce, a statistical test was

the same underlying distributions as the data from the neurologically intact control population.
For the phasc measure, an unpaired t-test was used. For the sinusoidal fit measure, the Kruskal-
Wallis analysis of varlance (ANOVA) was used which is more appropriale for data that are not

normally distributed.

[0293] (i) Statisticel Analysis 2: Fisher transformation. The correlation (r) values for each

timeoourse with the best fitting sinusoid were converted (o z-scores using the Fisher
transformation ((1/2)* [n{(1--ry/(1-r)). T'his normalization enables to complete the third step of the

analysis.

[0294] (iii) Statistical Analysis 3: classification. ‘The Fisher z-scores provided an estimate of the

probability of seeing a particular correlation value for a given timecourse il the underlying
population of timecourses had zero mean correlation (the null hypothesis). The null hypothesis
would be expected to be true for timecourses that were not fit well by sinusoids, e.g., timecourses
from impaired observers. Timecourses with z-scores significantly above zero (c.g., well-matched
to the stimulus trajectory) would be expected to come from unimpaired observers. A threshold of
72 (corresponding to a significance level of alpha=.05} was used to calculate the specificity and

scnsitivity of this lest, as reported in the Results following,

Results
[0295] Eye movenments were highly reliable and consistent across the group of neurologically

intact control observers.

Discusston
[0296] Uncalibrated tracking may provide a quantitalive measure of the ubility w [ixate, attend,

and follow a stimulus. These date demonstratc that it is possible to collect reliable high-
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[requency eye movement data without first completing a spatial calibration for each observer.
Many patients are not capable of calibratcd cye tracking. The ability to track eye movements in
these populations provides new insights about a variely of disorders that disturb the ocular-motor
sysiem, including hut not limited to brain ijury, stroke, and psychiatric disorders. Possible
applications include clinical screening, diagnosis, monitoring the efficacy of treatment, and

tracking progression of impairment and recovery.
EXAMPLE 2

Materials and Methods

{0297] Subjects. Healthy subjects were recruited in a university setfing in accordance with IRT}
approved protacols. All other subjects were recruited directly from our neurosurgical practice.
Informed consent from the subject or thetr legal proxy was oblained for prospective data

collection in all cascs in accordance with IRB puidelines.

190298] bBye Movement Tracking. The subjects’ eye movements were recorded using an Iiyelink
1000 binocular eye tracker (500 Hz sampling, SR Research). Healthy volunteers were seated 55
cm from the screen with their head stabilized using a chinrest. Stimulus was presented on

average 55 cm from patient eyes, with the presentation monitor adjusted to match gaze dircetion.

Subjects used a chivrest.

[9299] Innovations for fracking patiemts. Two innovations were provided to measute ocular
molility in a paticnt population. The first was a paradigm, consisting of a stimulus and an
analysis stream that allows interpreting raw cyc position data, With few cxceptions, cye
movement studies analyze wansformed gaze position, which involves a loss of information and
cxeludes many patients from study. A novel algorithm for looking at pupil position directly,
yielding information about ocular motility was developed. A device that can be brought to
paticnts was provided. With few exceptions, eye movement data are collected nsing a fixed eyc
tracker at an unchanging location, which requires subjects to travel to the tracker and to use the
chair and chinrest setup that goes with it. The SR Research Eyelink 1000 was adapted into a
novel mobile system that allows Hexibility in location und subject position, without sacrificing

data quality.
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[0309] Visual Stimulus. A music video that moved clockwise atong the outer edge of a compuler
monitor starling at the upper left hand corner of the screen was provided. Spatial calibration was
not performed, and the distance varicd between subjects, so that the size of the stimulus in
degrees may only bc approximated . For a healthy subject seated 55 em from the screen with
good spatial calibration, the stimulus was presented in a square aperturc with an arca of
approxunately 16 degrees (approximatcly 1/8 of the sive of the screen). This squarc apcrturc,
within which a music video played continucusly, moved across the screen at a constant speed,
taking 10 s 1o cover each edge of the monitor. A full cyele took 40 s, and [ive full cycles were
played, for a total 0f 200 s. A countdown video played in the starting position lor 10 s before the
music video began, to provide all subjects time to orient to the stimulus. The movie continued
for an addition 10 seconds after the 200s trial, to avoid boundary effects from contaminating the
data. Only the 200s of the music video comprising 5 cycles of 40 s cach were used in all

analyses. At a rate of 500 Hz, this yiclded 100,000 samples of eye posilion over 200 scconds.

[0301] Data analysis: {1} Visualization. To create a snapshot of the data from the entire trial that

provided a vivid indication of whether an individual subject’s ocular motility differs from that of
healthy controls, scaticrplots of the entire time series were created by plotting the horizontal cye
position along one axis and vertical ¢yc position along the orthogonal axis. The 100,600 pairs of
values (x,y) were plotied representing the two components of the instantaneous angle of pupil
reflection (horizontal, vertical) over 200 seconds. In healthy controls, these figures look like
boxes, reflecting the trajectory traveled by the aperturc as it moved across the screen. These
visualizations confirmed that the raw eye traces did conform to the syuare spalial trajectory of

the stimulus, except in cases of neurological damage.

[0302] Data analysis: (2) Time vs. Space. Without spatial calibration, exact measurements of

error in the spatial domain are impossible. This problem was avoided by looking at the ey=
movement trajectories in the time domain, rather than the spatial domain. By using a constantly
changing stimulus (2 continuously playing movie) with a periodic envelope (the aperture
trajectory), it was possible to look at rélative eye movements over time. Effectively, each

subjecl’s mean trajectory over the path of the aperture served as its own calibration.
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our results, the distribution of certain measurements in the control population was determined,
and each subject was compared wilh these control distributions for cach measurc. The stimulus
trajectory was dividsd into four time components: The first arm consisted of five repetitions of
the first 10 secands of each rotation cycle (e.g., seconds 1:10, 41:50, §1:90, 121:130, and
161:170). The second, third and fourth arms were defined accordingly. Two variables were
evalualed: the relative variance in each arm, and the relalive integrity of each arm. Relative
variance was calculated as mean variance across 5 repetitions within an arm divided by variance
of the whole time course. Integrity was calculated as the percent of missing values in each arm.
We defined 2 tests based on these measurements, and performed Lhe same tests in the controls
and the patients. The results of these tests in the control population were used (o determine the
control distributions. The results of these tests for each patient were compared to the appropriate

control distribution, and confidence intervals were defined as follows.

[0304] Lategrity. For the integrity measure, each patient’s pair of values from arms 1 (the top of
the box) and 3 (the bottom of the box) was z-scored using the meun and standard deviation
calculated from the control population. The resulting score indicated how different the patient
values were comparcd with the control values, in units of standard deviations, Because 95% of
all values in a normal distribution lie within two standard deviations of the mean, a z-score of 2
was uscd as a significance threshold. Patients with z-scores above 2 in either or both arms were

thus judged to have significant disturbances of ocuiar motility.

[0365] Relative variance. Because relative variance is a ralio, it canmol be analyzed using 7-

scores, since (he assumplion of a normal distribution does not hold lor ratios. Instead, 5,000
point distributions were generated using a bootstrapping method that took 5,000 samples from 25
values randomly chosen with replacement from the 45 control values. For each subjeet, the
relative variance in arms 1 and 3 were compated respectively with the corresponding control
distribution, and the percent of the control distribution with variance below that of the test value
was determined. A p-value of .05 (a widely accepted measure of statistical significance)

corresponds to 95% of control values falling below the test vatue. Thus, subjects with variance
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higher than 95% of the values in the control distributions were determined to have significant

disturbances of ocular motility.

[0306] Units. The units of relalive variance are related to size in degree of visual angle, but are
not exactly identical to degrees of visual angle, becausc there was no spatial calibration. These

may be referred to as time-degrecs units.

Results

[0307] Successful tracking, Visualization of the eye movement trajectories across healthy

controls and patients confirmed that the method successfully measured cye movements without

rccourse to traditional calibration techniques.

[0308] Control distributions. As expected, the control distributions for the integrity

measurements were normally distributed with a mean of 0.2 and an average standard deviation of
0.05 (5% deviation). The conirol distributions of relative variance pcaked at 0.25 (reflecting

equal variance across the four arms).

[0309] Palicni measurements. The integrity measures for the ‘top’ vs. ‘bottom’ arms of the

trajcctory for each subject, in units of standard deviation, as compared with the control
distributions as described ahove were calcuiated. Subjects with cranial nerve palsies or mass
effect showed defccts in integrity of eye tracing box trajectory. Subjects with relatively greater
cranial nerve II palsics due to either compression or papilledema showed streaking verticel lines

duc lo scanning vision.

EXAMPLLE 3

Matcrials and Methods

[0310] Patient Selection. Control subjects were employees, volunteers, visitors and patients at

the Bellevue Ilospital Center recruited in accordance with Institutional Review Board policy.
Inclusion criteria for normal conirol subjects were: age 7 to 100 years, vision correctable o

within 20/300 bilaterally, intact ocular motilily, and ability to provide a complete



CA 02957384 2017-02-06

WO 2016/022414 PCT/US2015/043083
108

ophthalmologic, medical and neurologic history as wel! as medications/drugs/alcohol consumed
within the 24 hours prior to tracking. Parents were asked {o corroborate details of the above for
children aged 7-17. Exclusion criteria were history of: strabismus, diplopia, palsy of cranial
nerves 111, IV or VI, papilledema, optic neuritis or other known disorder alfecting cranial nerve
I1, macular cdema, tetinal degeneration, dementia or cognitive tmpairment, hydroccphalus,
sarcoidosis, myasthenia gravis, multiple sclerosis or other demyelinating discasc, and active or
acule epilepsy, stroke/hemorrhage or brain injury sufficiently significant to result in
hospitalization, Subjects reporting any minor brain injury regardless of loss of consciousness

within the previous week were also excluded.

[0311] Additional subjects were recruited from a neurophthalmic practice also in accordance
with Institutional Review Beard policy. These subjects were selected for participation
specifically because they had known palsies of cranial nerves I1I, IV and VI respectively, or

other speeific ocular pathology.

[0312] Visual Stimulus. lach subjects’ eye movements were recorded with an Eyelink 1000 eye

tracker at a fixed distance of 55 cm from a computer monitor over a time period of 220 seconds.
For the stationary tracker the subject was scated in an adjustable height chair, using an adjustable
height chinrest. Porlablc tracker subjects were seated in either a height adjustable or height-fixed
chair, with the monitor height adjusted to the subject. ‘T'he portable tracker chinrest was attached
to the monitor, while the stationary tracker chinrest was atlached fo the same table as the
computer monitor. ‘The visual stimuli were the music videos Shakira Waka-Waka, K naan
Wavin’ Flag, or the Under the Sea song from the Little Mermaid. The video was played
continuously in 4 square aperture with an area approximately 1/8 the screen size while moving
clockwise along the outer edges of the monitor for five complete cycles of 40 seconds cach. The
first and last 10 seconds of cach data sct were discarded to yield 200 seconds of duta, The
afferent stimulus was presented binocularly and eye tracking was performed binocularly.
Subjects were not spatially calibrated to the tracker to enable independent analysis of cach pupil

position over time.

[0313] In a separate exawmple, subjects were assessed for gaze conjugacy using a naturalistic
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viewing stimulus. This consisted of walching television as eye movements were tracked over
time. Subjecls were not seated at a fixed distance from the monitor but were able to move their

heads during viewing,.

[0314] Data Analysis. The eye trucker sampled pupil position at 300 11z, yielding 100,000
samples over 200 seconds. Scatterplots of the entire ime series were created by plotting the
100,000 (x, y) pairs representing the two orthogonal components of the instantaneous angle of
pupil reflection over time to create “box trajectories’ that reflected the temporal nature of the
pupillary movement. These figures look like boxes, reflecting the timing of the aperture as it

moved around the screen.

[0315] Analysis of Gaze Conjugacy. Comparing the movement of one eye of a subject to the
other eye of a subject was performed by comparing the x, y Cartesian coordinates at any time
pointt. For example by subtracting the x ceordinaie of the left cye from the x coordinate of the
right' eve or vice versa. Also by subtracting the y coordinale of the eft eye from the y coordinate
of the right eye or vice versa. The sums of the ditferences between all of the x coordinates over
the time tested informs regarding horizontal movement of the pupil. The sums of the differences
in y coordinates over time informs regarding vertical movement of the pupil. The total sum of
{he differences between both x and v coordinates aver the time tested can be summed to obtain a
measure of total disconjugacy of gaze, or as an average of five eyebox trajectory eyceles

formulaically represented as follows:

E;:,?ﬁ' K
Xavgik = 5 , for all =1:N, k=1:2,

where X refers to the x-coordinale of the pupil, and k refers to the left or right eye of a subject.
In cases where a subject’s data wag misging at any given time point in the five cycles, the
denominator of the equation was the number of cycles where the data was present. The
difference in the x and y position, [or the left and right cyc, may then be computed. This vector
of difference may then be plotted graphically for purposes of assessment and interpretation. To
have a single metric expressing the level of pupil disconjugation, a variance of the data may be

computed with respect to an expected mean of zero. This is significant because the code assumes
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that a healthy subject has zero vertical or horizontal pupil position difference between each eye.
The variance for either horizontal (x) or vertical (substitute v for x) movement may be computed

as follows:
1 N
Var, = = 9 (0¥ avges — Xavgiz) = 0)
X N‘_ﬂ(- SApyid mg.gz) )

[0316] The total variance in both the horizontal and vertical plancs may be computed as follows:

Varpg, = Var, + Van, .

[0317] The variance in X, Y, and the total variance may he ploited tn order to assess the amount

ol disconjugation present in a subject.

Statistical analyses

[0318] Statistics were cvaluated using R. Conjugacy of eve movement versus age: Normal

subjects demonstrated conjugate eye movement that was not impacted by age. A linear
regression between total variance and age was calculated, A linear regression t-test was used to

determine whether the slope of the repression line was statistically significantly ditferent from 0.

[0319] Conjugacy of eye movement compared between genders: A Welch T'wo Sample t-test
was used to determine if the true difference between the mean of male total variance and the

mean of [emale total variance was statistically significantly different from (.

[0320] X (horizontal eye movement) versus Y (vertical cye movement) conjugacy: A paired t-
test was used to determine if the mean of the subject-paired differences between the lotal x-

varignee and total y-variance was statistically significantly different from 0.

[0321] Test-retest on the stationary tracker and from the stationary to the portable tracker: A
paired t-test was used to determing if the moan of the subject-paired differences between the total

variances for two separate eyetracking sessions was statistcally significantly different from 0.

Results

[0322] 125 unique subjects aged 7 to 75 (mean 34.3 +15.7 , median 28.2 ; 51.2% female) were
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surveyed regarding their past medical history (Table 1), past ophthalmic history (Table 2) and
any medications, alcohol or drugs of abuse (Table 3) laken within the last 24 howrs. The results
indicated that many subjects disclosed prior medical and ophthalmic history and medication

usage,
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TABLE 1

Newrologie/Cramal History

Condition Symptoms Number of Subyects

"I

Concussion

Iisraines
E"p‘?ﬁﬁﬂsm
Hypothryroidism

Lt | o

Dhabetes Melitus
Dvslexia

Spinal Inpury
7.8 Palsy
*Note: Subjects may exhust m Multiple Categonies

ok | ek | ek | bk | P | LS | L

SUBSTITUTE SHEET (RULE 26)
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TABLE 2

Oplthalime History

Conditow’ Svmptoms Number of Subyects

[
o

Mynopa

]

Astionmhism
Hyperopia
Cataracts

>

Glavcoma
Keratasis

Retinal Detachment
Adie Syndrome
Chalzion

Comeal Uleers

Lastk

Qrbital Mivosiis
Presbvopia

Sty

Trawma from foreign cbyect
Other, unspecified

i el Moccedll M ccectl Mccedl Miocedl M ccedll Moceoll Mol MGV B Mo 2 2 N LY

*Nate: Swbiects mav extust in Multiple Categonies

SUBSTITUTE SHEET (RULE 26)
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TABLE 3

Aedwaticn Drug Usage m lavt 24 s

nnther of &

Syvnthesod

Vitanm D

mA | LS

ek | O

b ]

| fﬂm aﬁ.taztézm

Sl | Vs

udderall

e

Flovent

i g

Hvdeochelorthzszide

f‘i}

Tnran

"

Trsuli (unspecified)

=
-
B
X

Lanapo

; faim“w

chondroitn

Citraoel

Clopdogeel

Cansert

b cm:i"

i | i | e Do | e ok [Snry e oy
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Doxyoychine
Esomeprazale
Ferrons Sulfate
Fish Cul
Flotiase

Furosenude
Gabapentin
Glvbnnde
Hydrocortisone
Eombigyze XR

Eanins
Eosartan

Lutera
hdagnesautn Oxide
Llethumazole

D lotrin

[Fexium

il

ie T

Novolog

[OCT (unspecified)
lOomezaprole
Plavix

Prawcdin

Eriloser

Singulair

Stribald

Toprol

Trima-San

Welbutrin

Xvzal

Zyprena

Zyrtec

Adnut to Marijuana

Ading to Alcohwol i past 24

|3

o " - - — " - — “
*Mote: Sulvects may exhist oy Multiple Categortes

[0323] Normal subjects demonstrated conjugate eye movement that was not impacted by age
(Figure 3). A linear regression t-test was used to determine whether the slope of the relationship
between total variance and age yielded a regression line statistically significantly different from
0. The test resulted in a t-statistic of -0.523 and a p-value of 0.6017 showing that the slope of the

SUBSTITUTE SHEET (RULE 26)



CA 02957384 2017-02-06

WO 2016/022414 PCT/US2015/043083
116

regression line was not statistically significantly different from 0. Thus in the subject population

ranging in age from 7 to 73, there was no change in conjugacy of eve movements with age.

[0324] The single greatest outlier (conjugacy of .8214) in the conirol population was a 23 yoar
old male studenl who wears corrective contact lenses and takes addcral for attention deficit and
Liyperactivity disorder. This subject underwent repeat tracking which remained disconjugate,
(.2600) however less than previously. The second greatest outlier (conjugacy 486) was a 39
vear old male hospilal employee who denied any ophthalmic or medical history, as well as the
use of alcohol or drugs in the prior 24 hours. In both of these subjects the X-conjugacy was not a

statistical outlier and only the y coordinates were disconjugate.

[0325] Normal subjccts demonstrated conjugate eye movement that was not impacted by gender
(Figure 4). A Welch I'wo Sample t-test with 68.49 degrees of [reedom resulted in a t-statistic of
0.6734 and a p-value of 0.5029 showing that the difference in the means was not statistically

significantly different from 0.

[0326] Normal subjects demonsirated horizontal eye movement that was statistically highly
significantly more conjugate than vertical eye movement (Figure 5). A paired t-test was used to
determine il the mean of the subject-paired diftferences between the total x-variance and total y-
variance was statistically significantly different from 0. With 124 degrees of freedom, the test
resulicd in a t-statistic of -3.0263 and a p-value of 0.003011 showing that the mean of the
subject-paired differences was statistically highly significantly different from 0. Specitically, it
was shown (hat [or a particular subject, x-variance is statistically significantly less than y-

variance,

[0327] Subjects (n=27) demonstrated high test-retest reliability between two separate eyetracking
sessions on the stationary tracker (Figure 6). A paired t-tcst was used to determine il the mean of
the subject-paired differences belween the total variances for two separate eyelracking sessions
was statistically significantly different from 0. With 26 degrees of freedom, the test resulted in a
t-statistic of 1.2778 and a p-value of 0.2126 showing that the mean of the subject-paired

differences was not statistically significantly different from 0.



CA 02957384 2017-02-06

WO 2016/022414 PCT/US2015/043083
117

[0328] Subjccts (n=24) demonstrated high test-retest reliability between separate eyetracking
sessions on the stationary tracker and the portable tracker (Figare 7). A patred t-test with 23
degrees of freedom (n = 24), resulted in a l-stalistic of 1.3661 and a p-value of 0.1851 showing

that the mean of the subject-paired differences was not statistically significantly different from (.

[0329] Figures 1 and 2 represent the ¢ye tracking trajectories of subjects with normal eye

movement.

EXAMPLE 4
Materials and Methods.

[0330] Four groups of subjects were sclected as follows:

[0331] (1) subjects who have mild to moderate structural traumatic brain injury (TBI) as
evidenced by CT sean demonstrating the presence ol hemorrhage (subdural, epidural,

subarachnoid or intraparenchymal), brain contusion, or skull fracture.

[0332] (2) non—structural TBI subjects (mild TRT/concussion), meaning they show no signs of
structural injury on imaging; howcver, they complain of usual brain injury symptoms such as
headache, dizziness, cognitive impairment, etc., A subject with mild traumatic brain injury is a
person who has had a traumatically induced physiological disruption of brain function, as
manilested by at least one of the following:
Any period of loss of consciousncss (LOC).
b. Any loss of memory for events immediately before or after the accident.
¢. Any alteration in mental state at the time of accident (i.e. feeling dazed,
disoriented, or confused).
d. Focal neurological deficit(s) that may or may not be transient, but where
the severity of the injury does not exceed the following:
1.) Loss of consciousness of approximately 30 minutes or less
2.) After 30 minutes, an initial Glasgow Coma Scale (GCS) 0f 13-15

3.) Posttraumatic amncsia (PTA) not greater than 24 hours.
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[0333] (3) non-brain injured subjects that have suffered some type of injury such as to the
cxtremities or other parts of the body. The subjects have sustained a blunt or penctrating trauma
such as, to the corpus or extremilies (i.e. car accident, falling, violent act excluding intcrpersonal

violence).

[0334] (4) Healthy non injured control subjects were employees, volunteers, visitors and patients
with intact ocular motility, and ability to provide a complete ophthalmologic, medical and
neurologic history as well as medications/drugs/alcohol consumed within the 24 hours prior to
tracking. Exclusion criteria included any minor brain injury regardless of loss of consciousness

within the previous month.

[0335] Inclusion Criteria, All patients were recruited from the Bellevue Hospital Emergency

Setvices (Emergency Room and Trauma Bay), trauma service and neurosurgery scrvice. They
were between the ages of 18 and 60, consentable and able/willing to participate and meet critcria
for distribution into one of the three subject populations (stroctural TBI, non-structural TBI,

injured/non-TBI) described above.

[0336] Exclusion Criteria. Subjects that received minor trauma insufficiently traumatizing to

result in sufficient sequelae were excluded. Subjects suffering burns, anoxic injury or
multiple/extensive injuries resulting in any medical, surgical or hemodynamic instability were
also excluded. Particularly for the purposes of eye tracking all subjects that were blind (no lighi
perception), missing eyes, and not opening cyes were excluded from the research. It is pertinent
that subjects are able to detect light and have both eves in order for the eye tracking data to be
effective and significant. Any physical or mental injury or baseline disability rendering task
completion difficull was excluded, also inability to participate in longtitudinal carc, or obvious
intoxication or blood alcohol level greater than 0.2, Pregnant individuals and prisoners were also
excluded from the study. Subjects with a history of® strabismus, diplopia, palsy of cranial nerves
I, IV or VI, papilledema, optic neuritis or other known disorder atfecting cranial nerve II,
macular edema, retinal depeneration, dementia or cognitive impairment, hydrocepbalus,

sarcoidosis, myasthenia gravis, mulliple sclerosis or other demyelinating discase, and active or
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acule epilepsy, stroke/hemorrhage or prior brain injury sufficiently significant to result in

hospitalization were also excluded.

[0337] Subjects underwent eye tracking and SCAT3 validaled concussion outcome assessment
as soon as possible after their injury, and then at regular intervals during recovery (1 week and 1

month).

Eve tracking

[0338] A portablc binocular eye movement tracker was constructed by attaching an adjustable
arm to arolling cart. A computer monitor was attached to the proximal portion ol the arm, and a
chinrest was attached to the distal aspect of the arm such that the chinrest centered the subject’s

cyes 55 om away from the momitor.

[0339] Visual Stimulus. Subjccts’ eye movements were recorded with an Eyelink 1000 eye
tracker over a time period 0220 scconds. Portable tracker subjects were seated in either a
height adjustable or height-fixed chair or bed, with the monitor height adjusted to the subject.
The visual stimuli were the music videos Shakira Waka-Waka, K’naan Wavin’ Flag, Mission
Kashmir Bhumbroo or Michael Jackson Man in the Mirror. ‘T'he vidco was played continnously
in a square aperture with an arca approxiroately 1/9 the screen arca while moving clockwise
along the ouler cdges of the monitor for five complete cycles of 40) seconds each. The [irst and
last 10 seconds of each data set were discarded to vield 200 scconds of data.  The afferent
stimulus was presented binocularly, and eye tracking was performed binocularly. Subjects were
not spatially calibrated to the tracker to cnable independent analysis of each pupil position over

time.

[0340] Data Analysis. 'The eye tracker sampled pupil position at 300 Hz, yielding 100,000
samples over 200 seconds. Scatterplots of the cntire titne series were created by ploiting the
100,000 (x,y) pairs representing the two orthogonal components of the instantaneous angle of
pupil reflection over time to create *bux trajectories” that reflected the temporal nature of the
pupillary movement. These [igures look like boxes, reflecting the timing of the aperture as it

moved around the screen.
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[0341] Metrics: 51 cye-tracking parameters were measurcd per subject, looking at movement in
cach individual eye and conjugate movement between eyes. All data were analyzed using
XLSTAT version 2012,6.02 (Addinsoft SARL, Paris, France) and MedCale version 12.6.1
{(MedCalc Soliware, Ostend, Belgium). A p-value of < 0.05 was deemed as statistically

significant.

[0342] Tye-tracking was performed on 46 patients and 31 controls. The patients were assigned to
1 of 4 groups (+CT n=13, -CT n=23, corpus injury n=10, and healthy control). Eye-tracking
parameters were compared among the 4 groups using the Kruskal-Wallis test and multiple pair-
wise were performed using the Steel-Dwass-Crichlow-Fligner procedure to compare individual

groups against controls.

[0343] The sports concussion assessment tool (SCAT) was administered, and standardized
assessment of concussion (SAC) scores were obtained on thirty-seven subjects. Stepwise
multiple regression analysis was performed to cvaluate the impact of cach cye-tracking
parameter on the SCAT and SAC scores. Parameters with p-valucs > 0.1 were removed from the

model.

Results

[0344] Table 4 provides group means for each of the 51 measured parameters.
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|0345] ‘T'able S provides p—values., Ten of the 51 measured paramelers demonsirated statistically
significant differences between negative controls (either normal healthy people, or corporally
injured but not brain injured controls) and both positive controls (structurally brain injured) and
non-structurally brain injured people. 8 additional parameters showed statistically significant
differences between negative controls (healthy normal people and corporally injured trauma
paticnts) and patients with either structural or non-structural brain injury. 10 of the eye tracking
measurcs showed statistically significant correlation between SCAT or SAC scores, suggesting

that these eyc tracking paramcters corrclated with a validated elinieal outcome measure.
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Table 5.
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10346] These data demonstrate the usclulness of these mathematical algorithms to detect and

quantitate the extent of struclural and non-structural brain tnjury.

EXAMPLE 5
[0347] The results and data demonstrate the effcet of methadone on eye movements assessed
during watching a short film clip. This methodology was established using the narcotic
methadone. Methadone is one of the mu opioid receplor binding drugs, which include morphine,
heroin, fentanyl, and marphine 6-p-glucuronide (M6G). This class of narcotics hus 4 complex
mechanism of action, may not bind to a single receptor and have differences in their potency,

effectiveness, and tolerability among patients (Pasternak, Pain Med 13 Suppl 2012; 1:S4-11).

[0348] The same eve tracking algorithm was performed with a binocular eye tracker as described
above, including in Example 4. The same eye tracking algorithun may also be performed with a

monocular cye tracker.

[0349] Calculating Velocity. 'T'he coordinates of the pupil at time 1 are x4, y) and at fime 2 are

X2 ¥2

[0350] The distance (2;) traveled by the pupil between times 1 and 2 may be determined as the

square root of!

(x-x1)° + (y2-y1)°

{0351] The sum of the z’s may be obtained to obtain the distance traveled by the eye pupil over
any time period of interest. The sum of the z’s over 10 second intervals may be obtained to look
at the distance traveled during each segment of the rectangular box trajectory. Pupil velocity

may be determined by dividing by the amount of time in seconds.
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[0352] Whether eve pupil veloeities change in different dircetions cyc movement refleeted in a
box trajectory travels around the box. A Zrota Zeops Zickt. Zrights Zooton With reference to the box
trajectory may be provided for each eye. Groups may then be compared using the Wilcoxon

statistical analysis.

Results

[0353] ‘Lhe eye tracking velocity of 93 methadone palients when compared to 100 controls
demonstrates that when Lhe aperture moves cluckwise around a rectangular box trajectory,
movement in the left eye on % box trajectories is slower in methadone patients than in control
subjects. The top segment of the box trajectory was the most significantly different between

methadone patients and controls:

[0354] The p-values for velocity comparison in control and methodone groups is provided
below in Table 6.

Tablc 6.

S.NO Segment P-Value
1 Left Eye Top 0.000352
2 Left Eve Right (.580132
3 Lett Flye Bottom 0.027431
4 Lelt Eye Left 0.046586
5 Right Eye Top 0.001296
6 Right Eyc Right 0.211476
7 Right Eyc Bottom 0.147633
3 Right Eye Left 0.078633

[0355] The eye racking velocity was measured in 53 chronic methadone consuming patients
before and after administration of their daily dosage of methadone. The top trajectory of the box

was most sensilive (o an individual dose of methadone.

[0356] The p-values for hefore and after methadone velocily caleulations are provided below in
Table 7.
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Table 7.

SN Segment P-Value
I Teft Eye Top 0.090069
2 Left Bye Right 0.763767
3 Left Eyc Botiom 0.807321
4 Lefl Eye Left 0.881353
5 Right Eye Top 0.072061
6 Right Eye Right 0.179416
7 Right Eye Boltom 0.319482
8 Right Eye Left 0.524585

BPiscugsion

[0357] The results provided above demonstrate that methadone decreases the velocity of eye
movemenis. The results provided above further demonsirate (hat methadone decreases the

velocity of eye movements in the top segment of the box trajectory more so than in the other
segments of the box trajectory. These results demonstrate that eye movement tracking while

watching a short film clip can detect narcosis.

EXAMPLE 6

[0358] Cyc movement tracking was performed in 80 methadone patients and 116 controls
generally in accordance with the procedures set forth herein including in Bxamples 4 and 5.
Observalions of the metrics measured in methadone paticnts arc provided in T'able 8. The p-
valucs are included demonstrating the difference in 51 metrics of eye movement measurcd

between 80 methadone patients and 1 16 controls. Skew and variability were most affected.
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Table 8.
Std.

Variable Observations | Minimum | Maximum Mean deviation |
L.Aspect Ratio | 80 0.847 1.654 1.020 0.082 1
L.Aspect Ratio | 1 116 -3.573 1791 0.964 0.463 0.048
1..Height | 0 30 1723 2.547 2.341 0.168 1
L.Height | 1 116 1.027 2.761 2.364 0.213 0.374
L.Width | 0 80 0.999 2.464 2.312 0.211 1
L.Width | 1 116 -1.443 2.649 2.315 0.446 0.008
L.Arca |0 80 1.738 6.245 5.442 0.755 1
L.Area| 1 116 -1.482 6.675 5.550 0.959 | 0.199 |
L.SkewTopNorm | 0 80 -0.418 0.228 -0.091 ¢.136 |
L.SkewTopNorm | | 116 -0.270 0.392 -0.007 0.127 | <0.0001
L.Skewlop |0 80 ~(1.190 0.117 -0.021 0.045 1
L.SkewTop | 1 116 -0.108 0.289 0.003 0.041 : <0000
L.SkewRitNorm | 0 80 -0.493 0.221 -0.087 0.163 1
L.SkewRitNorm | 1 116 -0.233 0.269 -0.004 0.110 0.001
L.SkewRit| 0 80 -0.233 0.033 -0.023 0.049 1

L.SkewRit | 1 116 -0.119 0.077 -0.002 0.027 0.001
L.SkewBotNorm | 0 80 -0.250 0.397 0.023 0.140 1
L.SkewBotNorm | 1 16 -0.518 0.226 -0.004 0.118 0.277
L.SkewBot [0 80 -(L.O80O 0.337 0.009 0.052 1
L.SkewBot | 1 116 -0.132 0.147 -0.001 0.025 0.420
L.SkewLefNorm | 0 80 -0.272 0.522 0.111 0.166 LS
L.SkewLeNorm | 1 116 -0.305 0.295 0.015 0.108 { <4.0081
L.SkewLef'| 0 80 -0.114 0.226 0.023 0.050 1
L.SkewLcf| 1 116 -0.102 0.210 0.004 0.031] =<0.0601
L.varYtop |0 80 0.003 0.256 0.050 0.054 1
L.varYiop | 1 116 0.004 0.876 0.047 0.106 005
L.varXrit | 0 8¢ 0.004 1.172 0.044 0.134 1
L.varXrit | 1 116 0.005 0.910 0.039 0.093 0.229
L.varYbot |0 R 0.004 1.123 0.048 0.128 i
L.varYbot |1 116 0.001 0.563 0.030 0.068 .096
L.varXlef | 0 80 0.003 0.919 0.045 0.112 1
L.varXlef| 1 116 0.006 0.680 ~0.046 0.110 0451
L.varTotal | 0 B0 (.258 1.223 0.47/9 0.116 1
L.varTotal | 1 116 0.330 1.316 0.526 0104 | <6,0001
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Std. |
Variable Observations | Minimum | Maximum Mean deviation

R.Aspect Ratio | 0 80 0.725 1.476 1.013 0.076 1
R.Aspect Ratio | 1 116 -3.791 1.996 0.970 0.495 0.381
R.Height | 0 80 1.617 2.485 2.323 0.185 1
R.lleight|1 116 1.008 2,616 2.355 0.192 0.411
R.Widlh|0 80 1.603 2.467 2.305 0.172 1
R.Width | 1 116 -1.291 2.524 2.302 0.438 0.024
R.Area |0 80 2.637 6.061 | 5.376 0.703 i
R.Area |l 116 -1.423 6.190 5497 0.944 0.156
R.SkewTopNorm | 80 -0.500 0.238 -0.115 0.150 1
R.SkewTopNorm | |1 116 -0.283 0.424 -0.004 0.147 : <0.0801
R.SkewTop | 0 30 -0.198 0.094 -0.025 0.043 1
R.SkewTop | 1 116 -0.078 0.255 0.004 0.044 ;| <0.6001
R.SkewRitNorm | 0 80 -0.529 0.334 -0.072 0.182 1
R.SkewRitNorm | 1 116 -0.286 0.395 0.013 0.115 0.001
R.5kewRit | 0 80 -0.249 0.213 -0.017 | 0.060 1
R.SkewRit | 1 116 -0.083 0.119 0.006 0.027 0.001
| R.SkewBotNorm | 0 80 -0.263 (.388 -0.004 0.147 1
R.SkewBotNorm | 1 116 -0.280 0.273 -0.023 0.112 0.665
R.SkewBot | 0 80 ~-0.061 0.340 0.010 0.063 1
R.SkewBot | 1 116 -0.051 0.060 -0.002 0.019 0.682
R SkewLefNorm | 0 80 -0.198 0.522 0.109 0.159 1
R.SkewLefNorm | 1 116 0,251 0322 | 0.025 0.111 0.000
R.SkewLef | 0 80 -0.019 0.210 0.026 0.047 1
R.SkewlLef| 1 116 -0.041 0.287 0.011 0.042 6.002
R.varYtop |0 80 0.007 0.397 0.053 0.067 1
R.varYtop | 1 116 0.005 0.879 0.043 0.091 0.003
RovarXrit | 0 80 0.006 0.577 0.057 0.109 1
RovarXrit | 1 116 0.006 0.889 0.048 | 0.109 0.601

R.varYbot | 0 80 0.005 2.031 0.085 0282 | 1]
R.varYbot | 1 116 0.002 0.581 0.031 0.073 0.002
rovarXlef | 0 80 0.004 0.442 0.039 0.066 1
rvarXlef| 1 116 0.006 1.193 0.050 0127 0447
R.varTotal | 0 80 - 0.259 1189 0.492 0.123 1
R.varlotal |1 116 0.333 1.352 0.537 0.118 | <0.0001
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Std.
Variable Observations | Minimum | Maximum Mecan deviation
Conj varX | 0 80 0.000 0.328 0.010 0.040 1
Conj varX | 1 116 (0.000 0.138 0.012 0.021 0.001
Conj varXtop 0 80 0.000 0.186 ¢.007 0.021 1
Conj varXtop 1 il6 {(1.001 (200 (.014 0.030 #9.027
Conj varXrit | 0 80 0.000 1.074 0.020 0.121 1
Conj varXrit| 1 116° 0.000 0.162 0.010 0.022 0,071
Conj varXbot | 0 80 0.000 0.251 0.007 0.029 1
Conj varXbot | | 116 {.000 0.232 0.013 0.029 | <0.0001
Conj varXrit | 0 80 0.000 0.157 0.006 0.023 1
Con] varXrit | 1 116 0.000 0.110 0.009 (.019 8.000
Conj varY | 0 80 0.001 0.148 0.022 | 0.033 1
Conj vary | 1 116 0.001 0.125 0.012 0.016 0.044
Conj varYlop | 0 20 0,000 0.280 0.017 0.036 1
Cunj varYiop| 1 116 0.000 0.273 0.012 0.028 0.076
Conj var¥rit | 0 80 0.001 0.460 0.032 0.073 1
Conj varYrit | 1 116 0.001 0.172 0.017 0.025 0.188
Conj varYbot | 0 80 {.000 (.386 (.022 0.061 1
Conj varYbot | | 116 0.000 0.118 0.008 0.016 0.514
Conj varYrit | 0 80 0.001 0.156 0.017 0,025 1
Conj varYrit | } 116 0.001 0.112 0.012 0.017 0.161
Conj totVar | 0 RO 0.002 0.454 (.032 0.064 1
Conj tolVar | | 116 0.002 0.177 0.024 0.031 0).880
Conj CorrXY | 0 80 -0.052 0.109 0.003 0.016 1
Comny CorrXY | 1 116 -0.016 0.056 0.000 0.006 0.144
Con varXtopbotRatio |0 80 0.179 19.432 2.469 3.016 1
Conj varxtopbotRatio | 1 116 0.042 32.506 2.199 3.631 0.071
Conj varYtopbotRatio | 0 80 0.055 304.849 9.6635 33.251 1
Conj varYtopbotRalio | 1 116 0.016 90.616 4.741 10.397 0.836
Cony varXlelritRatio | 0 80 0.017 19.894 1.800 2.827 1
Conj varXlefritRatio | 1 116 0.028 39,405 2.597 4.995 0.076
Conj varYlefritRatio | 0 80 0.013 22.554 1.671 3.199 1
Conj varYlefritRatio | 1 116 0.040 3.671 1.041 1.066 0.931
BOX SCORE | D 80 0.000 27.000 3.525 3.356 1
BOX SCORE | 1 116 0.000 29.000 4.060 5.556 0.062
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EXAMPLE 7

Internuclear Ophthalmoplepia

[0359] A 65 year old male presented to the emergency room with acute onset of double vision.
On examination he had [ . to R nystagmus, and L impaired adduction on rightward gaze. He was
diagnoscd in the ophthalmology clinic with INO due o a midbrain ischemic stroke.

Binocular afferent eyc tracking was performed and revealed abnormal aspect ratios and
conjugacy (Figure 19). Monocular afterent eye tracking was performed and revealed normal

aspect ratios (Figures 20 and 21).

EXAMPLE 8

[0360] A 61 vear 0ld female presented with a tumor affecting her L VIth and 1lixd nerves as
confirmed by ophthalmic cxamination. Binocular afferent tracking was performed and revealed
abnormal aspcet rations and conjugacy (Figure 22). Monocular afferent eye tracking was

performed and revealed abnormal aspect ratios (Figures 23, 24).

EXAMPLE 9
Maierials and Methods

[0361] Mild cognitive impairment subjects were recrnited from a private neurologic practice to
which they were relerred for suspicion of dementia. Subjects were evaluated with standard
clinical dementia assessment measures in addition to eye fracking measures and compared to an

age matched control group.

[0362] Data analysis was performed using SAS version 9.3, Data from TOBIT and FYTLINK
trackcrs were analyred separately. Wilcoxon rank-sum {wo samplc test was used to compare the
eye-tracking parameters between the normal control group and the asymptomatic group. 'The
Wilcoxon lest is a non-parametric test comparing the distributions of two groups and it does not

reguire the assumption of nommality. To get more accurate results, the exact Wilcoxon test was
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uscd to obtain the two-sided p-values. Statistical significance was claimed when the p-value was

less than 0.05. A significant result indicated a difference between the proups,

Results

[0363] ADIID Cases | and 2: Both patients are 19 year old males, and both were diagnosed in
childhood with ADHD which is currently controlled by medication.  The cye movement
tracking of case 1 is demonstrated in I'igure 25 (I'igure 25A, left eye; Vigure 2513 right eye). The
aspect ratio is provided for each eye. Figure 26 demonstrates the conjugacy of left and right eye
movement. of case 1 represented by Ax (Figure 26A) and Ay (Figure 26B). Figure 27 represents
the eye-box (rajeciories of case 2 (Figure 27A, lefl eyc; Figure 278 right cyc). The aspeet ratio
is provided for each eye. Figure 28 demonstrates the conjugacy ot left and right cye movement

of case 2 represented by Ax (Figure 28A) and Ay (Figure 28B).

[0364] Case 3 is a 62 year old former professional hockey player (12 years in NHL) with
occasional scnsations of feeling off-balance and disoriented, as well as having ADHD., Figure 29
represents the eye-box trajectories and conjugacy of cye movement of a subject with possible
chronic traumatic encephalopathy (CTE) and ADHD tracked binocularly (Figure 20A, left eye;
Figure 29B right eye). The aspect ratio is provided for each eye (Figures 29C, 29D). The
conjugacy of left and right eye movement represented by Ax (Figure 29F) and Ay (Figure 29F) is
represented. Figure 13 represents a sceond testing or repeat of the cye-box trajectarics and
conjugacy of eye movement of the subject with pessible chronic traumatic encephalopathy
(ClE) and ADHD tracked binocularly as represented in Figure 29, (Iigure 30A, left eye; l'igure
308 right eye) The aspect ratio is provided for cach eye (Figures 30C, 30D). The conjugacy of
left and right eye movement represented by Ax (Figure 30T and Ay (Tigure 30T) is represented.

[0365] Table 9: statistical comparisons of p-values between normal healthy controls and subjects
being cvaluated in a neurology practice with mild cogoitive impairment reveals that numerous

metrics are markedly different between (hese groups.
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Table 9
Variable

lell area value
left_aspectRatic_value
left height value
lctt_width value
lett_skewTop value
left_skewTopNorm_value
lefi_skewRit_value

Icft skewRitNorm_value
left skewBot value

left skewBotNorm_value
left_skewlef value
left_skewLefNorm_value
left varTotal value

left varXlef value

left varXrit value

left varYbot value
left_varYtop value
right_area_value

right aspectRatio value
right_hcight value
vight width_value
right_skewTop_value
right_skewl'opNorm_value
right_skewRit_value
right_skewRitNorm_value
right_skewBot value

right skewBo(Norm_value
right skewLef value
right_skewLefNorm_value
right varTotal value
right_varXlet value

right varXrit value

right varYhot value

right varYiop value

conj CorrXY wvalue
con_totVar valuc
conj_varX_valuc
conj_varXbot value
conj_varXlef value
conj_varXlefritRatio_value
conj_varxrit_valuc
conj_varXtop_valuc

CA 02957384 2017-02-06

Controls (N=40) vs MCT

(N=30)
0.683838314
0.276765067
0.918940207
0.024577153
0.730834374
0.790752851
0.125967649
0.122620352

. 0083764878

0.109563339
0.161908877
0.235422747
0.125585311
0.154070763
0.922413851
0.012438452
0220110373
0103235574
0.986390881
0.440632018
0.101295878
0.526856938
(.55292087
(1.600822362
(0.552910242
0.91010564=
0.8992745
(0.48484475
0476668635
0.30400133
(.053170921
0.750642587
0.014323155
0.966073028
0.299001512
0.029506073
0.016645475
0.026356193
0.033797709
0.704197445
0.045756631
0.020746067

135
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Conj_varXtopbotRatio valu  0.5006630234

e
conj varY value 0.038604875
conj_var¥bot value 0.001041257

EXAMPLE 10

[0366] The present data decmonstrates that an eye tracking algorithm performed while a subject
watches television or a short film clip continuously playing in 4 moving aperiure can distinguish

between normal subjects and those who have consumed alcohol or are intoxicated.

Methods:

Patient Selection.

10367]Subjects were volunteers recruited in accordance with Institutional Review Board policy.
Inclusion criteria werc: age >21 years, viston correctable to within 20/50 bilaterally, intact ocular
motility, and ability to provide a complete ophthalmologic, medical and neurologic history as
well as medications/drugs/alcohol consumed within the 24 hours prior to tracking. Exclusion
criteria were history oft strabismus, diplopia, palsy of cranial nerves 111, IV or VI, papilledema,
optic neuropathy, macular edema, retinal degeneralion, dementia or cognitive impairment,
hydrocephalus, sarcoidosis, myasthenia gravis, multiple sclerosis or other demyelinating disease.
Pregnant individuals and prisoners were excluded from the study as were subjects who were
missing eyes, nol opening eyes, or wearing excessive mascara/Talsc cyclashes. Subjects reporting
any minor brain injury regardless of loss of consciousness within the previous week were also

excluded from participating as controls,

Alcohol consumption.

[0368] Subjects were permitted to consume alcohol and food ad lib during the study and were
periodically assessed for Breath — Alcohol Content (BAC) using the AlcoHHAWK pro

Breathalyzer analysis device.

Visual Stimulus.

[0369] Subjccts’ cyc movements were recorded with an Eyelink 1000 eye tracker at a fixed
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distance of 55 cm from a computer monitor over a time period of 220 seconds. Subjects wore
seated In either a height adjustable or height-fixed chair or bed, with the monitor height adjusted
to the subject. The tracker chinrest was attached to (he monitor. The visual stinuli were the
music videos “1 Just Can’t Wait to be King” from the Lion King and Puss in Boots (soundtrack).
‘T'he video was played continuously in a squarc apcrture with an area approximately 1/8 the
screen size while moving clockwise along the outer edges of the monitor for five complete
cycles of 40 seconds each. The first and last 10 scconds of each daia set were discarded to yield
200 seconds of data. The afferent stimulus was prescnted binocularly and eye tracking was
performed binocularly. Subjecls were not spatially calibrated to the tracker to enable independent

analysis of cach pupil position over time.

Data Analysis.
[0370] The eye tracker sampled pupil position at 500 Hz, vielding 100,000 samples over

200 seconds. Scatterplots of the entire time series were created by plotting the 100,000 (x.y)
pairs representing the two orthogonal components of the instantancous anglc of pupil reflection
over time to create ‘box trajectories’ thal reflected the tempaoral nature of the pupillary
movement, These figures look like boxes, reflecting the timing of the aperture as it moved
around the screen. 200 data points prior to and following cach blink were removed prior to
creating the measarcs of disconjugacy and aspeet ratio to limit noise in the data from the blink

evenit.

Analysis of Gaze Conjugacy.

[0371] Comparing the movement of onc cye of a subject to the other eye of a subject was
performed by comparing the x,y Cartesian coordinates at any time point . For example by
sublracting the x cooidinate of the left eye from the x coordinale of the right eye or vice versa.
Also by subtracting the y coordinate of the left eye from the y coordinate of the right eye or vice
versa, The sums of the differences between all of the x coordinales vver the lime tested informs
regarding horizontal movement of the pupil. The sums of the dillerences in y coordinates over
time informs regarding vertical movement of the pupil. The total sum of the differences between

both x and y coordinates over the time tested can be summed to obtain a measure of total



CA 02957384 2017-02-06

WO 2016/022414 PCT/US2015/043083
138

disconjugacy of gazc, or as an average of five eyebox trajectory cycles formulaically represented

as follows:
T .
XAvglk = —LS—’ for all l_llN, k-1 :2,

where X refers to the x-coordinate of the pupil, and k refers to the left or right eye of a subject.
In cases where a subject’s data was missing at any given time point in the five cyeles (including
blinks), the denominator of the equation was the number of cycles where the data was present.
The difference in the x and y position, for the left and right cye, may then be computed. This
vector of difference may then be plotted graphically for purposes ol asscssment and
interpretation. To have a single metric cxpressing the level of pupil disconjugation, a variance of
the data may be computed with respect to an expected mean ol zeto. This is significant because
the code assumes that a healthy subject has zero vertical or harizontal pupil position difference
between each eye. The variance for either hotrizontal (x) or vertical (substitute y for x) movement

may be computed as follows:

N
- 1 Py ’ 2
Var, = Ezglxﬂx ik ‘Xsivg,z'z} - D}
=1

[0372] The total variance in both the horizontal and vertical planes may be computed as follows:
Vary,, = Var, +Var, .

[0373] The variance in X, Y, and the total variance may be plotied in order to assess the amount

of disconjugacy present in a subject.

[0374] Veloeity is calculated in a similar manner. If the coordinates of the pupil at time 1 are x,,
v and at time 2 are X, 2, hen (he distance (z)) traveled by the pupil beween times 1 and 2 is the

square root of:

(xa-x1) + (-
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The sum the 7’s is then obtained to get distance traveled by the pupil over any tHime period of
interest. To look at the distance fraveled during each segment of the rectangular trajectory, the
sum of the 7’s over 10 second intervals is obtained. 'T'o caleunlate pupil velocity, one can then
divide by the amount of time in seconds. 1t is then possible to determine whether pupil velocities
change in different directions as the pupil travels around the box, obtaining a Ziswl, Ziep: Zets Zrights

Yhottom 10T each cye.

Statistical analyses

0375} Data analysis was performed using R version 3-0-3 and SAS version 9-3. A p-value of <

0-05 after adjusted for multiple comparisons was deemed statistically significant.

[0376] The Kruskal-Wallis test was used to compare age, eye-tracking parameters across the
proups. A significant result indicated a difference between at least two of the groups. P-valucs
adjusicd for multiple comparisons were obtained using the bootstrap method, a resampling-bascd
multiple testing method for correlated variables. (Pollard er ad., Jowrnal of Statistical Plaaning
and Inference 2004; 125:85-100; van der Lasn ¢f al., Stat Appl Genet Mol Biol 5:Arliclel4,
2006)

[0377] Multiple pairwise comparisons for eve-tracking parameters were made using the
Wilcoxon two sample tests. P-values were first adjusted by the bootstrap method for correlated
variables and then adjusted by the Bonferroni method for multiple testing within a single

variable.

Results:

[8378] 8 of 90 eyc tracking mctrics were statistically significantly different afier subjects were
intoxicated versus pre-intoxication metrics in 33 normally healthy controls versus 29 intoxicated
normal healthy controls. The 29 intoxicated suhjects achieved hreath alcohol content levels of
(.08 to 0.29. Three non/minimally drinking subjcets had levels <0.02. The metrics determined

are provided in Table 10).



WO 2016/022414

CA 02957384 2017-02-06

140

Table 10. Summayy statistics

PCT/US2015/043083

Variable Observation | Minimum | Maximum | Mcan Std. Deviation
loft.areamean.value | EtOH 29 4.5203 6.0883 5.5777 0.3936
left.areamean.value | Pre EtOH 33 44333 13.9577 | 5.9838 1.4923
left.areamedian.value | EtOH 29 4.7456 5.9483 5.5955 0.3080
left.areamedian.value | Pre-EtOH 33 45335 14.8343 6.0006 1.6313
left.aspectRatiomean.value | EtCH 29 0.8162 1.2606 0.9940 0.0744
left.aspectRatiomean.valug | Pre-

EtOH 33 0.7723 1.4074 1.0102 0.0875
left.aspectRatiomedian.value |
EtOH 29 0.8482 1.1811 0.9979 0.0661
left.aspectRatiomedian.value | Pre-
EtOH 33 0.7867 1.4337 1.0080 0.0912
left.heightmean.value | EtOH 29 0.0320 0.2490 0.1083 0.0558
left.heightmean.value | Pre-EtOH 33 0.0140 (4.1520 0.0826 0.0304
left.heightmedian.value | EtOH 29 04700 2.6400 0.7290 0.5496
left.helghtmedian.value | Pre-FtOH | 33 0.0300 4.2250 0.6895 0.7735
left.widthmean.value | EtCH 25 0.0012 0.0133 0.0026 0.0023
lefL.widlhrmean.value | Pre-EtOH 33 0.0008 0.0059 0.0020 0.0009
left.widthmedian.value | EtOH 29 0.0013 0.0088 0.0023 0.0014
left.widthmedian.value | Pre-EtCH 33 0.0008 0.0250 0.0028 0.0041
left.skewTop.valua | EtOH 29 0.0014 0.0127 0.0027 0.0022
left.skewTop.value | Pre-EtOH 33 0.0008 0.0046 0.0021 0.0010
| left.skewTopNorm.value | EtOH 29 0.0011 0.0046 0.0023 0.0008
left.skewTopNorm.value | Pre-EtOH 33 0.0011 0.0115 0.0023 0.0018
left.skewRit.value | EtOH 29 1.9208 2.5503 2.3518 0.1227
left.skewRit.value | Pre-EtOH 33 1.8504 4.4322 2.4529 0.3801
lett.skewRitNorm vlue | tOH 29 2.0514 2.5683 | 2.3611 0.1066
left.skewRitNorm.value | Pre-FtOH 33 1.8886 46118 | 2.4527 0.4061
left.skewBot.vatue | EtOH 29 14.0000 528.0000 | 1457931 109.9296
left.skewBot.value | Pre-EtOH 33 6.0000 8450000 | 137.9091 154.7044
| left.skewBotNorm value | ELOH 29 -0.0536 0.0871 0.0062 0.0353
left.skewBotNorm.value | Pre-EtOH 33 -0.1542 0.1242 | -0,0071 0.04538
left.skewlef.value | EtOH 29 -1.4730 1.3323 0.0680 0.6243
lcft.skewlef.value | Pre-EtOH 33 -1.4095 2.2410 -0.0987 07880
left.skewlefNorm.value | [10OH 20 -0.0205 0.0289 -0.0003 0.0129
left.skewlefNorm.value | Pre-EtOH 33 -0.0199 0.0693 0.0052 0.0197
left.varTotal.value | EtOH 29 -0.6458 0.7596 | -D.0442 0.4167
| left.varTotal.vslue | Pre-EtOH 33 -0.7901 0.8269 0.0635 0.4687
left.varXlef.value | EtOH 29 -0.1139 0.0595 | 0.0008 : ~0.03056
I_gft.var)(lef.value | Pre-EtQH 33 -0.0563 0.0577 0.0011 0.0194
' left.varXrit.value | FtOH 29 -0.8021 1.1655 | 0.1040 | 0.5126
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left.varXrit.value | Pre-EtOH 33 -1.1208 11400 | -0.0066 0.4536
left.varYbhotvalue | FtOH 29 -0.1498 0.0792 -0.0032 0.0418
left.varYbot.value | Pre-EtOH 33 -0.0616 | 0.0404 -(.0068 0.0238
left.varYtop.value | EtOH 29 -1.2160 | 09195 0.0091 0.5052
left.varytop.value | Pre-EtOH 33 -0.8624 0.7247 | -0.1074 04616
left.nblinks.value | E1OH 29| 0.4404 0.5811 0.5017 £.0303
left.nblinks.value | Pre-EtOH 33 0.4162 0.7086 0.5093 0.0456
left.blinkrate.value | EtOH 29 0.0008 0.0380 0.0084 0.0031
teft.blinkrate.value | Pre-F1OH 33 0.0007 0.0883 0.0122 0.0168
left.blinklength.value | E1OH 29 0.0029 0.1814 0.0229 0.0334
left.blinklength.value | Pre-EtOH 33 0.0014 0.0820 0.0122 0.0157
right.areamean.value | EtOH 29 £.0039 0.0870 00243, 0.0238
right.areamean.value | Pre-EtOH 33 0.0014 0.116% 0.0217 0.0276
right.areamedian.value | EtQH 28 0.0031 0.2493 0.0369 0.0531
right.areameddianvalie | Pre-EtOH 33 0.0021 01192 | 0.0236 0.0251
right.aspectRatiomean value | EtOH 29 0.3233 1.0724 | 0.6029 0.1716
right.aspectRatiomean.value | Pre-
EtOH 33 0.1776 0.8423 0.5134 0.1383
right.aspectRatiomedian.value |
EtOH 29 0.3414 0.8544 0.5458 0.1312
right.aspectRatiomedian.value | '
Pre-EtOH » 33 0.1600 0.8756 |  0.5447 0.1328
right.heightmean.value |EtOH 29 0.8362 0.5854 0.1450
tight.heightmean.wvalue | Pre-EtQOH 33 0.8328 0.5163 0.1591
right.heightmedian.value |[EtOH 29 0.8736 0.5718 0.1432
right.heightmedian.value | Pre-
EtOH 33 0.2373 0.9088 0.5343 0.1434
right. widthmean.value | EtOH 29 1.9083 ~ 2.5100 2.3715 0.1086
right.widthmean.value | Pre-EtOH 33 2.2592 3.1491 2.4196 0.1469
right. widthmedian.value | FtOH 29 2.0045 2.4862 | 23704 0.0914
right.widthmedian.value | Pre-EtOH 33 2.23e3 3.2166 2.4236 | 0.1584
right.skewTop.value | [tOH 29 4.6677 6.2958 5.6003 0.3903
right.skewTop.value | Pre-EtOH 33 52297 13.41587 6.0231 1.3533
right.skewTopNorm.value | EOH 29 4.6739 6.3522 5.6109 0.3394
right.skewTopNorm.value | Pre-
EtOH 33 5.3237 13.4777 |  6.0247 1.3573
right.skewRit.value | EtOH 29 0.8075 L1791 0.9972 0.0763
right.skewRit.value | Pre-EtOH 33 0.9698 1.4652 1.0255 0.0849
right.skewRitNorm.value | EtOH 29 0.8042 1.1230 1.0016 0.0685
right.skewRitNorm.value | Pre- '
EtOH 33 0.9481 1.3902 1.0223 0.0746
right.skewBot.value | EtOH 29 0.0320 0.2490 0.1083 0.0558
right.skewBot.value | Pre-FtOH 33 0.0140 0.1520 0.0826 0.0304
right. skewBotNorm.value | EtOH 29 0.0700 2.6400 0.7290 0.5496
right.skewBotMNorm.value | Pre-
EtOH 33 0.0300 4.2250 0.6895 0.7735
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right.skewLef.value | E1CH 29 0.0012 0.0088 0.0024 00015
right.skewLeflv:drlue | Pre-EtOH 33 0.0007 0.0059 0.0021 0.0010
right.skewlLefMNorm.value |EtOH 29 0.0010 0.0382 0.0033 0.0068
right.skewlLefNorm.value | Pre-
EtOH ) 33 0.0009 0.0050 |  0.0020 0.0010
right.varTotal.value | EtOH 29 .0014 0.0056 0.0025 0.0010
right.varTotal.value | Pre-EtOH 33 0.0009 0.0053 0.0020 0.0009
right.varXlef.value | EtOH 29 0.0011 0.0104 |  0.0025 0.0017 |
right.varXlef.value | Pre-EtOH 33 0.0011 0.0047 0.0021 0.0008
right.varXrit.value | EtOH 29 1.9552 26794 2.3609 ) 0.1382
right.varXrit.value | Pre-EtQOH 33 2.2836 4.4343 2.4808 0.3566
right.varYbot.value | ELOH 29 1.9388 2.5701 2.3652 0.1262
right.varYbot.value | Pre-EtOH 33 2.2852 4.3286 2.4766 0.3378
right.var¥top.value | EtOH 29 14.0000 528.0000 | 145.7931 109.9256
right.varytop.value | Pre-E{OH 33 6.0000 845.0000 | 137.9091 154.7044
right.nblinks.value | EtOH 29 -0.1156 0.0705 | -0.0014 0.0369
right.nblinks.value | Pre-EtOH a3 -0.1605 0.0497 | -0.0082 0.0388
right.blinkrate value | EtQH 29 -1.1502 0.9404 | -0.0793 ~ 0.6308
right.blinkrate.value | Pre-EtOH 33 -1,7333 1.0785 | -0.1312 | 0.6299
right.blinklength.value | ELOH 29 -0.0202 0.0408 | 0.0040 0.0170 |
right.blinklength.value | Pre-EtOH 33 -0,0253 0.0940 0.0079 0.0225
conj.CorrxXY.value | EtOH 29 -1.0950 0.9516 0.0503 ~ 0.5614
conj.CorrkY.value | Pre-EtOH 33 -0.7848 1.1550 0,1369 0.4560
conj.CorrXYbot.value | EtOH 29 -0.1192 0.0712 0.0077 0.0323
conj.CorrXYbot.value | Pre-EtOH 33 -0.0441 0.0684 0.0039 0.017%
conj.CoerYléf.valLle | EtOH 29 -0.8539 1.1384 0.2152 0.5085
conj.CorrxYlef.wvalue | Pre-EtOH ) 33 -0.5197 1.0719 0.1158 0.3837
conj.CorrXYrit.value | EtOH 29 -0.1607 0.0339 | -0.0096 0.0401
conj.Corf)(Yrit.value | Pre-EtOH 33 -0.0548 0.0368 | -0.0040 0.0209
conj.LCorrXYtop.value | EtCH 29 -1.1948 0.7125 -0.0534 05140
conj.CorrXYtop.value | Pre-EtOH 33 -0.7522 | 0.8306 -0.0468 0.4439
conj.totvar.value | EtOH 29 0.4322 0.5636 0.5016 0.0349
conj.totVar.value | Pre-EtOH 33 0.4068 0.7315 0.5044 0.0482
conj.varX.value | EtOH 29 0.0031 0.0484 0.0092 0.0096
conj.varX.value | Pre-EtOH 33 0.0008 0.0604 0.0126 0.0155 |
conj.varXbot.value | EtOH 29 0.0031 0.2016 | 0.0296 | 0.0477
conj.varXbotLvalue | Pre-EtOH 33 0.0011 0.0861 0.0121 0.0157
conj.varXlet.value | EtOH 29 0.0027 0.1103 | D0.0269 0.0296
conj.varXlef.value | Pre-EtOH 33 0.0023 0.0858 0.0194 0.0209
conj.varXlefritRatio.value |EtOH 29 0.0015 0.2394 0.0305 0.0481
conj.varXlefritRatic.value | Pre-
EtOH ) 33 0.0013 0.1074 |  0.0200 0.0245
conj.varXrit.valuc | EtOH 29 0.1223 1.1381 0.5597 0.2232
conj.varXrit.value | Pre-EtOH 33 0.3108 0.9043 0.5314 0.1244
canj.varXtop.value | EtOH 29 0.1667 0.8384 0.5108 D.1614
conj.varXtop.value | Pre-EtOH 33 0.3213 0.9875 0.5385 | 0.1254
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conj.varXtopbotRatio.value | EtOH 29 ] 0.0721 (.9043 0.5726 0.1538
conj.varXtopbotRatio.value | Pre- '
EtOH 33 0.3510 0.8511 0.5415 0.1256
conj.varY value | EtOH 29 0.2076 0.9087 0.5544 0.1644
conj.varY value | Pre-EtOH 33 0.3161 0.9006 | 0.5513 0.1234
conj.varYbot.value | 1O 29 2.0645 257041 2.3725 0.1012
conj.varYbotwvalue | Pre-EtOH 33| 22017 3.0263 2.4121 0.1284
conj.varYlef.value | EtOH 29 21376 2.5419 2.3689 0.0836
conj.varYlef.value | Pre-EtOH 33 2.253¢9 3.1136 24161 0.1409
conj.varYlcefritRatio value |ETOH 29 0.0000 8.0000 0.9655 1.9545
conj.varYlefritRatio value | Pre-
EtOH 33 0.0000 7.0000 0.4242 1.4149
conj.varYrit.value | EtOH 2% 0.0000 9.0000 1.2069 2.2261
conj.varyritvalue | Pre-EtOH 33 0.0000 10.0000 0.9091 2.3233
conj.varYtop.value | EtOH 29|  0.0000 13.0000 3.2414 4.6954
conj.varYtop.value | Pre-EtOH 33 0.0000 18,0000 2.7273 4.6588
| conj.varYtopbotRatio.value | EtOH 29 -0.0112 00169 | 0.0016 0.0055
conj.varYtopbotRatio.value | Pre-
EtOH 33 -0.0250 0.0070 | -0.0004 0.0049
conj.boxscore.value | ELOH 29
conj.boxscore.value | Pre-EtOH 33
left.distBot.value | EtOH 29 0.00C0 2.0000 0.1724 0.5391 :
left.distBot.valuc | Prc EtOH 33 0.0000 1.0000 0.0303 0.1741
left.distief.value | EtOH 29 0.0023 D.1866 0.0345 0.0438
left.distief.value { Pre-EtOH 33 0.0020 0.4767 0.0310 0.0817
jight.distTop.value | EtOH 29 0.0006 0.0575 0.0093 0.0140
right.distTop.value | Pre-EtOH 33 0.0002 0.0832 | 0.0067 0.0159
right.distRit.value | EtOH 29 0.0009 0.0289 0.0069 0.0078
right.distRit.value | Pre-EtOH 33 0.0007 0.0093 | 0.0032 0.0023
right.distBot.vaiue | EtOH 29 0.0005 0.1513 0.0132 0.0296
right.distBot.value | Pre-CtOH 33 0.0004 0.0236 |  0.0041 0.0047
right.distLef value | EtOH 29 0.0003 0.0381 0.0038 0.0069
' right.distLef.value | Pre-EtOH 33 0.0003 0.0229 |  0.0029 0.0041
left.veiTop.value | EtOH 29 0.0528 8.8761 1.6318 1.9969
left.velTop.value | Pre-EtOH 33 0.2431 17.0838 2.5358 3.1025
left.velRit.value | EtOH 29 0.0003 0.0770 | 0.0071 0.0152
i left.velRit.value | Pre-EtOH 33 0.0002 0.0076 0.0017 0.0017
left.velBot.value | EtOH 29 0.0011 0.0197 0.0059 0.0041
left.velBotvalue | Pre-E1OH 33 0.0007 0.0233 0.0050 0.0047
| left.velLef.value | EtOH 29 0.0318 6.6717 15377 1.3826
jeft.velLef.value | Pre-EtQH 33 0.1636 11.8799 2.1248 2.2258
right.velTop.value | EtOH 29 0.0011 0.1813 0.0275 . 0.0419
right.velTop.value | Pre-EtOH 33 0.0010 0.4732 0.0278 0.0814
right.velRit.value | EtOH 29 0.0020 0.0827 0.0173 0.0210
right.velRit.value | Pre-EtOH 33 ~0.0007 0.2063 0.02456 0.0492
right.velBot.value | [tOH 29 0.0014 | 0.4057 0.0390 0.0815
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right.velBot.value | Pre-ELOH 33 0.0008 1.6090 | 0.0683 10.2783
right.vellef.value | EtOH 29 0.1093 7.6867 1.5497 1.6999
right.velLef.value | Pre-E1OH 33 0.2652 22.0486 | 2.1207 3.7692
conj.velTop.value | EtOH 29 0.0013 0.2327 0.0371 0.0653
conj.veltop.value | Pre-EtQH 33 0.0003 0.0730 0.0153 0.0178
conj.velRit.valuc | EtOH 29 0.0005 0.1099 0.0177 0.0258
conj.velRit.value | Pre-EtOH 33 0.0003 0.1133 0.0107 0.0217
conj.velBot.value | EtOH 25 0.1233 9.4359 1.5080 2.0405
conj.velBot.value | Pre-EtOH 33 0.0082 47428 1.1951 1.2999
conj.vellef.value | EtOH 29 -0.5667 07252 |  0.0431 0.2363
conj.vellef.value | Pre-EtOH 33 -0.5535 0.2262 -0.0179 0,1285
conj.vellef.value | FtOH 29 -0.3613 0.3917 0.0350 0.1490
conj.vellef.value | Pre-EtOH 33 -0.1613 0.2353 0.0062 0.0779
conj.velRit.value | EtOH 29 -(1.3083 0.6047 0.0128 0.16388
conj.velrit.value | Pre-EtOH 33 -0.6535 0.2554 | -0.0253 0.1385
conj.velTop.value | EtOH 29 -0.4972 0.3426 0.0174 0.1699
conj.velTop.value | Pre-EtCH 33 -0.2188 02594 | -0.0170 0.0758




CLAIMS:

1 A method for diagnosing, assessing or quantitating drug use, drug abuse or
narcosis in a subject comprising:

a) tracking eye pupil movement of at least one of a first eye and a second eye of the
subject using a device suitable for tracking eye pupil movement;

b) analyzing eye pupil movement of the at least one of the first eye and the second eye
of the subject using a computer in electronic communication with the device suitable for tracking
eye pupil movement;

¢) generating a box plot that reflects a trajectory traveled of each of the at least one of
the first eye and the second eye in response to a visual stimuli, the box plot having four
segments that represent different directions;

d) comparing eye pupil movement of the at least one of the first eye and the second eye
of the subject to a normal or mean eye pupil movement;

e) calculating a standard deviation or p value for eye pupil movement of the at least one
of the first eye and the second eye of the subject as compared to the normal or mean eye pupil
movement; and

f) calculating a plurality of velocities including a segment velocity of eye pupil movement
in each of the four segments of the box plot, and comparing a first segment velocity of eye pupil

movement with other segment velocities of the four segments.

2. The method according to claim 1 wherein eye pupil movement of the first eye and

the second eye of the subject are tracked and analyzed.

3. The method according to claim 1 wherein both x and y coordinates of eye position for

the first eye and the second eye of the subject are collected.

4. The method according to claim 1 wherein the eye pupil movement is tracked for at

least about 100 or more seconds.
5. The method according to claim 1 wherein the tracking, analyzing and comparing
comprises collecting raw x and y Cartesian coordinates of pupil position, normalizing the raw

x and y Cartesian coordinates, and sorting data by eye.

6. The method according to claim 5 wherein the x and y Cartesian coordinates of pupil
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position represent two components of an instantaneous angle of pupil reflection.

7. The method according to claim 1 wherein the analyzing and comparing comprises

calculating velocity of the eye pupil movement.

8. The method according to claim 1 wherein the comparing eye pupil movement of at
least one of the first eye and the second eye of the subject to a normal or mean eye pupil
movement comprises comparing eye pupil movement of at least one of the first eye and the
second eye of the subject to the eye pupil movement of an eye of one or more other

subjects or controls.

9. The method according to claim 1, further comprising the step of determining the
presence of drug use, drug abuse or narcosis in the subject if the segment velocity in one of

the four segments is less than a segment velocity in others of the four segments.

10. The method according to claim 1 wherein the comparing further comprises
comparing the segment velocity of eye pupil movement in each of the four segments to

control velocities for each of the four segments.

11. The method according to claim 1, further comprising the step of determining the
presence of drug use, drug abuse or narcosis in the subject based on the shape of the box

plot.

12. The method according to claim 1, wherein comparing a first segment velocity of eye
pupil movement with other segment velocities of the four segments includes comparing
segment velocities of the first eye pupil to other segment velocities of the first eye pupil.

13. The method according to claim 1, further comprising the step of temporally

calibrating pupil movement by predicting positions of the eye pupil based on time elapsed

since a start of the visual stimuli.
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FIG. 4
Conjugacy of Gaze Based on Sex
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FIG. 5

Relationship of Vertical and Horizontal Conjugacy of Gaze
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FIG. 6
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FIG. 7
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FIG. 24D
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Case: 19 year old male with ADHD
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FIG. 25B

Case: 19 year old male with ADHD
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FIG. 26A

Conjugacy for case 1
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FIG. 27A

Case: 19 year old male with ADHD
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FIG. 27B

Case: 19 year old male with ADHD
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FIG. 28A

Conjugacy for case 2
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FIG. 29C
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FIG. 29E
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FIG. 30C
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FIG. 30E

X: variance = 0.2057 (NaN to NaN)
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FIG. 31A
Subject 1: 31 year old male
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FIG. 31B

Subject 1: 31 year old male
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FIG. 32A

Subject 2: 34 year old female
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FIG. 32B

Subject 2: 34 year old female
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Cranial nerves Ill, IV and VI
move the eyes in a square

Left eye
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