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(57) Abstract: The system and method of size inde-

pendent pupillometry used for assessing critical dia-

gnostic characteristics relating to traumatic brain in-

jury (TBI). The system and method utilizes the tim-
ing of a response to a stimuli for one or more pupils
of an individual, characterizes the one or more timed
responses, determines the latency of the one or more
timed responses, measures the minimum constriction
value for the one or more timed responses; and as-
sesses the one or more timed responses collected to
detect changes in neurotransmission and neuroactiv-
ity of an individual to assess the presence of a trau-
matic brain injury.
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METHOD AND SYSTEM FOR DIAGNOSTIC PUPILLOMETRIC ASSESSMENT OF

TRAUMATIC BRAIN INJURY
CROSS BEFERENCE TO RELATED APPLICATIONS

(0011 This Application claims the benefit of U.S. Provisional Patent Application Number
5 §2/238.287, filed October 7, 2015, the content of which i3 incorporated by reference heramn

in 1ts entirety.
FIELD OF THE DISCLOSURE

{0021 The present disclosure relates to pupillometry and more particularly to a pupil size
agnostic method of pupillometry used for assessing critical diagnostic characteristics

10 relating to travmatic brain inpury.
BACKGROUND OF THE DISCLOSURE

{003] Healtheare providers currenily use one or more tests 1o assess whether or ot a
person has suffered from a traumatic brain injury ("IBI7). Tests range from speech and
language tests, cognition and neuropsychological tests, to various forms of imaging tests.
i3 Some imaging tesis include compulerized tomography (C7T) scans, magnelic resonance
imaging (MBI}, and intracranial pressure meonitoring (ICP) Additionally, the study of a
person’s ocular response to light may alse be used. One such test 18 the “swinging light”
test where a light source, such as a penlight or flashlight, is moved back and forth in front of
a patient to see the eve’s reaction to light. Typically, each pupil will constrict when a light is

20 shined on the eve and the opposite pupil will constrict consensually.
H
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[004] When a person has suffered TBI, there i3 offen damage to the optic nerve. This
damage reduces the sensory (afferent) stimulus sent to the midbrain. With TBI, the pupil
responds less vigorously and dilates more slowly from its prior constricted state when the
Hght source is moved away from the unaffected eye towards an affected eye. This respounse

is known as an afferent pupitlary defect.

(0051 Existing measurements for papilioweiry and the diagnostic characterizations related
1 it measure the linear or areal aspects of the puptl. Hxisting methods ook at changes over
time and apply threshold Hrits on those values. However, these products report multiple
false detects due to the namwre of the type of measurement taken. Current methods are also
inherently tied to the size of the pupll in the evaluation and do not account for wide
variations in pupil size within the population, A variation in pupil size greatly degrades the
quality of the measure. Normalization does not exist in these conventional methods that also
typically rely on baseline measurements to determine if there has been a change, which may

not be available.

{061 These conventional TBI methods examine the size of the pupil and use the timing of
the responses, characieristics of the time response, latency, the minimum constriction value

for TBI analysis and resulis in poor accuracy and false detects.

SUMMARY OF THE DISCLOSURE

{3071 It has been recogunized that current metheds of puptllometry are prone to false

detects and are inherently biased by the size of the pupil, The techrigues of papillometry of

the present disclosure decouple pupil measurements from the size of the pupit and use the
2
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timing of the responses, characteristics of the tume reaponse, latency, the minimum
constriction vahue, and the like to explicitly provide for a more accurate assessment with

fewer false detects.

(0081 One aspect of the present disclosure i3 a pupl size agnostic method of pupiliometry
used for assessing critical diagnosiic characteristics relating to neurotransmission and
negroactivily comprising, timing the response 1o a stinmil for one or more pupis of an
individual, characterizing the one or more timed responses, determining the latency of the
one or more timed responses, measuring the mintmom constriction value for the one or
maore timed responses; and assessing the one or wore Hroed responses collected to diagnose

changes in neurotransmission and nourcactivity for an individual.

{0091 Another aspect of the present disclosure is a pupil size independent wsthoed of
pupillometry used for assessing traurnatic brain fnjury o an individual coroprising capturing
one or more images of one or wore pupils of an individual that are dark adapted;
determining a pre-stimulus maximun dlameter for the one or more pupils of an individual;
providing a stimelus to one or more pupils of an individual; capturing one or more images
of one or more puptls of an individual following the stimulus; timing the one or more
pupils’ response to the stimulus; measuring the extent of the one or more pupils’ response {o
the stimuius; characterizing the one or more pupils’ response to the stimulas; determining
the onset of constriciion for the one or more pupils; measuning the minimum constriction
value for the one or more pupils; and avalyzing the one or more pupils’ responses to the

stimulug (0 assess traumatic brain injury in an ndividual.

()
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{0010} One embodiment of the method further comprises providing iflumination o one or
more pupils of an individual to allow for dark adaptation. An embodiment s wherein the

illumination is provided by one or more IR LEDs for at least 8 s,

[(0111 One embodiment is wherein the stimulus is provided by one or more visible LEDs
for abont 70 ms. Another embodiment is wherein the steps of capluring one or more mages

of one or more pupils of an individual is with ene or more CCD or CMOS carperas.

(00121 An embodiment of the method is wherein determining the onset of consiriclion
comprises determining the time at which the one or more pupils is 93% dilated. Another
embodiment 15 wherein analyzing the one or more pupils’ responses io the stimulus
comprises comparing a pupillary response in a first eye of an individual to the pupillary

response o a second eve of an individual,

(00137 One embodiment further comprises assessing the relstionship beiween the pre-
stimuius maximnon diameter and the minimum constriction value for the one or more pupils

to assess TBI in an individual, One embodiment further comprises normalizing the data.

[0014] Ancther aspect of the present disclosure is a system for assessing iravrnatic brain
injury in an individoal comprising, a housing having a subject side and an operator side
comprising; one or more evepicces optically connected to one or wore cameras; a lighting
module configurad to control one or more LEDS or other light sources; an imaging modale
configured to control one or more imaging devices; a power supply; a memory for storing
and refrieving one or more images of one or more pupils of an individual as captured by the

o

camera module; a systern manager module configures to control the lighting module and the

4
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imaging module; and a pocessing modole for assessing traumatic brain injwy in an

individual.

00151 One embodiment of the system further comprises a display oy other user interface,
An embodiment of the system is wherein the one or more LEDs comprises illuminating and
stimulating LEDS. In some embodiments of the system the illuminating LEDs are IR LEDs

and the stimulating LEDs are visible LEDs.

00161 Another embodiment of the system is wherein the system manager module further
comprises rules for controlling the one or wove LEDs or the ope or more cameras. One
embodiment of the system is wherein the processing module assesses trawmatic brain injury
in an individual by analyzing one or more images of one or more pupils of an individusl.
The Images can be processed concurrently with the system on the site of the tesiing; the

tmages can also be processed elsewhere or at another lime,

(00177 These aspects of the disclosure are not meant 1o be exclusive and other features,
aspects, and advantages of the present disclosure will be readily spparent to those of
ordinary skill in the art when read in conjunction with the following description, appended

claims, and accompanying drawings,

BRIEF DESCRIPTION OF THE DRAWINGS

[001 8] The foregoing and other objects, features, and advantages of the disclosure will be
apparent from the following description of particular embodiments of the disclosure, as

illusirated in the accompanying drawings in which like reference characters refer to the

(Vs
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same parts throughout the differeny views. The drawings are not necessarily o scale,

emphasis instead being placed upon lustrating the principles of the disclosure,

[0019] FIG. 1A shows the variation between the left and the right eye for the same

individual for one exobodirent of the present disclosure.

(0201 FIG. 1B shows normalized data, smoothed and scaled to pre-flash value for one

embodiment of the present disclosure,

[0021] FIG, 24 shows the correlation of latency and pupil diameter for one ewbodiment of

the present disclosure.

(00221 FIG. 2B shows a distribution plot of constriction latency for the left eye and for the

right eve according to one embodiment of the present disclosure,

100231 FI4G. 2C shows a distribuiion plot of pupil diameter for the left eye and for the right

eye according to one embodiment of the present disclosure.

[(024] FIG. 3A shows a correlation between the minimum pupi] diameter and the time of

the minimurn value according to one embodiment of the present disclosure.

[0G25] FIG. 3B shows a distribution plot of the time of the minimum value for the left eye

and for the right eve according to one embodiment of the present disclosure.

[0026]) FIG. 3C shows a diswibution plot of minimum pupil diameter for the left eve and

for the right eye according to one embodiment of the present disclosure.



(3]

18

15

WO 2017/062777 PCT/US2016/056003

{00271 FILG. 4 shows a correlation of the minimum and the maximum values of the extent

for one embodiment of the present disclosure.

FOG28Y FIG. 54 shows a traumatic brain inpwy response and the relative latency between

eves of an individual for one emboediment of the present disclosure.

FO0297 FIG. 5B shows a tranmatic brain injury vesponse and the relative time of the

minimum for one embodiment of the present disclosure.

[0030] FIG. 6A shows a plot of pupil diameter Yo over time with flash ocourring in lefl eye

of an individual for one embodiment of the present disclosure.

(30317 ¥F1G. 68 shows a plot of puptl diameter % over time with flash ocourring in the right

eye of an individual for one embediment of the present disclosure.

(3032 FIG. 60 chows a plot of pupt] diameter % over time with flash ocourring in left eye
of an individual with suspected traumatic brain mjury (1B for one embodiment of the

present disclosure,

(0033 FIG. 61 shows a plot of pupil diameter % over time with flash occurring in the right
eve of an individual with suspected traumatic brain injury {TB1) for one embodiment of the

present disciosure,

(00341 FIG. 7 shows raw diameter data {mm) plotted over time (seconds) for one

embodiment of the present disclosure,
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[0035] FIG. § shows raw diameter data {mm) scaled to pre-flash mean and the minimum is

sealed to zero for one embodiment of the present disclosure.

0036 FIG. 9 shows high consistency in the time duration from pre-flash values to
minimum values for diameter data according io the principles of cne embodiment of the

present disclosure.

{00371 FIG. 16 shows a screeushotl of one embodiment of the system according io the

principles of the present disclosure.

(0038 FIG. 11 shows one ernbodiment of the system of the present disclosure,

[0039] FIG. 12 shows a flow chart of one embodiment of the system of the present

disciosure,

[0040] FIG. 13 shows one embodiment of the system of the present disclosure.

[00417 FIG. 14 shows a flow chart of the processing for one embodiment of the system of
the present disclosure,

DBETAILED DESCRIPTION OF THE DISCLOSURE

[0042] Existing measurements for pupillomeny and the diagnostic characterizations related
to it measure the linear or areal aspects of the pupil as a function of time and apply
threshold limite on those values. Current methods typieally rely on a pupil measurement and
a baseline pass/fail criteria based upon a threshold of the time rate of change of the pupil

extent. This inherently carries the size of the pupil in the evaluation. The variation in pupil

8



10

oot
L)

WO 2017/062777 PCT/US2016/056003

size greatly degrades the quality of the measure. In contrast, methods of pupillometry of the
present disclosure decouple measurements of the size of the pupil and use the timing of the
responses, characteristics of the time response, latency, the mininm constriction value, and
the like to expliclily provide a more accurate assessment. In certain embodiments, the
statisiical iroprovement {Hghtening of the distribution) of the methed of the present
disclosure compared to cother implemented methods is about sn order of magnitude

nprovement.

(00431 Current methods utilize the time rate of change of the pupil extent, and are hughly
dependent of pupil variation in the population. Becanse of this, corrent methods have a wide
scatter of responses and gencrate many false detects on healthy individuals, The vanation

spitls well outside of the current throshold limits.

[0044] In contrast, certain embodiments of the present disclosure have at least iwo
measurements which are much more tightly linked to the physiological response. Thus, the
incidence of false failure drops by about an order of magnitude or more by characterizing
nerve signal transport Hme and neuro~-muscular action. ln certain embodiments, the measure

is very consistent in healthy individuals.

(00451 Generally, a puptlometer measures the mean pre-stimulus valoe of the pupil and then
the pupil is measured over time for the duration of the assessment. A review of previously
coliected data showed considerable variation in pupil size within the human population. It
was also clear that with the range of resultant constriction, a viable, consistent measure was
not determinable using current methods. For example, certain state of the art products

g
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reported false detections a great deal of the tiwe {e.g., reported that a person had been
exposed to neurstoxin when in fact they had not besn). For traumatic brain injury patients,
the present disclosure provides guidence and aveids linear measurcroents resulting from
puptl size variability. In certain embodiments, the present fechniques are divorced from the
extent measurement of the puptl In certain examples, this 18 done using feature exiraction
from the pupil extent versus time to provide a consistent measure with lower variability. In
one embodiment of the present disclosure, feature extraction on the onset of response {e.g,,
consiriction) and at the minimum exient (i.e., at s most constricted) provides a consistent
measure for this particular set of physiclogical responses. By extracting features in this
way, dependency on the extent of the pupil is removed and gives a more relisble metric for

assessment,

00461 One aspect of the present disclosure is a population independent parameter for puptl
response evaluation. The present method is of high intrinsic value due to its consistency and
it provides an assessment of neurclogical related respounse changes that sllow for very high
confidence assessment with very low false fattures. |t is understood thatl existing methods
do not provide the robusi level of detection or the same level of consistency as described

herein.

{00471 Current methods of meiric based pupiliowmetry rely jutrinsically on pupil extent and
the evaluation of condition states of the subject based upon the extent measurement (2.g.,
diameter, radius, area) and the exient measurement per unit time {2.g., rate). Presented here,

along with validation, is a metbod of measurement that is independent of biometric

19
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variation in the normal popuolation, The method of the present discloswre provides a
consistent assessment too] for evaluation of critical diagnostic characteristics related to the
field of pupilometry. More specifically, the method relates to assessing newrctransmission

and newreactivity in a pupil size independent manner.

[004287 Pupillometry is used in subject assessment for a host of potential negative states;
these include, but are not Hmited to, exposure 1o newrs-active toxing, fraumatic brain injury,

arvl basic health states such as hypertension, multiple aclerosis, and the like.

00491 Existing methods establish the measarement of the pupillary response based on a
measurement of pupil motility (ime rate of change of the diameter, area or radius),
measurement of the constricted and dilated puptl, and other similar methods, All of the
vajues inherently rely on the pupit of the individual, and these responses are compared {o a
prior established rate. However, the inclusion of the extent measurement requires inclusion
of the subject-dependent measure of the pupil. Even selfvrectified values {e.g., using
percent) inelode an inherent lnear extent. Further, basing the measure on the extent of the
pupil constrains two otherwise independent biometric measures into one which further

makes for a biased measurement.

{00507 The basic characteristics involved in the extent measorement are the unstimulated
maximal puptl extent and the amount of available consiriction. The maximal pupil extent
has a wide range of variation within the population. The amount of available constriction is

coupled fo both the population variation and the degradation of motility over the lifetime of

b
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an individual. A measurement that is consistent removes both of these variations from the

evaluation and still provides useful diagnoatic information.

F0517 The method presented herein relies on the basic underlying mechanisms n the
pupillary response. The governing respounse o a stimulus of light Is dictated by one set of
muscles to consirict the pupil. The governing response in the absence of this stimulus is a
counler set of muscles to widen the opening of the pupil. In certain embodinents, the
independent characteristics of these two sets of responses are used for population

independent measurements along with the precise troing of the action of these responses.

(00527 In the absence of background visible light, the pupil opens to an asyraptotic wide
clear aperture, As this change in pupi! size is governed by the wesker dilation muscle group,
measurement of this asympiote is generally convolved with other effects within the
individual. For example, measurement of 3 time spread mean within the point over tiroe
{e.g., measure of the exient averaged over Hme) provides a selfireferenced comparative,
base value. Application of a stirmulus, e.p., a visible light source, for a bicf periad, activates
the constriction (miosis} driven by the constriction muscle group. Measurement of the
extent over time {at each time sample) is reguired. In one embodiment of the present
disclosure, the time series of the measurernent of the exient is used as a point from which to
extract independent values, The onset of constriction, or the constriction latency, is one of

such independent values.

00537 In one embodiment of the present disclosure, regardless of the clear aperture base
value, the time for latency was consistent within the unaffected popiation evaluated. In one

12
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embodiment, 2 second parameter that is independent of the population s the tme of the
mintmum compression. These are time dependent values which are independent of the
sample, These values are specifically related to neurotransmission asd neuroaction values,

regardiess of pupil size.

[0054] According 1o cerfain testing, multiple individoals were assessed wiilizing the
following method: for all times an image was acquired of the eye; eyes were dark adapled,
Uluminated only by IR LEDs {e.g., NIR gbout 830 wu) for 8 seconds.; and at 8 seconds, a
70 ms visible light flash from a white LED was applied to one eye. In certain embodiments,
the system incorporated dual eve measurement and the data included both eyes. Data was
collected for 10 additional seconds at a sampling rate of sbouwt 80 He In certain
embodiments, the pixel resolution for the apparatus was about £.08 mnv/pixel. The pupil
extent was measured from the imagery. In one example, the diameter was in millimeters,
The response of the diameter of the pupil was plotied as a function of time. In one
embodiment, the diameter versus time daia was processed to measure the constriction
latency and the time to minfnun valne. In certain embodiments, the point in the data at
which the dimeter was 95% of the maximum value was measured from the tine series as
the onset of constriction. The time of the mintmom value was also extracted from the time

seriea. In certain embodiments, a fitting function was used for smoothness in the minimum,

F0055] Referring to FIG, 1A and 18, images of a left and a right eve response for a single
individual i3 shown and it iustrates the differing responses observed by % change in pupil

dimeter over time. f this data was processed using previoas methods, each eve would have
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generated a different slope due to the different depiths of vesponse. This illustrates that the
response 18 eye dependent if the extent measurerssnt is included. For traumatic brain mjuory,
this tusirates that the only viable assessment route should use the time differential between

the features for accurate assessment.

[0036] Reterring to FIG. 1A, plots of a left and a right eve responding to a stimulus are
shown. The x-axis represents time {(in seconds), with time { representing the visible flash,
The flash occurs after 8§ seconds of dark adaptation (IR LED exposure). In certain
embodiments, the IR LEDs arc on continuonsly. In certain embodiments, the IR LEDs have
a radiant intensity of about 20 mW/sr. Inn certain embodiments, the IR LEDS are always on.
The v-axis represents the % of pupil diameter, with 100% representing the pupil diameter
prior {0 an gpplied stimulus 19, In certain embodiments, the 130% value represents the
diameter of the pupil after dark adaption for about 8 seconds. in certain embodiments, the
appled stimmdus is a 70 ms flash of visible light from visible LEDs. In certain
embodiments, the dark adaption duration and flash duration can be varied. In cerfain
embodiments, the visible LEDs have s luminous ingensity {Iv) of about 2063 ¢d. In certain
embodiments, the wavelength of the visible LEDS s about 850 nm. In certain embodiments,
20 represents the inflection point following the flash. In certain embodiments, the onset of
constriction 30 is taken at 95% diameter. In certain embodiments, varation between a left
eve’s and a right eve’s responae 10 a stimulus 40 is mresent to some degree. Ideally, there
wouldn’t be any variation, because the consensual response 13 perfect. But under normal
conditions, people don’t have udentical responses, However, when & person is exposed to a

TRI, the normalized curves vary dramatically.

14
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[0057] Referring to FIG. 1B, normalized date, smoothed and scaled to pre-flash value is
shown, More specifically, both left and right eyes were sampled, and the plots illustrate a
consensual response because both pupiliary reaponses track each other with minimum
variation. This was normalized o the pre-flash value and measurement was in linear extent
units (%} In this example, both the left and the right eyes track in g consensual roanner,
which is indicative of normal population not exposed to TBL In one example, the duration

of test is 18s, with a total of (18s ¥ 80 samples/sec) = 1440 samples {or images) per eye.

[O058) Beferring 1o FlGs 2A-2C, evaluation of the consiriction latency, or omset of
constriction, and evaluation of the correlation to the pupil diameter are shown for each eye.
Review of the data, from a statistical viewpoint, shows significant independence of the
latency time from the diameter. Reforring to FIG. A, no specific correlation between the
latency time and the pre-flash pupil diameter is found. Referring to FIG. 2B and FIG. 2C,
the amplitude of the latency response shows a very (iaussian type (normal) distribution, and

the spread of the pupi! diameter within the population shows great variation, respectively.

FO059] Referring to FIG.s 3A-3C, evaluation of the mintmum extent and the time at
minimum and the relaied correlations are shown. In FIG. 3A, the minimum valne (1e.,
smallest diameter) and the time of the minimum value is shown to be de-correlated from
each other, Ou FiG.s 3B and 30, the latency response histogram shows a very (aussian
type {(normal} distribution, and the spread of the diameter is indicative of the population

variation,
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{30601 Referring to FIG. 4, correlation of the minimum diameter values and the maximurn
(pre-flash) diamecter values of the pupil extent are shown More specifically, the
measurernent of the rate of change i3 shown to be intrinsically related to the maximum value
and the minimum vajue, FIG. 4 shows the correlation is strongly linear between pre-tlash
5 mean {e.g., widest diameter) and the minimum value attained {(e.g., following the tlash}). In
certain embodiments, the Hnear correlation of the maximum and the minimuam i3 exploited,
where a deviation from this trend is another characteristic that is independent of the
variation in pupil size in a given population. Thus, a lack of linearity may be indicative of

1BL

10 {00617 Referring to FIG.s 5A and 3B, trauvmatic brain injury (TBE) responses are shown ag
relative latency between the left and right eves of a single individual according to the
principles of one embodiment of the present disclosure. As related 1o traumatic brain injury,
the same two parameters are even more tightly correlated. The TBI response is a breakdown

of the consensual response inhibiting or degrading the response of the unstimulated eye.

15

tsing the constriction latency {(L.e., onset of constriction) and the time when the mindmum
diameter is reached for the two eves of an individual provides for an assessment of TBI with
no correlation fo the size of the pupil nvolved. Referring to FIG. 34, the spread between
the latency responses of the two eyes of a single individual is shown, with no correlation o

the diameter of the pupil, Referring to FIG. 5B, the differences in the time that the mininum

vahie was reached for two eyes is shown, with no correlation to the diameter of the pupil.

The high degree of consistent timing 1s ilustrative of the physical processes being tied {o

i6
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identical transport phenomena. In one embodiment, deviation from this relationship will

guide the assessment in traumatic brain injuries.

(00621 Referring to FiG.s 6A and 6B, plots of pupil size over time are shown for ap
individual according to one embodiment of the present disclosure. The flash ocours at time
zern. In Figure 64, the flash is in the loft eye and the right eve shows a consensual response.

In Figure 6B, the flash is in the right eye and the left eye shows a consensual response.

00637 Referring to FlG.s 6C and 6D, plots of pupil size over time are shown for ap
individual known to have a traumatic brain injury {TBD according to one embodiment of
the present disclosure. The flash occurs at time zevo. In Figure 6C, the {lash is in the left
eye and the right eye shows 2 consensual response. In Figure 61, the flash is in the right eve
and the left eve shows a consensual respounse. In comparing FIG.s 6C/6D to 6A/6B, the
individual with TBI has traces which are more dissimilar when compared 1o those without
THI The departure from a consensual relationship is indicative of a TBL assessment.
Maoreover, this chservation is a quantilstive example of what physicians qualitatively
ohserve when applving the “swinging lght” test to patienis with potential TBI It may be
possible 1o determine additional aspects of the extent of infury based on differences in

smoothness of a trace.

(00647 Referring o FIG. 7, raw diameter data is shown, More specifically, the vertical axis
diameter 15 in millimeters and the horizonial i3 fime in seconds. As can be seen, the

consisiency of the data, regardless of the measured diameter is very provalent, with the

response, in time, characteristic on every trace. [n certain embodiments, initial diameter
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(after dark adaption) varies within the population and the data must be normalized. In

certain embodiments, the slope io the minimum extent vartes within the population as well,

[0065] Referring to FIG. &, raw data rescaled with the mivimum at zero and pre-flash mean
at 1 is shown. The initial step in post processing is normalization to the pre-stimulas exient,
Data shown in FIG. 8 used a 0.5 second duration mean divided through all other exiend

values, The range of slopes to the minirour is distinet,

(00661 Review of the data presented in FIG. 9 shows high consistency in the time duration
from pre-flash values to a minimom value. This is a function of the previously stated

independence of the response on base exient.

00677 Frovo evaluation of the data presented so far, one question remained, 'is there an
squally independent evaluation possible for dilation? lu certain embodiments, it is possible
to sepment pupil dilation/constriction into two time domain governed responses — an
immediate impulse response followed by o minimum pupil diameter and then weak
recovery. In certain embodiments, there is diversity tn the time domain and amplitude of the
recovery and i is inherently more condition dependent, The general trend appears to be a
hand off between musculature responses, essentially from the ceasation of the application of

the constriction nuscle group to the start of control by the dilation muscle group.

(0681 Referring (o FIG, 10, a screenshot of one embodiment of the assessment system
according to the principles of the present disclosure is shown. More particularly, the system

comprises a graphical user interface (GUI} where analysis of the data can be viewed and

asscssed. In certain embodiments, the GUI is viewable on a portable device, such as a smart

t8
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phone. 1o another embodiment, the GUT is resident on a laptop computer that is connected
to the system via USE interface. There are several features which make the present
approach unigue and effectiver 1) the system simuolianeously captures ocular imagery from
both eyes, enabling a quantilative assessment of consensual response; 2} the blockage of
arnbient light from both eyes isolates the consensual response o the stimulus created by the

vigible light flash in the system; and 3} the normalization of both measurements creates

pupillary signatures that improve guality of measurement and siatistical relevance.

[G065T In certain ernbodiments, following a period of dark adaptation, a visible tlash is
introduced to the left eve. In certain embodiments, following a period of dark adapistion, a
vigible flash is introduced to the right eve. In certain embodiments, following a period of
dark adaptation, a simulated swinging light test is performed where a hight flash aiternates
from the left to the right eve and back again. In certain embodiments, data is collected from
the cye receiving the flash, In ceriain cmbodiments, data is collected from the eye that s
responding consensually. In certain embodiments of the method of the present disclosure,
the data is collected at a frequency of about 80 Hz and the data is vormalized for later

analvsis,

(00701 Referring to FIG. 11, one embodiment of the system of the present disclosure i3
shown, More particularly, the system is comprised of a binocular deviee 100 having 2
subject side 110 and an operator side 120, In ceriain embodiments, the device is configured
1o view the response of pupils in both eyes upon stimnulation of one or the other eye. In one

example, the device is confipured to stimulate (e.g.. flash visible light} both eyes. The

o

"
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device may be coplained in weather proot housing 200 in order to handle the externsl
environment, In this example, the systom has an onboard power supply, such as batteries

130 but can also be powered by external connechion to a power source,

(00711 The device has light sources 140 to stimuolaic one or both eyes. In certain

L

embodiments, the light sources can be IR LEDs or visible LEDs. The device has image
detectors for cach eye 143, In cortain embodiments, the device has optical windows or
screening to protect the detector lenses from physical damage 190, The device in this
example has optics 142 in front of the imager o tmprove zeom and focus. The system can
he coupled to a processing unit that emplovs a compuier program to process the data. The
G deviee in a further example can transmit the data from the detector via wireless technology
to a processing unit that is no co-located with the system. There ie a Cireuit Card Assembly
{CCAY in this cxample that containg digital electronies 160 for capturing, storing and
processing the data within the system. A modular imaging unit or camera assembly 150 s
gsed 1o caphure the bmages of the pupil during operation. On the operator side, this
15 embodiment has a display 180 such as a liguid crystal display (LOD)Y with associsted

printed circuit board 170 1o show the resulis of the processing to a user.

(00721 Referring to FIG. 12, a perspective view according to one embodiment of the system
is shown, A binocular device is deployed proximate the face of the user to caplure
information from one or more eyes. In one example the system stimulates one eye while in
20 another embodiment the sysiem stimulstes both eyes. There are one or more Humination

light sources such as LEDs or lasers for each eve to provide the stimulation.  These

24
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iHumination LEDs can be w the NIR range and provide a simulated darkness while still
allowing for image capture of the eve at rest. In certain embodiments, the sysiem has ong or
more stimudus LEDs for cach eve. In a further embodiment the stimulus LEDs are in the

visible range and provide g “white” tlash.

(00737 Sull referring 1o FIG. 12, in certain embediments the system has a camera for each
eye such as CCU or UMOS cameras. In this example the device has LED modules for
controlling the tlumination LED brightness and duration. For example, the LED medules
control the visible LED brighiness and duration of flash. The LED control modules can be
maodifiable by the user. In one embodiment, a set of rules ie present such that the device has
a set protocol for controlling the LEDs. In other embodiments, there is a aysiem manager for
controliing the one or more LEDS and the one or more cameras. in other embodiments, the
device has camera modules for controlling the one or more cameras and can be modifiable
by the user. The device can alse have power modules for controlling the power of the
device. In certain embodiments, the power is USB. In certain embodiments, a set of rules ig
present such that the deviee has a set protocol for controlling the one or more LEDs and/or

the one or more Cameras.

FOG747 Sull referring to FHG. 12 In certain embodimoents, the systermn has program memory,
fu certain emboduments, the system has data memory. In certain embodiments, the devies
process images on-board. In certain embodiments, the system has an embedded digital

Processor.
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{00751 Using the method of the present disclosure requires some way o maintain the
position of the aubject’s eves relative to the device’s image detector or compensate for
variations in position. This may be accomplished several ways, either through 2 mechanism
{e.g., a human head to device interface), optical design, or via an slgorithm {e.g., measuring

and correlating any change in size to the subject’s facial features which do not change as

rapidly as the pupil, such as the inis diameter or the distance from the tnner and outer comer

of the eye).Other methods may nclude 3 sonar sensor, sterographic imaging and/or
iriangulation, a 3D tmage sensor with depth of field, variable focus and/or 2o optics, or

the like,

[0076] FIG. 13 shows an embodiment of the system of the present discloswre. This
embodiment of the system has acquasition hardware 230 in commnmication with a laptop or
other acquisition computing device 220, The system also has a binecular device 100 for use
with an individual. In this exampie, the binocular acquisition device is connected via cables
201 1o the acquisition computing device 220, In some systems, the connection 13 wireless,

In other systems, a separate computing system i3 sued for analvaing the dala and assessing

TBE in an individual, In some cases the analysis s completed remotle from acquisition.

(60771 FIG. 14 is a flow chart for the processing according to one embodiment. Here, one
or more pupils are illuminated and become dark adapted. Then, images are captured of the
one or more pupils. A pre-stimulus maximum diameter for the one or more pupils is
determined. A stivoubus is apphed 1o the one or wore puptls and images are collected of the

stipulated pupti over a period of time. Over time, the one or more pupils will return to a

22
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dark adapted state if illuminated, as above. The tming of each pupils response is
determined as well as the minimum extent of the constriction for each pupil. The pupils are
compared to each other 1o look for deviance from sympathetic responses as well as other
characteristics discussed herein. The pupil’s response is categorized and an asscssment i3

completed to determine i an individual has experienced TBL

[0078] While the principles of the disclosurs have been described hersin, it is fo be
understood by those skilled in the art that this description is made only by way of example
and not as a lmitation as to the scope of the disclosure. Other embodiments are
contemplated within the scope of the present disclosure in addition io the exemplary
emmbodiments shown and deseribed berein. Modifications and substitutions by one of

ordinary skill in the art are considered to be within the scope of the present disclosure.
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CLAIMS

What is claimed:

i, A pupil size independent method of puptliometry used for assessing

fraumatic brain injury in an ndividual comprising,

5 capturing one or more umages of one or more pupils of an individual that are dark
adapted:
determining a pre~stimulos maximom diameter for the one or more puptls of an
individual;
providing a stimulus 10 one or more pupts of an individual;
10 capturing one or more images of one or more puptls of an mdividusl following the
stimulug;
timing the one or more pupils’ response to the stimulus;
measuring the extent of the one or more pupils’ response to the stimuhus;
deiermining the onset of constriction for the one or more puptls;
13 measuring the minimum constriction value for the one or more pupils;

charactenzing the one or more pupils’ response to the stimulus; and
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analvzing the one or more pupils” responses to the stimulus to assess traumatic brain
injury in an individual, wherein the one or more pupils’ responses are pupil

size wndependent,

2. The method of claim 1, further comprising providing ifumination to one or
5 more puptls of an individual to allow for dark adaptation.
3. The method of claim 2, wherein the illumination 18 provided by one or more
IR LEDs for at jeast & s,
4, The method of claim 1. wherein the stimulus is provided by one or more
visible LEDs for about 70 ms.
10 3. The method of claim 1, wherein the steps of capturing one or more images of

one or more pupils of an individual is with one or more CCD or CMOS cameras,

6. The method of c¢laim 1, wherein determining the onset of consiriction

comprises determining the Uime at which the one or more pupils Is #5% dilated.

7. The method of claim 1, wherein analyzing the one or more pupils’ responses
i3 to the stimulus comprises comparing a pupillary response in a first eve of an individual to

the papiliary response to a second eye of an individual.

8. The method of claim 1, fuwther comprising assessing the relationship
between the pre-stimulus maximuam diameter and the minimum constriction value for the

one or more pupils to assess TBEin an individual,

25
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8. The method of claim 1, further comprising normalizing the daia,

18, An system for assessing traumatic brain injury 1o an wdividual comprising,

a housing having a subject side and an operator side comprising;

one or more evepteces optically connected to one or more imaging devices:

3 a bghting module configured to control ene or more light sources;

an imaging module configured o control one or more imaging devices;

a memory for storing and retrieving one or more images of one or more pupils of an

individoal as captured by the imaging module;

a systemn manager module configured 1o control the light module and the imaging

16 meodule; and

a processing module for assessing fraumatic brain Injury in an individual,

il The system of claim 10, further comprising e display coupled to the housing,

12, The system of claim 10, wherein the one or wore light sources comprises

Humipating and stimulating LEDS.

i 13 The svatem of claim 12, wherein the iHluminating LEDs are IR LEDs and the

stimulating LEDs are visible LEDs.
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14, The aystem of claim 10, wherein the system manager module further
comprises rules for controlling the one or more light spurces or the one or more imaging

devices,

IS, The system of claim 10, wherein the processing module 1S co-located on the

12

systern and assesses iraumatic brain injury in an individual by analyzing one or more

tmages of one or more pupils of an individual,

1o, The systern of claim 190, wherein the processing module is external io the
system and assesses franmatic brain inpwry in an individual by analyzing one or more

images of one or more pupils of an individual.

10 17. The system of claim 10, further comprising 2 display external to the housing.
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