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A METHOD FOR DETECTING A FUNCTIONAL SIGNAL IN RETINAL IMAGES
CROSS REFERENCE TO OTHER APPLICATIONS
[0001] This application claims benefit under 35 U.S.C. § 119(e) of provisional application no.
60/401,224, filed August 5, 2002, which is incorporated by reference herein, in its entirety, for
all purposes.
FIELD OF INVENTION

[0002] The present invention relates generally to a process for detecting functional signal in
retinal images. More particularly, the present invention relates to a process for extracting the
functional signal from the background noise via advanced statistical techniques yielding a
functional signal from retinal activation in the presence of noise from other sources.

BACKGROUND OF THE INVENTION

[0003] Visual field testing (perimetry) is the most widely used method for detecting and
monitoring progression of diseases of the optic nerve (i.e. glaucoma, ischemic optic neuropathy,
compressive optic neuropathy) and retina. Perimetry is a functional test of the subject’s vision.
The shape and extent of the defect on the visual field map allows the clinician to confirm the
presence of damage, helps to localize where the damage is along the visual pathway (retina,
optic nerve, chiasm, optic tract, postgeniculate fibers), and is essential in monitoring progression
or improvement over time.

[0004] However, perimetry remains a subjective test that requires the subject to make important
judgments during the test that can be clouded by anxiety, fatigue, or lack of concentration. A
second problem with the current perimetry tests is that almost 40-50% of the optic nerve may be
damaged before a significant perceptual change can be detected on the visual field test, making
it relatively insensitive for detecting early damage when intervention may still save vision. A
third problem is that the visual field test is highly variable in areas of defects where damage has
occurred, making it difficult to monitor changes.

[0005] New methods are needed to improve the sensitivity for detection of damage and change
over time. Objective methods would also provide more reliable determination of the status of
the visual system. A number of new technologies have emerged in recent years in an attempt to
fill this need and have included multifocal electroretinography (MERG), pattern
electroretinography (PERG), visual evoked potential (VEP), multifocal visual evoked potentials
(MVEP) , and pupil perimetry.
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[0006] Traditionally, neuronal activity in the central nervous system including the retina has
been recorded electrically. Recently however, noninvasive optical recording of neuronal signals
from the brain has been demonstrated. Intrinsic changes in the optical properties of active brain
tissue (referred to as “intrinsic signals”) permit visualization of neuronal activity when the
surface of brain tissue is directly imaged using sensitive CCD cameras. Intrinsic signals refer to
the change in the percent reflectance of illuminating (or interrogating) light occurring as a result
of the change in the absorption coefficient due to the conversion of oxyhemoglobin to
deoxyhemoglobin in response to the metabolic demands of active neurons. The interrogating
light is band-restricted to wavelength(s) where the difference in absorption spectra between the
oxyhemoglobin and deoxyhemoglobin molecule is the greatest, for example, typically in the
region of 580-700nm. Other sources of the intrinsic signals include changes in the
microcirculation and light scattering that are also dependent on neuronal activity.

[0007] The intrinsic signals from the brain are usually very small (0.1 to 1.0% of the overall
reflected light intensity). However, when appropriately imaged, they can have high spatial
resolution (50 microns) corresponding to the areas of active neuronal activity. The small
intrinsic signals are isolated from the noise using image subtraction techniques. By subtracting
baseline (neuronally less active) images of the brain tissue from stimulated (neuronally active)
images, small intrinsic functional signals can be isolated. With the use of optical techniques, it
has been possible to record neuronal activities of the primate cortex in vivo.

[0008] Visual cortical neurons that are driven preferentially by one eye are grouped into a strip
of cortex referred to as an ocular dominance column for that eye. The next strip of cortical cells
is driven preferentially by the other eye and forms an adjoining ocular dominance column.
These strips of ocular dominance columns alternate between the right and left eye and form a
prominent part of the functional architecture of the primate visual cortex. The optical recording
of intrinsic signals has allowed the ocular dominance columns to be directly visualized across
the cortex in vivo. This was achieved by imaging the cortex with interrogating light, while
providing visual stimuli to one eye and then the other. Ocular dominance column images are
then constructed by subtracting right eye-stimulated images from the left eye-stimulated images.
Optical recording of the temporal lobe of human patients undergoing neurosurgery has also been

reported.
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[0009] Optical recording of the retinal function is noninvasive and ideal for clinical application.
The retina is a direct extension of the brain and part of the central nervous system. Neuronal
activity of the retina is fundamentally similar to that of the brain. Like the brain, appropriate
metabolic changes (changes in hemoglobin oxygen saturation and state of tissue cytochrome for
example) can be detected in the retina in response to changes in corresponding reduction of
oxyhemoglobin levels. However, the measured changes in reflectance in response to the visual
stimulus are on the order of 0.1% to 1.0% of the total reflected intensity level that makes the
functional signal difficult to detect by standard methods since it is masked by the other signals
(noise) that are present. | ‘

[0010] What is needed is a practical, non-invasive system and method for revealing retinal
function to aid in early detection of retinal and optic nerve diseases such as glaucoma and to
monitor for progression of damage. Such a system and method would provide objective,
quantitative, and localizing information in the form of a functional image of neuronal activity
across the retina thereby complementing and/or augmenting conventional perimetry. Finally,
such a system and method would be instrumental in evaluating animal models of retinal and
optic nerve disease and the response to treatment, where perimetry is impractical.

SUMMARY OF THE INVENTION

[0011] An embodiment of the present invention is a system and method for optical mapping of
retinal function using retinal imaging. Inthis embodiment, the retina is stimulated in a selected
spectral band (for example and without limitation 530nm +5 nm) centered on the green
maximum sensitivity of the retina under photopic conditions. The reflected intensity from the
retina is measured at an interrogating spectral band that indicates the state of hemoglobin
saturation before and after visual stimulation. To maximize the signal to noise ratio (SNR), an
interrogation wavelength centered on, for example and without limitation, 700+20nm was used,
where retinal stimulation is minimal and the difference in absorption between oxyhemoglobin
and reduced hemoglobin is greatest. The optical changes that result from retinal neuronal
activity are mapped by registration of recorded CCD frames that have been corrected for noise
effects (as more fully set forth below), with subsequent comparison of post-stimulation images
from pre-stimulation images. In an alternative embodiment of the present invention, a hemifield
of the retina is stimulated in the selected spectral band (530nm +5 nm) centered on the green

maximum sensitivity of the retina stimulated so that both stimulated regions of the retina and
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non-stimulated regions of the retina can be imaged simultaneously, thereby further reducing
variability due to temporal recording of images. Variable stimulation patters may be used in
either the hemifield stimulation or the full retinal stimulation to maximize the resultant
reflectance recorded. ,

[0012] Data is analyzed using Principal Component Analysis (PCA), Independent Component
Analysis (ICA) and Blind Source Separation (BSS) to estimate sources of variability from
information in recorded images, even if those source are not completely statistically
independent.

[0013] It is therefore an aspect of the present invention to measure retinal function using retinal
imaging.

[0014] Itis another aspect of the present invention to provide a standardized process to analyze
functional retinal signals.

[0015] Itis yet another aspect of the present invention to increase the sensitivity of current visual
field testing methods.

[0016] Ttis yet another aspect of the present invention to improve diagnosis of eye disease with
improved retinal images.

[0017] Itis a further aspect of the present invention to isolate the signal representing the state of
hemoglobin saturation before and after visual stimulation using principal component analysis
(PCA).

[0018] Ttis yet another objective of the present invention to use Blind Source Separation (BSS)
and Independent Component Analysis (ICA) to find the underlying factors associated with the
recorded image data.

[0019] Itis another aspect of the present invention to isolate the signal representing the state of
hemoglobin saturation before and after visual stimulation using blind source separation
algorithms.

[0020] 1Itis yet another aspect of the present invention to apply non-linear independent
component analysis to the separation of the sources present during the stimulation of the retina.

[0021] These and aspects of the present invention will become apparent from a review of the
general and detailed description to follow.

[0022] An embodiment of the present invention is a system and method for optical mapping of

retinal function using retinal imaging. In this embodiment, an optical imaging device of retinal
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function (OID-RF) comprises a stimulation light source, an interrogating light source, and a
detector. Although a CCD sensor is illustrated in figure 1 herein, this is not meant as a
limitation. Other detectors and recording media can also be used without departing from the
methodology as illustrated herein. The retina is stimulated by a stimulation image produced by
the stimulation light source. In an exemplary embodiment of the present invention, the
stimulation image is projected in a spectral band ( for example and without limitation 530nm +5
nm) centered on the green maximum sensitivity of the retina under photopic conditions. The
retina is then illuminated by an interrogation light and the reflected intensity from the retina is
measured at an interrogating spectral band that indicates the state of hemoglobin saturation
before and after visual stimulation. To maximize the signal to noise ratio (SNR), an
interrogation wavelength centered on 700+20nm was used, where retinal stimulation is minimal.
[0023] The optical changes that result from retinal neuronal activity are captured by the detector.
The changes are mapped by registration of recorded image frames. The raw data is
preprocessed to eliminate unwanted artifacts, such as blinking or excessive eye movement.
Because the resulting signal from the retinal activation contains noise from other sources (for
example, the non-stimulated retinal background and other unknown physiological changes), the
- data is further processed to remove noise: In an embodiment of the present invention, principal
components analysis (PCA) is used to isolate the signal representing the state of hemoglobin
saturation before and after visual stimulation. In another embodiment of the present invention,
blind source separation (BSS) (using the extended spatial decorrelation (ESD) algorithm) and
independent component analysis (ICA) (using the Fast-ICA algorithm) are used to extract the
functional signal from the retinal videos. By comparison of post-stimulation images from pre-
stimulation images, and applying the data analysis techniques of the present invention,
measurements of changes in blood perfusion due to neural activity resulting from visual
stimulation of the photoreceptors in the human retina can be made, and hence the health status
of the retina can be assessed.

BRIEF DESCRIPTION OF THE DRAWINGS
[0024] Figure 1 illustrates a functional diagram of an optical imaging devilce of retinal function
(OID-RF) according to an embodiment of the present invention.
[0025] Figure 2 illustrates the process by which a retina is mapped using an OID-RF according

to an embodiment of the present invention.
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[0026] Figure 3 illustrates two stimulus patterns according to an embodiment of the present
invention.

[0027] Figure 4 illustrates a typical interrogation epoch according to an embodiment of the
present invention.

[0028] Figure 5 illustrates a typical image frame according to an embodiment of the present
invention.

[0029]  Figure 6 illustrates a set of six principal components for a specific frame for subject M6,
where the intensity of the principal components 2 through 6 have been rescaled to make them
visible.

[0030] Figure 7 illustrates the time series of the first 10 principal components (applied to the
images without binning) of subject M6.

[0031] Figure 8 illustrates the ROI’s intensity before and after applying PCA for the subject M6.

[0032] Figure 9 illustrates the ROI’s intensity before and after applying PCA for the subject MS.

, [0033]  Figures 10A and 10B illustrate the results of applying Fast-ICA to the data for subject
Mé.

[0034] Figures 11A and 11B illustrate the results of applying Fast-ICA to the data for subject
MS.

[0035] = Figures 12A and 12B illustrate the results of applying the ESD algorithm to the data for
subject M6 using a lag (Ar) of 5.

[0036] Figures 13A and 13B illustrate the results of applying the ESD algorithm to the data for
subject M8 using a lag (Ar) of 5.

DETAILED DESCRIPTION OF THE INVENTION

[0037] Independent component analysis (ICA) is a statistical and computational technique used
to reveal hidden factors that underlie a set of random variables, in this case, measurements of
reflectance from a retina. The goal is to recover independent sources given only the sensor
observations that are unknown linear mixtures of the unobserved independent source signals.
Thus ICA is use to analyze mulitvariate data stemming from the production of images of the
retina. ICA is related to Principle Component Analysis (PCA) and factor analysis but is more
capable of finding underlying sources or factors in a data set because it takes into account higher

order statistical properties of the data. For example, PCA is a correlation based transformation
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of data. In contrast, ICA not only decorrelates the signals (i.e. 2°¢ order statistics) but also
reduces the higher order statistical dependencies (i.e. 4™ order cumulants) and attempts to make
the signals detected as statistically independent as possible. In ICA, data sources are assumed to
be linear mixtures of unknown variables.

[0038] Blind Source Separation (BSS) is a similar technique as ICA, but in this case only second
order statistics are used. BSS and ICA are applied in the present invention to separate sources of
variability present in images of the retina produced by the apparatus of the present invention.

[0039] An embodiment of the present invention is a system and method for optical mapping of
retinal function using retinal imaging. Figure 1 illustrates a functional diagram of an optical
imaging device of a retinal function (OID-RF) 100 according to an embodiment of the present
invention. An optical interface 105 receives the output of a stimulation li ght source filter 110
and the output of an interrogation light source filter 115. A stimulation light source 120
provides the input to the stimulation light source filter 110. An interrogation light source 125
provides the input to the interrogation light source filter 115. A detector 120 (herein illustrated
as a CCD array) captures images received at the optical interface. The data captured by the
detector 120 are sent to input/output (I/0) port 135 where they may be captured by a memory
device (such as a general purpose computer). The detector 120 is cooled by acooling system
130 (if necessary, since certain detectors might not require cooling). The I/O port 135 also
permits control of the stimulation light source 120 making it possible to use variable stimulation
patterns (see Figure 3).

[0040] Referring to Figure 2, the process by which a retina is mapped using an OID-RF
according to an embodiment of the present invention is illustrated. The retina is illuminated by
a stimulation image produced by the stimulation light source 200. In an exemplary embodiment
of the present invention, the stimulation image is projected in a spectral band ( for example and
without limitation 530nm +5 nm) centered on the green maximum sensitivity of the retina under
photopic conditions.

[0041] The retina is then illuminated by an interrogation light 210 and the reflected intensity
from the retina is captured 215 at an interrogating spectral band that indicates the state of
hemoglobin saturation before and after visual stimulation. In an exemplary embodiment of the
present invention, an interrogation wavelength centered on 700+20nm was used, where retinal

stimulation is minimal and the signal to noise ratio (SNR) is maximized.
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[0042] As noted above stimulation illumination can be over the entire retina or over a the
superior or inferior retinal hemifield. The hemifield retinal stimulation permits internal controls
within the eye to be established since only one half of the retina is subject to stimulation thus
insuring that the reflectance measurements corresponding to the stimulated areas of retina and
those of the simultaneously recorded non-stimulated retinal areas do not show the same change
in optical signal. Further, the hemifield implementation of the present invention further
eliminates a source of variability due to time difference between when a first non-stimulated
image is taken and a second stimulated image (o£ vice versa). The implementation of the visual
stimulus was via a standard PC-type computer driving a VGA video card with programming in a
custom interactive computer language based on C. The stimulus computer communicated with
the system controller computer via an RS-232 serial port. The VGA video card drove a LCD-
type video projector that had been mounted on the Canon fundus camera.

[0043] Using the method of the present invention, the retina is stimulated and simultaneously
measured during a variable second interval (5 seconds used in the example below) after a pre-
stimulus baseline of retinal images is recorded. The stimulus period is preferably followed by an
additional variable recovery period of recording. This data collection protocol is repeated a
number of times for each eye with rest periods between each collection protocol.” Various
anomalies in imaging such as eye blinks. movements, dark frames are not used in the averaging
of frames following each stimulus protocol. The two bands (stimulation at 530 nm and
collection at 700 nm) are preferably separated using internal filters so that interference of the
bands does not occur. \

[0044] The number of images generated using the protocol described herein is not meant as a
limitation. In fact, as higher collection frequencies are possible due to improvements in
equipment this will further assist in quantifying the sources of noise in the system and lead to
more accurate data. Thus it will be appreciated by those skilled in the art that higher frame

counts used in averaging the imaging results are within the scope of the present invention.

[0045] The optical changes that result from retinal neuronal activity are captured by the detector
image. The changes are mapped by registration of recorded detector image frames. The raw
data is preprocessed 220 to eliminate unwanted artifacts, such as blinking or excessive eye

movement and noise (for example, the non-stimulated retinal background and other unknown
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physiological changes). The results are evaluated 225 by comparing post-stimulation images
with pre-stimulation images and measuring changes in blood perfusion due to neural activity
resulting from visual stimulation of the photoreceptors in the retina.

[0046] Local firing activity of retinal neurons in response to a light stimulus can be mapped
across the two dimensional plane of the retina by imaging the resulting changes in local oxygen
consumption. Oxygen consumed by stimulated retinal cells causes a transient shift in the ratio
of oxyhemoglobin to deoxyhemoglobin in the immediate microcirculatory region, which may
consist of an initial depletion followed by a compensating increase. Local changes in the
oxyhemoglobin level can be imaged by detecting small changes in the absorption (and hence,
reflection) in an active spectral band at baseline (pre-stimulus) and comparing this to the
reflection during and after stimulus. Retinal areas having reduced function would be expected to
show less change in the spectral reflection of light at the same interrogation bands following a
light stimulus as compared to surrounding areas of retina with normal function.

[0047] The optical measurements of local oxygen changes induced by neuronal activation are
caused by changes in oxyhemoglobin levels within blood vessels supplying the retina. A dense
sheet of capillaries derived from the central retinal artery circulation provides the main source of
oxygen to the inner retina, where the retinal ganglion cells and axons are located. It is these cells
that produce electrical spiking activity or action potentials. A second circulation to the retina,
derived from the choroidal circulation, supplies photoreceptors in the outer retina. Unlike the
inner retinal circulation, the choroidal circulation is a high-flow vascular bed with little change
in oxyhemoglobin levels between the arterial and venous side.

[0048] The optical measurements obtained by the present invention depend on the characteristic
spectral properties of hemoglobin and its dependence on oxygen saturation. Spectral images at
the selected wavelengths of the present invention measure changes in the oxyhemoglobin
saturation for any retina by measuring the percent differences of oxyhemoglobin based on
reflectance changes at various wavelengths. Thus, functional areas of the retina are determined..

[0049] Equation (1) presents the analytical form of the radiation transfer for energy that is
reflected from hemoglobin imaged in the retina. With this equation, and using absorption
coefficients and typical optical densities, the contributions of the oxyhemoglobin signal as

measured by an OID-RF can be estimated. The expected signal from a retinal arteriovenous
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difference for oxy-hemoglobin yield a measurable change in the reflectance spectra at the
interrogation waveband, such as 700nm +5nm.

240, D} i +0r, DF (1~ p® W0ty Dpptt, DS i 01, DS (1- 14"

where Ir is the measured reflected light, Iy is the incident light at the retina, o;
are the absorption coefficients, Dj are the optical densities, and i are the
saturations. The S subscripts relate to the values at saturation and the U
subscripts relate to the values for unsaturated hemoglobin. The R superscripts
relate to the retinal layer and C to the choroidal layer.
[0050] Because local changes in the reflectance of light in the spectral region indicative of the
ratio of oxyhemoglobin to deoxyhemoglobin and/or total blood volume have been found to
mirror local changes in neuronal function in brain preparations, a similat approach can be
applied to the human retina. The time constant of these small changes in reflected light is
relatively long (on the order of 2-5 seconds following a visible light stimulus), which provides
sufficient time to collect stimulus—ex)oked spectral intensity changes.
Results ,
[0051] An OID-RF meeting the requirements of the present invention was reduced to practice by
. taking an existing fundus camera and modifying the opﬁcal path by selectively filtering the
continuous light source in the fundus camera to achieve an interrogation wave band. A stimulus
pattern was presented at one wavelength (530nm), while interrogating the oxy-hemoglobin
change at a different wavelength (700nm), using the same optical path. The OID-RF device was
built by modifying a Canon Fundus Photo Perimeter CPP-1.
[0052] Figure 3 illustrates two stimulus patterns used in the working example. These patterns
are, while used to generate exemplary results that follow are not meant as limitation. Other
patterns may be used by those skilled in the art to elicit the retinal response illustrated and
anticipate by the method disclosed herein. Patterns radiate from the center at 2 cycles per
second. The spatial frequency varies from 10 cycles per degree (cpd) in the parafovea to 0.2cpd
in the periphery. The polarity of the hemifield pattern could be adjusted to present a pattern in
the superior half. A high luminance LCD projector coupled to a computer was used to produce
the visual stimulus pattern to the retina at a spectral band centered on 530nm. The stimulus used

was based on a moving concentric circular grating pattern, with a fixation point in the center.
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The grating was rectangular in profile with a fundamental spatial frequency scaled with
eccentricity, from 10 cycles per degree in the parafovea to 0.2 cycles per degree in the periphery
(15-20 degrees radius). The grating moved with an average temporal frequency of 2Hz and was
near 100% in contrast. The intensity of the stimulus was 100 cd/m2. A fixation target (small
“+7) was placed in the field-of-view of the eye being examined. The fixation target served to
keep the subject’s eye in a nearly constant position with respect to the stimulus pattern. The
imaging cycle was triggered from an external computer, which interfaces with the LCD stimulus
presentation and the CCD camera image collection. The spatial frequency, temporal frequency
and intensity of the stimulus used, along with the stimulus wavelength, were chosen to provide
maximum stimulation of retinal ganglion cells while being completely within the safety limits of
light exposure to the eye. The retinal illumination used for both the stimulation and the
interrogation was well below that employed during standard fundus examination and
photography.

[0053] This basic concentric grating stimulus was programmed to move in a radial direction and
stimulates the entire retina or a given sector of it. For example, in one preferred embodiment
one of the two hemifields (e.g. superior and inferior hemiretina) in a given stimulus session can
be selected for illumination

[0054] Figure 4 illustrates a typical interrogation epoch according to an embodiment of the
present invention. The retina was stimulated and simultaneously measured during a 5 second
interval after a pre-stimulus baseline of 3 seconds was recorded. The stimulus period was
followed by an additional 5 second recovery period of recording. This data collection epoch was
repeated an average of 10 times for each eye with rest periods between epochs. Involuntary eye
blinks were not included in the averaging of frames following each stimulus. There was no
direct interference from the stimulation source (530nm) or the interrogation (700 nm)
wavelength since the two bands were separated using internal filters. (See, Figure 1).

[0055] An OID-RF was used to apply a stimulus pattern (Figure 3) to the human subject’s
retina. One of these patterns are applied during a 13s epoch (Figure 4). The epoch starts with
3s of baseline data, followed by 5s of stimulus, and 5s of recovery time when, as with the
baseline measurements, no stimulus is applied. A digital video camera operating at about 3 Hz

collects 162 x 167 pixel frames of a 40° field of view centered on the fovea. Figure 5 illustrates

11
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a typical image frame according to an embodiment of the present invention. The image shown
is from the right retina and the optic disc is to the right side of the image.

[0056] Two normal subjects, M6 and M8, were subjected to testing. The data set for M8
comprises 30 epochs, with both superior and inferior retinal stimulus. The data set for M6
comprises 60 epochs, with full field, superior and inferior retinal stimulus. Each epoch
comprises 53 image frames of data.

[0057] The data results were evaluated to determine which epochs presented unwanted artifacts.
For this the standard deviation of the pixels intensity over each epoch was calculated. Epochs
with high standard deviation were determined to have artifacts and were removed from the
analysis. The epochs with the same stimulus condition were averaged to reduce random noise.
The result was an average epoch also comprising 53 frames, where each of the 53 averaged
frames came from the same frame in the sequence for each epoch. Each stimulus condition
resulted in an average epoch.

[0058] The number of frames was further reduced by calculating average frames that represented
blocks of time in the epoch. For example, two blocks of five frames each represent the base
period, three blocks for the stimulus period and three blocks for the recover period. Finally; to
perform a First Frame Analysis, the first block was subtracted from the rest of the block. First
Frame Analysis permits measurement of only the changes produced during the stimulation,
eliminating the background level.

[0059] Inan embodiment of the present invention, the functional response of the retina due to
the stimulation was isolated using principal component analysis (PCA). PCA determines an
appropriate subspace of dimensionality smaller than the dimensionality of the original feature
space of the images. Using PCA the functional signal can be reconstructed using a subset of the
principal components. The data set has the time series of each pixel in the image, and the
principal compbnents can be found as the solution of

SV =AV" (1)

where S is the sample covariance matrix of the data set and its elements are given by
S = 1 X, %)’
i ‘"E—_'IZ(-X,] _xi)(xij _x;) (2)

where the x, are the pixel values of the observed sources.

12
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[0060] The matrix V contains the eigenvectors v, and A is the diagonal matrix of the eigenvalues
An, which represents the variance of the data along the principal axes. The matrix V is
orthogonal and the eigenvectors are normalized and orthogonal to each other, that is

v v =1 : 3)

vy, =0 Vi j 4)

[0061] The n-th principal component is given by
Yo =4 X ®)

[0062] The functional signal X can be reconstructed using a combination of the principal

components, and can be calculated by
X=3v,0,X)=2 4",

[0063] Exemplary embodiments of the present invention focus upon two regions of the retina, a
superior and an inferior Region of Interest (ROI), both of 30x40 pixels size. Figure 6 illustrates
a set of six principal components for a specific frame for subject M6, where the intensity of the
principal components 2 through 6 have been rescaled to make them visible. Calculations showed
that the first principal component accounts for 95 to 98% of the information, and reproduces the
general reflectance level depicted in Figure 6 (PC1). In general it was found that the principal
components 2 through 5 potentially contain the information on the functional signal, while the
remaining principal components do not appear to have any useful information. The
reconstructed image using the first principal component appears as a blurred version of the
original video while the remaining the components present the detail.

[0064] Figure 7 illustrates the time series of the first 10 principal components (applied to the
images without binning) of subject M6. Since the stimulus experiment consisted of 12 frames of
baseline where no stimulus applied, followed by 20 frames of stimulus, the waveform that was
expected was a more or less flat signal during the base and a rise in the reflectance about the
'12th frame. For M6, the second principal component shows the rise in the reflectance, at about
the 12th frame, which is consistent with the onset time of the stimulus. This rise in the

reflectance is highly suggestive to be directly related to the functional signal.
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[0065] Further analysis concentrated on the detection of a functional signal for a region of
interest (ROI). The ROI’s were focused on two regions of the retina, a superior and an inferior
ROI, each 30x40 pixels in size. After applying first frame analysis to the images, the mean
intensity value over the ROI was obtained and plotted the values through time. Figure 8
illustrates the ROI’s intensity before and after applying PCA for the subject M6. The two top
plots (Figures 8A and 8B) are the normalized signals before PCA was applied while the lower
two plots (Figure 8C and 8D) are after PCA. The two left plots (Figure 8A and 8C) illustrate
stimulation of the superior half of the retina while the two right plots (Figures 8B and 8D)
Y—illustrated stimulation of the inferior half of the retina. The two left plots (8A and 8C) (where
the superior half of the retina was stimulated) indicate a rise after frame #1.

[0066] The benefit of PCA is demonstrated in the analysis of the right two plots (8B and 8D)
where an inferior stimulus was applied. In this case the dashed line with circular symbols should
show a rise at frame #2. Before the PCA was applied, the converse was observed. That is, the
reflectance in the stimulated region (dashed line) decreased at frame #2 (upper right), while an
increase in reflectance was observed in the non-stimulated region (solid line). After PCA, the
expected pattern in the reflectance signal was observed (lower right). The PCA processed signal
shows a slight increase in frame #2 and continuing increase through frame #4 for the inferior
region (dashed line, lower right plot). This pattern in the waveform is what is expected for an
inferior stimulus. 4'

[0067] Figure 9 illustrates the ROI’s intensity before aﬁd after applying PCA for the subject M8.
In this case the response plots for the superior stimulus (solid line) showed a decrease in
reflectance at the time of the stimulus before processing with the PCA (upper left). The PCA
processed signals for the superior stimulus (lower left) behaved in a manner consistent with the
stimulus pattern. For the inferior stimulus, both the non-PCA and the PCA processed signals
showed a pattern consistent with a inferior stimulus (dashed line). The PCA improved the
saliency of the pattern (lower right, dashed line).

[0068] The present invention processes functional retinal images obtained from a subject
through the application of principal components using changes in the reflection of near infrared
light (700nm) as a means of detecting a response to a visual stimulus (530nm). The tigroid
pattern that is observed in many of the high order principal components corresponds to the

pattern of deeper lying choroidal vessels making it another component to focus upon as a
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fiduciary for a functional signal. The signal being isolated by the principal components result in
changes in the oxyhemoglobin concentration in the deep choroidal vessels.

[0069] Other principal components that define the functional signal in the ROI being stimulated
can also isolate different physiological processes in the non-stimulated ROI. The reflectance
signal being recorded can be viewed as a combination of all processes going on in the retinal
layers, as well as other global changes in the hemodynamics. Local increases in oxyhemoglobin
in response to a visual stimulus is explained by either a reactive increase in regional blood flow
in the stimulated area or a decrease in tissue oxygen consumption. Reflectance changes in the
non-stimulated regions also result from “sympathetic” changes due to increased demands in
stimulated regions of the retina.

[0070] While the focus was on the identification of those principal components that defined the
functional signal, more data on a greater number of subjects, will likely isolate other signals.
For example, the same principal components that define the functional signal in the ROI being
stimulated may also isolate different physiological processes in the non-stimulated ROL The
problem that PCA presents is that to obtain the functional signal a linear combination on the
components must be performed, which is both tedious procedure and susceptible to errors.

[0071] In another embodiment of the present invention, blind source separation algorithms
(Fast-ICA and ESD algorithms) were applied to the data.

[0072] Figures 10A and 10B illustrate the results of applying Fast-ICA to the data for subject
M6. Due to the nature of the ICA and BSS algorithms there is an ambiguity on the sign of the
estimated sources, therefore in the next set of results the important information is the changes
due to the stimulation, without taking into account the direction of those changes. Referring to
Figure 10A, the components 3 and 4 present a rise in the intensity of the inferior ROI after the
stimulus is applied. Referring to Figure 10B, a rise can also be detected in components 3 and 4
after frame #2. As we can see in both cases , changes in the retina are detected immediately after
the retinal stimulation is applied.

[0073] Figures 11A and 11B illustrate the results of applying Fast-ICA to the data for subject
MS8. Referring to Figure 11A, the superior stimulus, component 2 appears to correspond to a
stimulus applied at frame 3. For the inferior stimulus (Figure 11B), there are no patterns in the

inferior ROI components that are consistent with the stimulus cycle.
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[0074] Figures 12A and 12B illustrate the results of applying the ESD algorithm to the data for
subject M6 using a lag (Ar) of 5. Referring to Figure 12A, the response for a superior stimulus
is illustrated while Figure 12B illustrates the response for an inferior stimulus. On the left are
the responses for the superior stimulus and on the right are responses of the inferior stimulus. In
Figure 12A, the first and third components (top and bottom left) for the superior ROI and
superior stimulus presents a functional response that is consistent with the stimulus cycle. In
other words, the response increases for frame 3.

[0075] Referring to Figure 12B, the same pattern is reflected. When the stimulus is applied to
the inferior ROI, the inferior ROI responds as expected, as can be seen in the first and second
components (top two left side). There is no response in the non-stimulated superior ROI (right)
that correlates to the stimulus cycle.

[0076] Figures 13A and 13B illustrate the results of applying the ESD algorithm to the data for
subject M8 using a lag (Ar) of 5. On the left of Figure 13A, the first component does indeed |
show a response for the superior ROI (left) that reflects the stimulus cycle, while the inferior
ROI (right) does not. Figure 13B gives the responses for an inferior stimulus. On the right of
Figure 13B, the first and second components of the BSS indicates a response that is consistent
with the stimulus cycle. Thus through the application of ICA algorithms and blind source
separation techniques, linear and non-linear physiological responses of the retina to a visual
stimulus can be accounted for. By adjusting the individual pixel values via the analysis
deécribed herein, the response in a given area of the retina, as depicted in the recorded images
from the detector can be adjusted. In so doing, source of variability that are not due to the
change in oxyhemoglobin saturation can be largely eliminated. What remains is a visual record
of the change in oxyhemoglobin saturation pre- and post-stimulation. These images can be
more properly correlated to show areas of the retina that did NOT respond to the stimulation
wavelength and hence are areas of reduced retinal functionality. Thus the method of the present
invention more accurately maps functional areas of the retina.

[0077] A system and method for detecting a functional signal and hence functional areas of a
retina as depicted in retinal images has been disclosed. The application of Principle Components
Analysis (PCA), Independent Components Analysis (ICA), and Blind Source Separation (BSS)
have been disclosed in a particular form. This is not meant as a limitation as those skilled in the

art will appreciate that other aspects of these statistical techniques may be employed without
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departing from the scope of the invention as described. Further, although an underlying premise
of linearity in variables is made with the application of these techniques, it is also deemed with
the scope of the present invention to apply non-linear ICA to the separation of sources present in
the stimulation of the retina as well. It will be understood by those skilled in the art of the
present invention may be embodied in other specific forms without departing from the scope of
the invention disclosed and that the examples and emmbodiments described herein are in all
respects illustrative and not restrictive. Those skilled in the art of the present invention will

recognize that other embodiments using the concepts described herein are also possible. .
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WE CLAIM:

1. A method for detecting functional areas in retinal images comprising:

illuminating a hemifield of the retina using a stimulating wavelength;

illuminating the entire retina at a non-stimulating wavelength;

simultaneously recording the resultant reflectance of the stimulated hemifield of the retina and
the non stimulated hemifield of the retina in the non-stimulating wavelength region; and
determining functional areas of the retina based upon reflectance differences in the stimulated
and non-stimulated hemifields in the non-stimulating wavelength.

2. The method for detecting functional areas in retinal images of claim 1 wherein
illuminating the hemifield of the retina using a stimulating wavelength comprises illuminating
the hemifield of the retina at about 530nm.

3. The method for detecting functional areas in retinal images of claim 1 wherein
illuminating the entire retina at a non-stimulating wavelength comprises illuminating the entire
retina in the near infrared region of the spectrum.

4. The method for detecting functional areas in retinal images of claim 1 wherein
illuminating the entire retina at a non-stimulating wavelength comprises illuminating the entire
retina at about 700nm.

5. The method for detecting functional areas in retinal images of claim 1 wherein
determining functional areas of the retina based upon reflectance differences in the stimulated
and non-stimulated hemifields in the non-stimulating wavelength comprises repeating the
method to obtain multiple images of the same eye and applying principal components analysis to

the resulting reflectance differences to determine functional areas of the retina.

6. The method for detecting functional areas of retinal images of claim 1 wherein
determining functional areas of the retina based upon reflectance differences in the stimulated
and non-stimulated hemifields in the non-stimulating wavelength comprises repeating the
method to obtain multiple images of the same eye and applying a fast-ICA algorithm to the

resulting images to determine functional areas of the retina
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7 The method for detecting functional areas of retinal images of claim 1 wherein
determining functional areas of the retina based upon reflectance differences in the stimulated
and non-stimulated hemifields in the non-stimulating wavelength comprises repeating the
method to obtain multiple images of the same eye and applying an extended spatial decorrelation

algorithm to the resulting images to determine functional areas of the retina.

8. The method for detecting functional areas of retinal images of claim 1 wherein
illuminating a hemifield of the retina using a stimulating wavelength comprises illuminating the

hemifield with a variable pattern in the stimulating wavelength.

9. The method for detecting functional areas of retinal images of claim 1 wherein
illuminating a hemifield of the retina using a stimulating wavelength comprises illuminating the
hemifield for variable lengths of time in the stimulating wavelength.

10.  The method for detecting functional areas of retinal images of claim 1 wherein
illuminating a hemifield of the retina using a stimulating wavelength comprises illuminating a
superior hemifield of a retina.

11.  The method for detecting functional areas of retinal images of claim 1 wherein
illuminating a hemifield of the retina using a stimulating wavelength comprises illuminating an
inferior hemifield of a retina.

12. A method for detecting functional areas in retinal images comprising:

recording a pre-stimulation image of the retina in a non-stimulating wavelength region;
illuminating the retina using a stimulating wavelength using a variable illumination pattern;
illuminating the retina at a non-stimulating wavelength;

recording the reflectance of the of the retina in the non-stimulating wavelength region to form a
post-stimulation image; and

determining functional areas of the retina based upon reflectance differences between the pre-
stimulation image and the post-stimulation image.

13.  The method for detecting functional areas in retinal images of claim 12 further
comprising:

repeating the method to create a variable number of post stimulation images.
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14.  The method for detecting functional areas in retinal images of claim 13 wherein
determining functional areas of the retina based upon reflectance differences between the pre-
stimulation image and the post-stimulation images further comprises applying principal
components analysis to the resulting reflectance differences to determine functional areas of the
retina..

15.  The method for detecting functional areas in retinal images of claim 13 wherein
determining functional areas of the retina based upon reflectance differences between the pre-
stimulation image and the post-stimulation images further comprises applying a fast-ICA

algorithm to the resulting images to determine functional areas of the retina.

16.  The method for detecting functional areas in retinal images of claim 13 wherein
determining functional areas of the retina based upon reflectance differences between the pre-
stimulation image and the post-stimulation images further comprises applying an extended

spatial decorrelation algorithm to the resulting images to determine functional areas of the retina.

17. A method for determining retinal hemoglobin saturation before and after stimulation
comprising:

illuminating a hemifield of the retina using a stimulating wavelength;

illuminating the entire retina at a non-stimulating wavelength;

simultaneously recording the resultant reflectance of the stimulated hemifield of the retina and
the non stimulated hemifield of the retina in the non-stimulating wavelength region; and
determining retinal hemoglobin saturation based upon reflectance differences in the stimulated

and non-stimulated hemifields in the non-stimulating wavelength.

18.  The method for determining retinal hemoglobin saturation before and after stimulation
according to claim 17 wherein:

illuminating the hemifield of the retina using a stimulating wavelength comprises illuminating
the hemifield of the retina at about 530nm.

19.  The method for determining retinal hemoglobin saturation before and after stimulation of
claim 17 wherein illuminating the entire retina at a non-stimulating wavelength comprises

illuminating the entire retina in the near infrared region of the spectrum.
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20 The method for determining retinal hemoglobin saturation before and after stimulation of
claim 17 wherein illuminating the entire retina at a non-stimulating wavelength comprises
illuminating the entire retina at about 700nm.

22.  The method for determining retinal hemoglobin saturation before and after stimulation of
claim 17 wherein:

determining functional areas of the retina based upon reflectance differences in the stimulated
and non-stimulated hemifields in the non-stimulating wavelength comprises repeating the
method to obtain multiple images of the same eye; and applying principal components analysis

to the resulting reflectance differences to determine functional areas of the retina.

23 The method for determining retinal hemoglobin saturation before and after stimulation of
claim 17 wherein determining functional areas of the retina based upon reflectance differences in
the stimulated and non-stimulated hemifields in the non-stimulating wavelength comprises
repeating the method to obtain multiple images of the same eye and applying a fast-ICA

algorithm to the resulting images to determine functional areas of the retina

24 The method for determining retinal hemoglobin saturation before and after stimulation of
claim 17 wherein determining retinal hemoglobin saturation based upon reflectance differences
in the stimulated and non-stimulated hemifields in the non-stimulating wavelength comprises
repeating the method to obtain multiple images of the same eye and applying an extended spatial

decorrelation algorithm to the resulting images to determine hemoglobin saturation.

25.  The method for determining retinal hemoglobin saturation before and after stimulation of
claim 17 wherein illuminating a hemifield of the retina using a stimulating wavelength comprises

illuminating the hemifield with a variable pattern in the stimulating wavelength.
26.  The method for determining retinal hemoglobin saturation before and after stimulation of

claim 17 wherein illuminating a hemifield of the retina using a stimulating wavelength

comprises illuminating the hemifield for variable lengths of time in the stimulating wavelength.
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27. A method for determining retinal hemoglobin saturation before and after stimulation
comprising:

recording a pre-stimulation image of the retina in a non-stimulating wavelength region;
illuminating the retina using a stimulating wavelength using a variable illumination pattern;
illuminating the retina at a non-stimulating wavelength;

recording the reflectance of the of the retina in the non-stimulating wavelength region to form a
post-stimulation image; and

determining hemoglobin saturation based upon reflectance differences between the pre-
stimulation image and the post-stimulation image.

28.  The method for determining retinal hemoglobin saturation before and after stimulation of
claim 27 further comprising:

repeating the method to create a variable number of post stimulation images.

29.  The method for determining retinal hemoglobin saturation before and after stimulation of
claim 27 wherein determining hemoglobin saturation based upon reflectance differences between
the pre-stimulation image and the post-stimulation images further comprises applying principal
components analysis to the resulting reflectance differences to determine hemoglobin saturation.
30.  The method for determining retinal hemoglobin saturation before and after stimulation of
claim 27 wherein determining hemoglobin saturation based upon reflectance differences between
the pre-stimulation image and the post-stimulation images further comprises applying a fast-ICA
algorithm to the resulting images to determine hemoglobin saturation.

31. . The method for determining retinal hemoglobin saturation before and after stimulation of
claim 27 wherein determining hemoglobin saturation based upon reflectance differences between
the pre-stimulation image and the post-stimulation images further comprises applying an
extended spatial decorrelation algorithm to the resulting images to determine hemoglobin

saturation.
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