US 20060276693A1

12) Patent Application Publication (o) Pub. No.: US 2006/0276698 A1

a9y United States

Halldorsson et al.

43) Pub. Date: Dec. 7, 2006

(54) AUTOMATIC REGISTRATION OF IMAGES

(76) Inventors: Gisli Hreinn Halldorsson, Reykjavik
(IS); Einar Stefansson, Reykjavik (IS);
Jon Atli Benediktsson, Reykjavik (IS);
Robert Arnar Karlsson, Reykjavik
(IS); Sveinn Hakon Hardarson,
Reykjavik (IS); Thor Eysteinsson,
Reykjavik (IS); James M. Beach,
Slidell, LA (US)

Correspondence Address:

HARNESS, DICKEY & PIERCE, P.L.C.
P.O. BOX 8910

RESTON, VA 20195 (US)

(21) Appl. No.: 11/146,278
(22) Filed: Jun. 7, 2005
Publication Classification
(31) Imt.ClL
A6IB  5/00 (2006.01)
(52) U8, CL e nsscenene 600/340
(57) ABSTRACT

The present invention relates to a system for automatically
evaluating oxygen saturation of the optic nerve and retina,
said system comprising: image capturing system further
comprising: a fundus camera (26), a four wavelengths beam
splitter (27), a digital image capturing device (28), a com-
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puter system, image processing software performing in
real-time the steps of: registering set of multi-spectral
images (1) by, binarizing the multi-spectral image (7), find
the all the border regions of each image by finding the region
including the straight line that passes the most number of
points in the region (8), use the orientation of the borders to
evaluate the orientation of each spectral image (9), equalize
the orientation of each spectral image by rotating the spec-
tral image (10), edge detect each spectral image (11), esti-
mate the translation between the spectral images based on
the edges of adjacent images (12), transform the images to
a stack of registered images (13), locating blood vessels (2)
in each of the multi-spectral images by, retrieving registered
spectral images (14), for each spectral image, remove defec-
tive pixels (15), enhance image contrast (16), perform
top-hat transform using structuring element larger than the
largest vessel diameter (17), binarize each image (18), apply
filter for smoothing the image (19), combine all the spectral
images using binary AND operator (20), skeletonize the
resulting image (21), prune the skeleton image (22), re-grow
the pruned image (23), locate junction points (24), evaluat-
ing the width of the blood vessels (3) by calculating the
normal vector to the vessel direction to, estimate the direc-
tion and position of the vessel profile, evaluate positions of
vessel walls based on the vessel profile obtained, evaluate
vessel width based on the position of the vessel walls,
selecting samples for calculating optical density, calculating
the optical density ratio (4), evaluating oxygen saturation
level (5), and presenting the results (6), wherein presenting
the results may include presenting numerical and visual
representation of the oxygen saturation.
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Figure 1




Patent Application Publication Dec. 7,2006 Sheet 2 of 7 US 2006/0276698 A1

Wavelength (nm)

541 546 558 569 577
|

Artery
0.10D

524




Patent Application Publication Dec. 7,2006 Sheet 3 of 7 US 2006/0276698 A1

Register images

Locate vessels

Evaluate vessel
width

4

Figure 3

Select sample
points

Calculate ODR

A

Evaluate oxygen
saturation

Present results




Patent Application Publication Dec. 7,2006 Sheet 4 of 7 US 2006/0276698 A1

Image edge detected

10 0]
[T T C e m s e s et m e mr e e P i
1 . . + .
i | Find next region on the edge binary image where Find the line that passes most :
! | border of the spectral images can by found points in the image(region) i
)
; !
! 1
! 1
1 . 1
H Has the given ;
: region a border? ;
P[] :
! -N H .
! es [}
1 ] m
i i ]
i ; =
! All borders Evaluate the 1 (@)
! found? ¢ it T
; oun position and the : LL
i orientation of the ;
! border i
! '
' Yes '
e e e oo e e m i m e e m e s '
h 4
Orientation of the border Onentation of th
rientation of the
us_ed to ;valuate the cotral images is .| Each spectral image
orientation of each > 5P lized b ES 1S is edge detected
spectral image equz'1 1zed by rotating
the images
Y A
Orientation and position of Find the translation between A
the spectral images in the " the spectral images estimated
multi-spectral image is used using the edges from both
to transform the images to a images.
stack of registeard images.
o)) o N
Ao -~

13



Patent Application Publication Dec. 7,2006 Sheet S of 7

586 nm

< »| Registered
A images
542 nm
558 nm

O _/ ¥
-2 2
(o A 4 \ 4
-3 3

y v
N
-4 4
(D Y \ 4
-5 5

A A 4
(02}
-6 6
-
\ > 7

y
—
N —> 8
N v
N —> 9
(Y) \ 4
N 10
<t .[_L
N 11
4

Tp) Binary vessel
N Lg

map

US 2006/0276698 A1l

Figure 5
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Figure 7
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AUTOMATIC REGISTRATION OF IMAGES

TECHNICAL FIELD

[0001] The present invention relates to the field of image
processing, more particularly to the automatic registration of
multi-spectral images. The present invention, moreover,
relates to the application of image processing in the field of
ophthalmology for spectral, spatial and temporal analysis.

BACKGROUND ART

[0002] Some of the disease states that pose the greatest
danger to vision are thought to involve abnormalities in the
oxygen supply to the retina or the oxygen metabolism. These
include diseases such as diabetic retinopathy, which is one
of the most common causes of blindness in the world and
retinopathy of prematurity, retinal vein and artery occlu-
sions. It has also been suggested that ocular blood flow is
compromised in glaucoma, including normal tension glau-
coma, and that the loss of optic nerve fibers in glaucoma
patients may be due to ischemia.

[0003] The principle of spectrophotometric hemoglobin
oximetry is old and the method has been developed into
clinically useful instrumentation in several specialties of
medicine. The finger or earlobe oximeter, commonly used in
anesthesiology and intensive care is an example of the
successful application of oximetry in medicine.

[0004] Information on retinal and optic nerve oxygenation
in health and disease is mostly derived from animal research.
Non-invasive measurement of oxygenation in the human
retina and optic nerve has proved difficult but considerable
progress has been made, particularly in recent years as
digital technology has evolved. The potential use of retinal
oximetry covers a range of areas, including assessment of
oxygen metabolism in disease, the efficacy of treatment of
these diseases in restoring or improving the metabolic
conditions, either by laser treatment, surgery, lowering of
intraocular pressure or by medication. Retinal oximetry may
also be of use in elucidating further the physiological
processes involved in disease states, such as in glaucoma.

[0005] 1Inthe 1990s, an important version of retinal vessel
oximetry was developed at the University of Virginia, by
James Beach and James Tiedeman [ 1, 2]. Their version was
based on a method proposed by Delori [3] with additional
improvements. The main advantage of the Beach and Tiede-
man method is the ability to obtain simultaneously two or
more images of light reflectance at different wavelengths
(called multi-spectral images) from the same fundus using a
fundus camera. In this manner it is possible to record
reflectance at both oxygen-sensitive and insensitive wave-
lengths from exactly the same area on the fundus, and at
precisely the same time. This allows for precise quantifica-
tion of the effects of oxygen binding on the light absorption
spectra of hemoglobin. Oximetric measurements of this kind
are achieved by a system whose main component consists of
a modified fundus camera, although the internal xenon flash
of the camera is still used as a light source, unmodified.
Other components of the system are a beam splitter, a gray
scale digital camera, possessing high quality linear perfor-
mance, and a computer. The digital camera replaces the
image acquisition mechanism of the fundus camera. Flashes
from the fundus camera are synchronized with recordings by
the digital camera electronically. The image thus obtained
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with the digital camera is then fed into a computer for further
analysis. Between the fundus camera and the digital camera
there are image-splitting optics, which can project several
separate images at the digital camera detector, as illustrated
by FIG. 1.

[0006] In each of these optical pathways, which are sepa-
rated by a beam splitter and dichroic mirrors, there is a
narrow band pass interference filter. Each filter has a 5 nm
half-bandwidth and different central (peak) wavelengths of
transmission. The filters, or rather their peak wavelengths,
are chosen on the basis of the absorption spectra of oxyhe-
moglobin (HbQ,) as before, and illustrated in FIG. 2. The
filter bandwidth clearly affects measurements of the blood
Optical Density (OD) and this can be evaluated by calcu-
lating the apparent light extinction coefficients of HbO, and
hemoglobulin with no oxygen (Hb) [2]. The extinction
coeflicients are nearly identical at the isosbestic wavelength
of 586 nm, particularly at a narrow bandwidth, while con-
siderably higher for Hb than HbO, at the oxygen-sensitive
wavelength (600 or 605 nm). Thus, the apparent Optical
Density Ratio (ODR) between the oxygen-sensitive and
isosbestic wavelengths reflects the oxygen saturation in
retinal vessels and tissue in an inverse manner. With higher
oxygen saturation the OD at 605 nm is lower.

[0007] OD is a measure of absorption; higher OD means
greater absorption [5]. One factor that affects the optical
density measured in fundus oximetry is the extravascular
pigmentation of the fundus, which can vary greatly between
subjects. Pigmentation may cause underestimation of ODs
in vessels, in particular at 586 nm, because it causes stronger
absorption of light. The effect of retinal pigmentation can be
estimated by measuring the ratio of extravascular light
reflection near vessels at the oxygen-sensitive and insensi-
tive wavelengths used [2]. The extravascular light reflection
ratio (EVR) is calculated as:

_ Iss6
nlgos

Where Isq4 is the intensity of 586 nm wave length light
reflected, I,,5 is the intensity of 605 nm wave length light
reflected, and m is a correction constant for light transmis-
sion through the instrument (evaluated separately), from the
light source to the digital camera, via the beam splitter and
optics. Experimentally it has been found that EVR is greater
with higher fundus pigmentation [2]. In order to calculate
vessel OD it is therefore necessary to correct for pigmen-
tation by measuring intensity at both wavelengths in non-
vascular areas.

[0008] One of the limitations of prior art retinal oximetry
[13] includes difficulties in obtaining calibrated measures of
actual oxygen saturation. An indirect calibration of the
ODR, as it relates to actual oxygen saturation of vascular
blood can be obtained by comparing the ODR and systemic
O, saturation, the latter controlled by having subjects inhale
air mixtures of different composition, with 100% oxygen
and lower. The reliability of this approach can be further
enhanced by measuring the systemic O, saturation with a
finger pulse oximeter. It has been found experimentally in
this manner that there is a fairly good inverse correlation
between systemic O, saturation and the ODR (lower ODR
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with higher systemic O,) in retinal arterioles [2], and
venules [4] in normal human volunteers.

[0009] Clearly, examination of images of the fundus is an
important diagnostic tool in ophthalmology. Fundus images
allow inspection of arteries and veins that are usually hidden
beneath the skin. Consequently, fundus images may be used
to diagnose many diseases that affect the vascular structure.

[0010] The problems with the prior art methods used in
retinal oximetry is the need for an expert to perform the
oximetry, the high variability of the results, and poor repro-
ducibility. The prior art methods are time consuming, and
manual registration of the spectral images is inaccurate
because of the error prone manual selection of sample
points.

DISCLOSURE OF THE INVENTION

[0011] The present invention concerns methods, software,
and a system that enables in real time the automatic analysis
of spectrophotometric measurements of oxygen saturation in
the retinal vasculature. The invention enables any number of
spectral images to be examined in the same coordinate
system, which means that optical density ratios are more
reliably and easily obtained. The method is suitable for
measuring large part of the fundus at once. The current
invention, moreover, automatically finds vessels in the spec-
tral images and calculates the optical density ratios auto-
matically. This has never been done before and results in
more reliable measurements than when measurement points
are chosen by hand, and can be done automatically and
extended by a novice operator.

Terminology Used in the Present Context:

[0012] Registering, refers to the process of aligning the
spectral images into one coordinate system.

[0013] Multi spectral image, refers to multiple images of
the same scene acquired at different wavelengths.

[0014] Spectral image, is an image acquired at a specific
wavelength.
[0015] Binarize, refers to the process of reducing the

resolution of a gray scale image to black and white only.

[0016] Defective pixels, refers to pixels that contain
invalid pixel values.

[0017] Edge detection, refers to the process of extracting
edges or boundaries between two regions in an image.

[0018] Top-hat transform, refers to image morphological
operator first presented by F. Meyer[12].

[0019] Structuring element, refers to a two dimensional
matrix of pixel values 0 or 1 describing the neighborhood of
an image operator.

[0020] Skeletonizing, refers to the process of generating a
stick figure representation of the objects in the image being
processed.

[0021] Prune, refers to the process of removing spurious
lines in the image.

[0022] Re-Grow, refers to the process of expanding the
skeletonized objects to original size.
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[0023] Vessel map, refers to a map of the vessels in the
image.

[0024] Vessel profile, refers to the side view of the vessels
in the image.

[0025] Real-Time, refers to the processing of images on-
line without noticeable delay to the human operator.

[0026] Tsobestic, is by definition a wavelength which is
absorbed equally by an oxygenated and deoxygenated
hemoglobin solution.

[0027] In a one aspect the present invention relates to a
method for evaluating oxygen saturation of the optic nerve
and retina, said method comprising the steps of: registering
set of multi-spectral images (1), locating blood vessels (2) in
each of the multi-spectral images, evaluating the width of
the blood vessels (3), selecting samples for calculating
optical density, calculating the optical density ratio (4),
where the optical density is the logarithm of the light
reflected from background divided by light reflected from
vessel and said optical density ratio is the ratio of said
optical density at two different wavelengths, evaluating
oxygen saturation level (5), and presenting the results (6),
wherein presenting the results may include presenting
numerical and visual representation of the oxygen satura-
tion.

[0028] 1In another aspect the present invention relates to a
method for automatic registration of multi-spectral images,
said method comprises the steps of: binarize the multi-
spectral image (7), find the all the border regions of each
image, by, finding the region including the straight line that
passes the most number of points in the region (8), use the
orientation of the borders to evaluate the orientation of each
spectral image (9), equalize the orientation of each spectral
image by rotating the spectral image (10), edge detect each
spectral image (11), estimate the translation between the
spectral images based on the edges of adjacent images (12),
transform the images to a stack of registered images (13),
wherein the images are transformed based on orientation and
position of each spectral image.

[0029] In another aspect the current invention relates to a
method for detecting blood vessels in multi-spectral images,
said method comprises the steps of: retrieving registered
spectral images (14), for each spectral image, remove defec-
tive pixels (15), enhance image contrast (16), perform
top-hat transform using structuring element larger than the
largest vessel diameter (17), binarize each image (18), apply
filter for smoothing the image (19), combine all the spectral
images using binary AND operator (20), skeletonize the
resulting image (21), prune the skeleton image (22), re-grow
the pruned image (23), locate junction points (24), wherein
the junction points are the intersection of two or more
vessels.

[0030] In another aspect the current invention relates to a
method for evaluating the width of the blood vessels, said
method comprises the steps of: evaluating binary vessel map
by calculating the normal vector to the vessel direction to,
estimate the direction and position of the vessel profile,
evaluate positions of vessel walls based on the vessel profile
obtained, evaluate vessel width based on the position of the
vessel walls, wherein the width is the distance between the
vessel walls.
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[0031] In another aspect the current invention relates o a
method for selecting sample points for optical density cal-
culation, said method comprising the steps of: obtaining a
binary vessel map, obtaining vessel profile, locating the
points of the vessel profile which have the lowest magnitude,
wherein the selected points will provide samples with the
least error contributed from the specular reflection of the
vessel walls.

[0032] In another aspect the present invention relates to
computer software realizing a method for evaluating oxygen
saturation of the optic nerve and retina.

[0033] In another aspect the present invention relates to
computer software realizing a method for automatic regis-
tration of multi-spectral images.

[0034] In another aspect the present invention relates to
computer software realizing a method for detecting blood
vessels in multi-spectral images.

[0035] In another aspect the present invention relates to
computer software realizing a method for evaluating the
width of blood vessels in multi-spectral images.

[0036] In another aspect the present invention relates to
computer software realizing a method for selecting sample
points for optical density calculation in multi-spectral
images.

[0037] In another aspect the present invention relates 1o a
system for automatically evaluating oxygen metabolism of
the optic nerve and retina, said system comprising: image
capturing system further comprising: a fundus camera (26),
a four wavelengths beam splitter (27), a digital image
capturing device (28), a computer system, image processing
software performing in real-time the steps of: registering set
of multi-spectral images (1) by, binarizing the multi-spectral
image (7), find the all the border regions of each image by
finding the region including the straight line that passes the
most number of points in the region (8), use the orientation
of the borders to evaluate the orientation of each spectral
image (9), equalize the orientation of each spectral image by
rotating the spectral image (10), edge detect each spectral
image (11), estimate the translation between the spectral
images based on the edges of adjacent images (12), trans-
form the images to a stack of registered images (13),
locating blood vessels (2) in each of the multi-spectral
images by, retrieving registered spectral images (14), for
each spectral image, remove defective pixels (15), enhance
image contrast (16), perform top-hat transform using struc-
turing element larger than the largest vessel diameter (17),
binarize each image (18), apply filter for smoothing the
image (19), combine all the spectral images using binary
AND operator (20), skeletonize the resulting image (21),
prune the skeleton image (22), re-grow the pruned image
(23), locate junction points (24), evaluating the width of the
blood vessels (3) by calculating the normal vector to the
vessel direction to, estimate the direction and position of the
vessel profile, evaluate positions of vessel walls based on the
vessel profile obtained, evaluate vessel width based on the
position of the vessel walls, selecting samples for calculat-
ing optical density, calculating the optical density ratio (4),
evaluating oxygen saturation level (5), and presenting the
results (6), wherein presenting the results may include
presenting numerical and visual representation of the oxy-
gen saturation.
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BRIEF DESCRIPTION OF DRAWINGS

[0038] FIG. 1 shows multi-spectral image capturing sys-
tem.

[0039] FIG. 2 shows the absorption spectra of the oxyhe-
moglobin.

[0040] FIG. 3 shows a functional flow graph of the retinal

oxymetry process.

[0041] FIG. 4 shows a functional flow graph of the image
registration process.

[0042] FIG. 5 shows a functional flow graph of the vessel
location process.

[0043] FIG. 6 shows a typical multi-spectral image.
[0044] FIG. 7 shows results from the automatic vessel
selection.

[0045] FIG. 8 shows binary edge detected image.

[0046] FIG. 9 shows results for arterioles and venules
measured at 21% O,. Each line represents one eye. Paired
t-test, arterioles vs. venules: p<0.0001

[0047] FIG. 10 shows results for venules measured at
different O, concentration in inhaled air. Paired t-test, 21%
vs. 100%: p=0.0023.

BEST MODE FOR CARRYING OUT THE
INVENTION

[0048] The retinal oxymetry process utilizes the fact that
the amount of light absorbed by hemoglobin is dependent on
the wavelength of the light and the oxygen saturation of the
blood. To estimate the amount of light reflected, multi-
spectral images containing sub-images at different wave-
lengths are acquired.

[0049] Therefore, the image from the digital camera is a
multi-spectral image consisting of 2 or more sub-images.
Each sub-image has been filtered with an optical narrow
band-pass filter (with center wavelengths 542 nm, 558 nm,
586 nm, and 605 nm). The sub-images, here after referred to
as spectral images, represent the same area of the retina.
However, an accurate spectral image position and rotation
on the multi-spectral image is not known because of the
sensitivity of the beam splitter. For this reason, the spectral
images may overlap and sometimes parts of the spectral
images are outside of the multi-spectral image and therefore
parts of the spectral image are missing.

[0050] To enable analysis of the retinal oximetry the
spectral images have to go through a preprocessing stage
were they are pair-wise registered together. The registration
process is necessary in order to be able to compute the
information extracted from the images in the same coordi-
nate system. The registration algorithm is implemented in
the software. The algorithm has been shown to be accurate
(mean registration error between two images =1 pixel) and
computationally inexpensive [7]

Software Specifications

[0051] FIG. 3 is a flow diagram that illustrates the
sequence of events performed by the retinal oximetry soft-
ware for processing the multi-spectral images.
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[0052] The first task is preprocessing and registration of
the spectral images and includes the following steps as
shown in FIG. 4:

Image Edge Detected (7)

[0053] Edge detection is used to extract edges or bound-
aries between two regions in the image. Common edge
detection methods such as Canny or Sobel are used. Math-
ematically the edges are the gray level gradient of the image
and edge detection methods often involve defining the
optimum gradient operators. Binary edge detected image,
FIG. 8, is derived by thresholding the gradient of the image
using for the Canny method.

Evaluate a Border Region (8)

[0054] The multi-spectral image, FIG. 6, contains four
spectral images that are always ordered the same way and
their position does not change dramatically. The mechanical
sensitivity of the device to capture the images does only
produce uncertainty in the image position (and rotation),
which is no more than +20 pixels (concluded after examin-
ing large amount of data). Therefore, the area on the
multi-spectral image, for finding the border of each spectral
image, is evaluated as percent of the multi-spectral image
size.

[0055]

[0056] The line that passes the most points is found by
using the Hough transform. The line is located by
transforming the region of the image, and finding the
position of the maximum value in the Hough space.

[0057]

[0058] The only problem with the uncertainty in the
position of the borders is that the spectral images can
overlap and borders can be out side the multi-spectral
image.

[0059] To evaluate if the region has a border a following
methodology is used:

[0060] If the magnitude of the maximum value of the
Hough transform is P % of the line length, the line is
assumed to be a border.

[0061] To discriminate between two borders that lie
close together on the binary edge image the edge
gradient direction is used.

Find the line that passes most points in the image

Has the given region a border?

Find the Orientation of Each Spectral Image (9)

[0062] The orientation of the image can be estimated
without using the similarity metric, since each spectral
image has at least one visible border on the multi-spectral
image. The Hough transformation is used to find how many
points lie on lines that have orientation in a particular range.
Therefore, the boarder orientation of the spectral images’ is
estimated by choosing the line that intersects the maximum
number of points. Finally, the orientation of each spectral
image is calculated using a weighted average of the border
orientation, weighting each possible border with how many
points the border line intersects.

Equalize the Orientation of the Spectral Images (10)

[0063] Position of each border, detected previously is used
to cut large region around the spectral image out of the
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multi-spectral image. Then, the orientation of the spectral
images is equalized by rotating each image.

Find the Translation between the Spectral Images (12)

[0064] After the images have been rotated for orientation
equalization, the translation between them is evaluated. The
translation between the spectral images is estimated using
the edges from both images. Then, by searching over all
translation ((tx,ty)+20), the most likely translation is the one
which has the most edges with similar gradient direction and
magnitude.

The Second Task is to Detect and Locate the Vessels:

[0065] First the registered spectral images are retrieved
(14). The images are searched for defective pixels and these
pixels are then removed from each of the spectral images
(15). Next, each of the spectral images goes through a
contrast enhancement process (16) to improve the contrast
between the background and the features (vessels) of the
images. Thereafter, the images are processed using the
Black-Top-Hat transform using a structuring element in the
shape of a disk with diameter larger than the diameter of the
largest vessel (17). Next, each image is thresholded at for
example 80% of the mean pixel value (18). After the
thresholding procedure the images a median filter 1s applied
to each of the images to smoothen them (19). After process-
ing each image separately the resulting binarized images are
combined by applying a binary AND operation on each pixel
in the images (20). The resulting image is then skeletonised
to find the centerline of the vessels (21). The skeletonized
image is pruned (22), and the resulting image is then
re-grown (23) to remove the spurs from the skeletonized
image. Finally the junction points (24) of the vessels are
located and binary vessel map is produced (25), FIG. 8.

[0066] The third task is to evaluate the vessel width and
segment length. The binary vessel map is used to evaluate
the direction and position of the vessel profile which is a
perpendicular normal to the vessel direction. The profile is
then used to evaluate accurate position of vessel walls
(edges) and calculate the vessel width.

[0067] The fourth task is to select the sample points to use
for the calculation of the optical density ratio. The points are
selected both inside a vessel, to estimate the absorption of
the blood and outside the vessels to estimate the amount of
light entering the vessel. The points within a vessel are
selected by locating the darkest spot within the vessel profile
previously obtained and then average the value of the closest
eight neighboring pixels within the vessel. The points out-
side the vessels are selected by moving away from the
vessels in a perpendicular direction from the points selected
within the vessel until a predetermined distance is reached
for example 20 pixels. Again, the pixel values in its 8-con-
nected neighborhood are averaged.

[0068] The fifth task is to evaluate the optical density. This
is accomplished using following equation were the Light
reflected by the background is the average pixel value from
background and the Light reflected from vessel is the
average pixel value within the selected vessel as described
in the previous paragraph.



US 2006/0276698 A1l

oD =1 Light reflected by background]
=0 Light reflected from vessel

[0069] OD is then calculated at each wavelength (ODs,,
nmy, ODssg pms ODsgs nm ad ODgos o), and finally the
optical density ratio at two different wavelengths is calcu-
lated

ODy

ODR = ——
ODy

[0070] The sixth task is to evaluate the oxygen saturation
of the blood. As previously described, by selecting appro-
priate wavelengths when calculating this ratio (Y=586 nm
and X={542,558,605}nm), a linear relationship exists
between ODR and the oxygen saturation in the retinal
vasculature, which in turn makes it possible to estimate the
oxygen saturation.

[0071] The final step is to present the results. After the
software has calculated OD values for each wavelength the
optical density ratio (ODR) is calculated using one isobestic
wavelength and one non-isobestic wavelength. The ODR
information for any venule or arteriole is represented as
numerical and visual information on the computer screen
and stored in a data file for further investigation.

Vessel Classification

[0072] In order to measure automatically the difference
between the oxygen content of the blood flowing to the
retina of the eye and the blood going from it, the ability to
classify the detected vessels as either arterioles or venules is
quite important. In our software, a positive definite fuzzy
classifier [9] is applied to the data collected by the vessel
location method. Each pixel belonging to a vessel, as
determined by the vessel classification algorithm, is classi-
fied as either a pixel belonging to a venule or an arteriole. In
order to adjust for variability in illumination between images
the input variables are scaled using the mean pixel value of
its respective spectral band. The vessel itself is then classi-
fied according to which class the majority of the pixels
within it are determined to belong to (see results in FIG. 4).

Experimental Results:

[0073] The software has been used to examine reproduc-
ibility and sensitivity of ODRs for different oxygen tensions.
The results are given below.

Reproducibility:

[0074] Reproducibility was evaluated by measuring the
same vessel on five consecutive images. Coefficient of
variation (CV) was calculated as

Standard deviation of ODR (5 images of the same Vessel)( 1 ]
B 4n

Mean ODR (5 images of the same vessel)

[0075] where n=5 measurements (images). One arteriole
and one venule were measured in images from 11 eyes. The
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CV was calculated for measurements with both the auto-
matic version of the software and with an older version of
the software, which allows only manual placement of mea-
surement points. The results are shown in Table 1.

TABLE 1

CV for automatic and manual software

Arterioles Venules

Manual Automatic  Manual Automatic

CV {mean, 48% 16% 19% 8%
range) (15-139%)  (8-26%)  (5-81%) (3-16%)

[0076] As seen in Table 1, the automatic approach to point
selection clearly increases the reproducibility.

Sensitivity:

[0077] Sensitivity of the system was evaluated by com-
paring ODRs in arterioles and venules and by measuring
changes in ODRs (or venular oxygen saturation) when
healthy volunteers inhaled different concentration of oxy-
gen.

[0078] FIG. 9 shows ODRs for arterioles and venules
(subjects inhaling room air).

[0079] FIG.9. Arterioles and venules measured at 21% O,
Each line represents one eye. Paired t-test, arterioles vs.
venules: p<0.0001.

[0080] FIG. 9 shows that the system is sensitive to the
arterio-venous difference in ODRs (and therefore to the a.-v.
difference in oxygenation). Furthermore, the size of the
arterio-venous difference is similar between most individu-
als although the offset (arteriolar ODR) is variable.

[0081] Since oxygen tension in the retinal arterioles can be
assumed to be similar to oxygen tension in arterial blood
elsewhere in the body, calibration whith a commercially
available finger pulse oximeter is possible. This calibration
would almost eliminate the intersubject variability in the
arterioles in FIG. 9. Assuming a linear relationship between
ODR and hemoglobin oxygen saturation (S,) and using
finger oximetry values for retinal arterioles we found that
AS, =-89AODR (preliminary result, 95% confidence inter-
val for the slope is =125 to —53). This calibration was done
with data from experiments where healthy volunteers
inhaled either 12%, 21% or 100% oxygen to induce systemic
hypoxia, normoxia and hyperoxia, respectively.

[0082] FIG. 10 shows the results from the hypoxia-nor-
moxia-hyperoxia experiments for venules. One point from
the hypoxia part of the experiment was omitted because the
subject was not rendered hypoxic according to the finger
pulse oximeter.

[0083] FIG. 10. Venules measured at different O, concen-
tration in inhaled air. Paired t-test, 21% vs. 100%: p=0.0023.

[0084] The reason for the lack of difference between
results for 12% and 21% inhaled oxygen concentration is
most likely the well-known phenomenon of blood flow
autoregulation [14]. When the oxygen concentration in
arteriolar blood decreases the arterioles dilate, blood flow
increases and similar amount of oxygen is delivered to the
tissue. Therefore, there is little or no change in venular



US 2006/0276698 A1l

oxygen tension. On the other hand, the system detects a
significant difference in the venules when inhaled oxygen
tension is changed from 21% to 100% (see FIG. 10). This
is probably due to the effects of the choroid, which is a
non-autoregulated vascular bed underneath the retina. ODRs
are measured in the visible vasculature which nourishes the
inner part of the retina. The choroid does not usually deliver
oxygen to the inner part of the retina [14]. However, when
100% oxygen is inhaled, some of the oxygen will diffuse to
the inner retina and this probably overwhelmes the auto-
regulation of blood flow in the inner vasculature.

[0085] In summary, the results show that the system can
detect expected differences in venular oxygenation when
oxygen concentration in inhaled air is altered. Autoregula-
tion of blood flow most likely explains part of the results.
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1. A method for evaluating oxygen saturation of the optic
nerve and retina, said method comprising the steps of:

registering a set of multi-spectral images of a retina,

locating blood vessels in each of the multi-spectral
images,

evaluating the width of the blood vessels,
selecting sample points for calculating optical density,

calculating the optical density ratio, where the optical
density is the logarithm of the light reflected from
background divided by light reflected from vessel and
said optical density ratio is the ratio of said optical
density at two different wavelengths,

evaluating oxygen saturation level, and

presenting results indicating oxygen saturation of the

optic nerve and retina.

2. The method of claim 1 wherein said presenting of
results includes presenting numerical and/or visual repre-
sentation of the oxygen saturation.

3. The method of claim 1, wherein said registering a set
of multi-spectral images of a retina comprises:

finding border regions of each image,

equalizing the orientation of each spectral image by
rotating the spectral image,

edge-detecting each spectral image,

estimating the translation between the spectral images
based on the edges of adjacent images,

transforming the images to a stack of registered images,

wherein the images are transformed based on orientation
and position of each spectral image.
4. The method of claim 3, wherein said finding borders
regions of each image comprises

binarizing the multi-spectral image,

finding the region including the straight line that passes
the most number of bright points in the region, and

using the orientation of the borders to evaluate the ori-
entation of each spectral image.
5. The method of claim 1 wherein said step of locating
blood vessels comprises

retrieving registered spectral images,
for each spectral image,
removing defective pixels,

enhancing image contrast,
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performing top-hat transform using structuring element
larger than the largest vessel diameter,

binarizing each image,
applying spatial filter for smoothing the image,

combining all the spectral images using binary AND
operator,

skeletonizing the resulting image,
pruning the skeleton image,
re-growing the pruned image,
locating junction points,

wherein the junction points are the intersection of two or
more vessels.
6. The method of claim 1 wherein said step of evaluating
the width of the blood vessels comprises

evaluating binary vessel map by calculating the normal
vector to the vessel direction to estimate the direction
and position of the vessel profile,

evaluating positions of vessel walls based on the vessel
profile obtained,

evaluating vessel width based on the position of the vessel
walls,

wherein the width is the distance between the vessel

walls.

7. The method of claim 1 wherein said step of selecting
sample points for calculating optical density comprises
selecting sample points within a vessel and outside a vessel,
by:

locating a spot within a vessel profile previously obtained,
with the lowest magnitude,

averaging the value of a predetermined number of sym-
metrically neighboring pixels,

moving away from a vessel in a predetermined distance

and, with the provision that the location not being

inside another vessel, averaging the value of a prede-

termined number of symmetrically neighboring pixels.

8. A method for automatic registration of multi-spectral
images, said method comprising the steps of:

finding all border regions of each image by,
binarizing the multi-spectral image,

finding the region including the straight line that passes
the most number of bright points in the region,

using the orientation of the borders to evaluate the ori-
entation of each spectral image,

equalizing the orientation of each spectral image by
rotating the spectral image,

edge detect each spectral image,

estimating the translation between the spectral images
based on the edges of adjacent images,

transforming the images to a stack of registered images,

wherein the images are transformed based on orientation
and position of each spectral image.
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9. A method for detecting blood vessels in multi-spectral
images, said method comprising the steps of:

retrieving registered spectral images,
for each spectral image,
removing defective pixels,
enhancing image contrast,

performing top-hat transform using structuring element
larger than the largest vessel diameter,

binarizing each image,
applying spatial filter for smoothing the image,

combining all the spectral images using binary AND
operator,

skeletonizing the resulting image,
pruning the skeleton image,
re-growing the pruned image,
locating junction points,

wherein the junction points are the intersection of two or
more vessels.
10. A method for evaluating the width of the blood
vessels, said method comprising the steps of:

evaluating binary vessel map by calculating the normal
vector to the vessel direction to estimating the direction
and position of the vessel profile,

evaluating positions of vessel walls based on the vessel
profile obtained,

evaluating vessel width based on the position of the vessel
walls,

wherein the width is the distance between the vessel
walls.
11. A method for selecting sample points for optical
density calculation, said method comprising the steps of:

obtaining a binary vessel map,
obtaining vessel profile,

locating the points of the vessel profile which have the
lowest magnitude,

wherein the selected points will provide samples with the
least error contributed from the specular reflection of

the vessel walls.
12. A computer software realizing the method of claim 1.
13. A computer software realizing the method of claim 8.
14. A computer software realizing the method of claim 9.
15. A computer software realizing the method of claim 10.
16. A computer software realizing the method of claim 11.
17. A system for automatically evaluating oxygen satu-
ration of the optic nerve and retina, said system comprising:

an image capturing system further comprising:
a fundus camera,

a four wavelengths beam splitter,

a digital image capturing device,

a computer system,
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image processing software performing in real-time the
steps of:

registering set of multi-spectral images,

locating blood vessels in each of the multi-spectral
images,

evaluating the width of said blood vessels,

selecting sample points for calculating optical density,

calculating the optical density ratio,

evaluating oxygen saturation level, and

presenting results indicating oxygen saturation of the
optic nerve and retina.

18. The system of claim 17 wherein said presenting
results indicating oxygen saturation includes presenting
numerical and/or visual representation of the oxygen satu-
ration.

19. The system of claim 17 wherein said registering a set
of multi-spectral images comprises:

binarizing the multi-spectral image,

finding border regions of each image by finding the region
including the straight line that passes the most number
of points in the region,

using the orientation of the borders to evaluate the ori-
entation of each spectral image,

equalizing the orientation of each spectral image by
rotating the spectral image,

edge-detecting each spectral image,

estimating the translation between the spectral images
based on the edges of adjacent images,

transforming the images to a stack of registered images,

wherein the images are transformed based on orientation
and position of each spectral image.
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20. The system of claim 17, wherein said locating blood
vessels in each of the multi-spectral images comprises

retrieving registered spectral images,
for each spectral image,
removing defective pixels,
enhancing image contrast,

performing top-hat transform using structuring element
larger than the largest vessel diameter,

binarizing each image,
applying filter for smoothing the image,

combining all the spectral images using binary AND
operatot,

skeletonizing the resulting image,
pruning the skeleton image,
re-growing the pruned image,
locating junction points,

wherein the junction points are the intersection of two or
more vessels.
21. The system of claim 17, wherein said evaluating the
width of said blood vessels comprises:

estimating the direction and position of the vessel profile,

evaluating positions of vessel walls based on the vessel
profile obtained,

evaluating vessel width based on the position of the vessel
walls,

wherein the width is the distance between the vessel
walls.
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