Design Considerations for a Computer-Vision-Enabled Ophthalmic
Augmented Reality Environment

Jeffrey W. Berger!?? Michael E. Leventon®* Nobuhiko Hata* William Wells®*5
Ron Kikinis*®

September 5, 1996

Abstract

We have initiated studies towards the design and implementation of an ophthalmic
augmented reality environment in order to allow for a) more precise laser treatment for
ophthalmic diseases, b) teaching, ¢) telemedicine, and d) real-time image measurement,
analysis, and comparison. The proposed system is being designed around a standard sht—
lamp biomicroscope. The microscope will be interfaced to a CCD camera, and the image
sent to a video capture board. A single computer workstation will coordinate i image cap-
ture, registration, and display. The captured image is registered with previously stored,
montaged photographic and angiographic data, with superposition facilitated by fundus-
landmark-based fast registration algorithms. The computer then drives a high intensity,
VGA resolution video display with adjustable brightness and contrast attached to one of
the oculars of the slitlamp biomicroscope. Preliminary studies with a modified binocular
operating microscope interfaced to a Sun Ultral Workstation and an IBM-compatible PC
demonstrates proof-of-principle. Robust, accurate fundus image montaging is accomplished
with Hausdorff-distance-based methods. For photographic and angiographic data where
the vessel gray levels vary from light to dark, and intensity-based correlation methods fail,
image-preprocessing with smoothing, edge—detection, and thresholding facilitates registra—
tion. Non-real-time registration (~ 0.4 — 4.0 CPU seconds) is achieved by non-optimized
simple template matching (translation only, Matrox Inspector) or Hausdorff-distance-based
(translation and scaling) algorithms performed on edge-detected fundus photographic and
angiographic images, and on images of a model eye. Successful registration and image
overlay of color, monochromatic, and angiographic images is demonstrated. To our knowl-
edge, these studies represent the first investigation towards design and implementation of
an ophthalmic augmented reality environment.
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Summary Page

a.

What is the original contribution of this work?

To our knowledge, our investigations represent the first investigations towards the design and
construction of an ophthalmic augmented reality environment

. Why should this contribution be considered important?

Our application should allow for more efficacious treatment and evaluation of potentially blind-
ing diseases.

. What is the most closely related work by others and how does this work differ?

Similar investigations of image overlay /augmented reality in other surgical disciplines have be
explored, but these technologies and methods have not been applied to diagnosis and treatment
of eye diseases.

. How can other researchers make use of the results of this work?

Our results demonstrate new methods for fast, two dimensional image registration, and we
present a novel design for an image overlay applications.

. If this work extends or relates closely to some other work you have published or

submitted, please state precisely how it differs from that work?

Not applicable

Select the categories which characterize your work

An integrated system, in part tested in phantom studies.
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1 Introduction

Diabetic macular edema and age-related macular degen-
eration (AMD) are the two major causes of visual loss
in developed countries. While laser therapy for these
and other diseases has prevented loss of visual function
in many individuals, disease progression and visual loss
following suboptimal treatment is common. For AMD,
there is unambiguous evidence that incomplete laser
photocoagulation of the border of a choroidal neovascu-
lar lesion is associated with an increased risk for further
visual loss, while treatment beyond the borders unnec-
essarily destroys viable, central photoreceptors, further
degrading visual function.

As a concrete example, in eyes with juxtafoveal
choroidal neovascularization (CNV) secondary to ocu-
lar histoplasmosis, only 5% of eyes with laser treatment
that covered the foveal side of the lesion with a narrow
(< 100p) treatment border suffered severe visual acu-
ity loss, while ~ 25% of eyes with either some of the
foveal side untreated, or a wide border of treatment on
the foveal side suffered severe visual loss (MPS,; 1995).
Similar results have been reported for AMD. Building
on the recommendations proposed in Macular Photoco-
agulation Studies, clinicians generally attempt to corre-
late angiographic data with biomicroscopic images using
crude, time-consuming, potentially error-prone methods.
In a recent practical review (Neely, 1996), the author
suggests that “...to assist you in treatment (of neovas-
cular AMD), project an early frame of the fluorescein
angiogram onto a viewing screen. Use the retinal ves-
sels overlying the CNV lesion as landmarks. 1 suggest
tracing an image of the CNV lesion and overlying ves-
sels onto a sheet of onion skin paper. It takes a lit-
tle extra time, but I find it helps to clarify the treat-
ment area.” Accordingly, precise identification of the
treatment border during laser therapy by correlating the
biomicroscopic image with fluorescein angiographic data
(where the lesion extent is better delineated, see for
example Figure 1) should be beneficial for maximizing
post-treatment visual function. Diagnosis and treatment
relies on synthesizing clinical data derived from fundus
biomicroscopy with angiographic data, but methods for
correlating these data, and for direct guidance of laser
therapy, are not well-developed.

We are exploring techniques to overlay angiographic
data on the real-time biomicroscopic slitlamp fun-
dus image in order to guide treatment for eye dis-
ease (for example, to better define and visualize the
edges of choroidal neovascular membrane, and im-
prove identification of focal areas of leakage in di-
abetic macular edema). The biomicroscopic fundus
image will be “augmented” in real time with avail-
able angiographic data. Text display and a “virtual

pointer” will be incorporated into the augmented re-
ality display to facilitate teaching, telemedicine, and
real-time measurement and image analysis.  More-
over, image superposition will allow for direct com-
parison with previous images to judge disease progres-
sion (for example, to judge progression or stability of
AMD or cytomegalovirus retinitis—a common, blind-
ing disease afflicting patients with acquired immunode-
ficiency syndrome) and allow for real-time identification
of prior treatment areas. This technology is straightfor-
wardly extended to an indirect-ophthalmoscope-based or
operating-microscope-based system to facilitate correl-
ative, teaching, and telemedicine applications in these
environments.

The availability of formidable computation power has
facilitated real-time image processing, allowing for inves-
tigation of useful augmented reality (AR) applications.
Our interest in developing a slitlamp-biomicroscope-
based AR environment are twofold. First, there is con-
siderable interest in medical applications of AR for sur-
gical planning and execution. The slitlamp biomicro-
scope is an 1deal model system for medical AR applica-
tions since a) the slit-lamp fundus image is quasi-two-
dimensional requiring less computational power than
a three-dimensional application, and b) the fundus
landmarks are suitable targets for machine-vision-based
recognition and tracking. Second, “augmenting” the
fundus biomicroscopic view will allow for a) more pre-
cise laser treatment for retinal diseases such as diabetic
macular edema and age-related macular degeneration, b)
teaching, c) telemedicine, and d) real-time image mea-
surement and analysis.

In this report, we describe considerations for the de-
sign and implementation of an ophthalmic augmented
reality environment and report on our preliminary stud-
ies in model systems.

2 Methods

2.1 Engineering Considerations

Design and implementation of the system described re-
quires solution to a number of challenging problems.
First, the system must be robust, tolerate a small area
of fundus illumination, and respond rapidly to moderate
changes in eye position during evaluation and treatment.
We approach this by acquiring multiple, partially over-
lapping photographic images and montaging these im-
ages in non-real-time. Available angiographic and pho-
tographic data will be registered with the montaged data
set to allow for rapid rendering. Since photographic and
angiographic data may vary considerably in intensity,
e.g. the blood vessels are dark in a monochromatic im-
age and in the early angiographic phases but bright in
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Figure 1: Monochromatic photographic (left) and fluorescein angiographic (right) image of an eye with age-related
macular degeneration. The optic nerve is at the far right of each photograph, with the fovea located centrally. Note
that the angiogram conveys additional information regarding areas of leaky blood vessels.

the late angiographic phase, intensity based registration
algorithms are unsuitable. We are exploring edge-based
registration algorithms, and have demonstrated success-
ful image registration of color, monochromatic, and
angiographic data following image pre-processing with
smoothing, edge detection, and thresholding. The real-
time fundus image will then be registered in near-real
time with the montaged data set. Automated montag-
ing of fundus images and fast fundus image registration
are non-trivial problems, and appropriate, application-
specific distance metrics must be deduced.

Next, the stored data must be “overlayed” on the
biomicroscopic image. The computer rendering must
be fast, and ergonomically well-tolerated. Lastly, tech-
nologies permitting interactivity will be developed. A
remote observer (e.g. an expert supervising the local ex-
aminer, or a trainee “observing” a diagnostic or thera-
peutic maneuver) will view a real-time graphical display
of the biomicroscopic image, and will be able to commu-
nicate questions or recommendations by text or voice.
The remote observer will control a mouse-based “virtual
pointer” to unambiguously identify regions of interest.
The local user will similarly control a pointer to enable
distance and area measurements, the results of which
will be displayed in the text window. With both the lo-
cal and remote user in control of a pointer, and able to
communicate by voice or text, interactivity is facilitated.

An appropriate similarity metric for registration and
montaging functions must be chosen. The “Hausdorff
distance” (Huttenlocher et al., 1993; Rucklidge, 1995)
is well-suited for our purposes since it a) runs well for
edge-detected images, b) tolerates errors as well as the
presence of extra or missing data points between data

sets, and ¢) operates on an arbitrary, user-defined trans-
formation function. For matching the fundus images, we
are searching only over translation and scale, since there
is very little rotation between images (< 5°) and since
searching over rotation is much more computationally
expensive.

The Hausdorff distance is computed only for positively
thresholded (e.g. edge-detected) points and is defined by

H(A, B) = max(h(A, B),h(B, A))
h(A, B) = maxmin ||la — b||
acEA bEB

where ||a — b|| represents Euclidean distance.

The Hausdorff distance identifies the point a € A that
is farthest from any point of B, and measures the dis-
tance from a to its nearest neighbor in B. Equivalently,

if H(A, B) = d, then
Vae A,Fbe B |la—b]|<d

or all points in A must be within a distance d from some
point in B, with the most mismatched point at exactly
a distance d from the nearest point in B.

Due to occlusion and outliers, not all points in A will
have a meaningful correspondence with a point in B. We
therefore use the partial Hausdorff distance measure:

Hy(A, B) = max(hg (A, B), hg (B, A))
hi (A, B) = K™ min||a — b||
acA beB

An extension of the Hausdorff distance by Hutten-
locher et al. (1993) defines a fraction of points in set
A that lie within ¢ of some point in B:

F.(A, B) = min(f.(A, B), f.(B, A))
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Figure 2: Binarized images of the monochromatic (left) and angiographic (right) images depicted in Figure 1. Edges

were found using the Canny edge detector.

#(AA B)
#(A)

where B¢ is the point set B dilated by ¢, or the
Minkowski sum of B with a disk of radius €. In other
words, f(A, B) is the fraction of points in A that lie
within € of some point in B. Instead of fixing K and
minimizing Hg (A, B), we fix the dilation ¢ and maxi-

mize F'(A, B).

f(A,B) =

2.2 Montaging

Fundus photographic and angiographic data will be su-
perimposed on a real-time slit-lamp biomicroscopic im-
age. The algorithm will initially be developed for mac-
ular applications. Specifically, images of the posterior
fundus will be acquired and montaged into a single data
set. Available angiographic data will be registered (off
line, i.e. not in real time) with the montaged data set
prior to biomicroscopic examination. Welch and cowork-
ers (Markow et al 1993; Barrett et al 1994, 1996) and
Becker et al. (1995) describe algorithms for real-time
retinal tracking for automated laser therapy, however,
the tracking algorithms require multiple templates to fol-
low retinal vessels at several fundus locations, and there-
fore requires a large illumination area; tracked vessels
must be visible at all times. This requirement is not
consistent with our goal to allow for narrow beam illu-
mination, and is more suitable for a fundus camera with
monocular, wide angle viewing. Further, their tracking
algorithms limit the search to a small area surrounding
the previously tracked position, and is not tolerant of
large changes in fundus position as might be encountered
during a slit-lamp fundus, biomicroscopic examination.

We have implemented a modified, bidirectional
Hausdorff-distance-based (Huttenlocher et al. 1993;
Rucklidge, 1995) approach for image montaging. Multi-

ple, partially overlapping fundus images are acquired.
The images are then smoothed and edge detected
(Canny, 1986). To match two images together, the max-
imum Hausdorff fraction over translation and scale is
found. Given that the fundus images only partially over-
lap, if all points in both images are used in the Hausdorff
fraction calculation, then the resulting fraction will be
very low. In fact, it is likely that a random transfor-
mation where the fundus images have more overlap will
have a larger fraction if all points are considered.

Therefore, when computing the Hausdorff fraction
F(A, B) for a given transformation, 4 and B are the
sets of points from the two images that are in the over-
lap region of the images. All points that fall outside the
overlap region for a certain transformation are ignored.
To prevent a false match with a high fraction where only
a very small percentage of points lie within the overlap
region, a minimum percentage of image points (currently
10%) must lie in the overlap region for the transforma-
tion to be considered a possible match.

To build the montage, the position and scale of all
images must be determined relative to a fixed coordi-
nate system (that of the montage). Under the current
design, a “central” image is chosen a priori by the user,
and the coordinate system of this image 1s used for the
montage. Generally, the “central” image is easily iden-
tifiable by the user because it contains both the fovea
(which should be approximately centered) and the op-
tic nerve. All the other images are then matched to the
central image, yielding a transformation that maximizes
the Hausdorff fraction.

All images that match the central image with a Haus-
dorff fraction above some threshold (currently 70%) are
considered to be correctly placed in the montage. Any
images that do not match the central image are then
matched against the other images. Although worst case,
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Figure 3: Montage of five distinct, partially overlapping fundus images as determined by the Hausdorff distance-based
methods. The right image is the result of applying the Canny edge detector on the left image.

this is O(n?) matches, in practice, most if not all of the
images match the central image.

Once the positions and scales of all the images are
known relative to the central image, the montage im-
age can be built. One simple method of building the
montage 1s to average the intensity values of the over-
lapping images at every pixel. The montage image, I, is
computed as follows:

Zici (0, y) x Li(, )

it 8i(z,y)
where é;(x,y) is 1 if (z,y) lies inside image I and 0 oth-
erwise.

However, in general, the average intensities of the im-
ages are not equal, so edge artifacts are introduced at
the 1image borders. Furthermore, the average intensity
in any one image generally varies over the image. The
fundus images are often brighter near the center and lose
brightness and contrast near the image borders. The ves-
sels we are using as landmarks disappear near the image
borders. Thus, in addition to the edge artifacts, sim-
ply averaging images also degrades the visibility of the
vessels in the montage near image borders.

Therefore, when blending all the images to form the
montage, we use a convex combination that puts greater
weight on pixels closer to the center of an image:

N
Yo (i (@, y) x Lz, y))
N
>zt 47 (2, y)

where d; is the distance from the point (2, y) to the near-
est border of image ¢ if (x,y) is inside the image, and 0
if (z,y) is outside the image. This blending removes
many of the artifacts due to varying contrast and inten-
sity. Figure 3 shows the result of montaging five distinct,
partially overlapping fundus images.

I(z,y) =

I(z,y) =

2.3 Registration

Our preliminary studies have demonstrated that pre-
processing with edge-detection algorithms allow for reg-
istration of photographic and angiographic data where
the vessel gray levels may vary from black to white
(Figure 2). Early non-real-time studies demonstrating
the applicability of edge-detection-based algorithms for
image registration were performed on a PC compatible
computer with Matrox Inspector (Quebec, Canada) soft-
ware.

For potential near-real-time application, the biomicro-
scopic image will be acquired, undergo edge detection
and thresholding (binarization). A pruned search tree
will then be searched extending from no displacement to
the maximum displacement as determined by the frame
rate and image size. The Hausdorff distance will be min-
imized, with computational frugality achieved by a) the
small size of the illuminated biomicroscopic image, b)
calculations with binarized images (permitting logical
operations), c) restricting our template search to trans-
lational displacements with correction for scaling, and d)
limiting the search area. Crucial to efficient application
is the off-line montage creation, allowing for instant ac-
cess to photographic and angiographic data. Optimum
temporal performance may be achieved with a small il-
luminated fundus area, 1.e. a small template, with the
remainder of the image presented efficiently from pre-
viously stored data. Along these lines, the influence of
the size of the illuminated biomicroscopic image on the
speed and fidelity of registration will be explored.

2.4 Image Overlay

Ultimately, a standard ophthalmic slitlamp biomicro-
scope will be used together with either a fundus con-
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Figure 4: Registration and superposition of the images in
Figure 2 by a Hausdorff-distance-based algorithm incor-
porating translation and scaling parameters. The angio-
graphic and photographic data are depicted in magenta
and cyan, respectively.

tact lens or a hand-held 60-90 diopter non-contact lens
to view the ocular fundus. As an analog to the operat-
ing microscope, the slit-lamp biomicroscope is perfectly
suited to serve as an imaging and display conduit for AR
applications. We are using a modified Zeiss OPM1-DFC
operating microscope that permits image overlay of pre-
viously stored data on the real-time biomicroscopic im-
age. The microscope is interfaced to a CCD camera, and
the image is sent to a frame-grabber and digitizer. The
image is processed on a Sun Ultra I workstation where
registration calculations are performed. The workstation
drives a custom-made high-intensity video display with
VGA resolution and adjustable brightness and contrast,
and presents images in a false color (e.g. green) to maxi-
mize visibility. Algorithm development has utilized both
Sun and PC compatible workstations.

3 Results

Modified Hausdorff-distance-based methods are effective
for rapid, accurate montaging of multiple, partially over-
lapping fundus images. Transformation functions as de-
rived from edge-detected, binarized images allow for con-
struction of a single data set (Figure 3).

For photographic and angiographic data where the
vessel gray levels vary from light to dark, and intensity-
based correlation methods fail, image-preprocessing with
smoothing, edge-detection, and thresholding facilitates
registration. Following image pre-processing, Matrox in-
spector software (using a simple template matching algo-
rithm) allows for identification of corresponding regions
in photographic and angiographic images. Translation-
only transformation functions are thus defined, and the
utility of edge-based registration methods i1s demon-
strated.

Figure 5:
detected image of a model eye onto a real-time biomi-
croscopic image of the model eye. The model eye vessels
are not visible in this photograph, but are identified by
the image overlay.

Image overlay of previously stored edge-

Non-real-time registration (~ 0.4 — 4.0 CPU seconds)
i1s achieved by non-optimized Hausdorff-distance-based
(translation and scaling) algorithms performed on edge-
detected fundus photographic and angiographic images,
and on images of a model eye. Figure 4 depicts edges
corresponding to vessel skeletons demonstrating high-
fidelity registration of photographic and angiographic
data (corresponding to the images in Figures 1 and 2).

Image overlay is demonstrated by simple image super-
position on a computer monitor. In addition, image over-
lay is accomplished on the operating-microscope-based
system described. Photographic images of a model eye
were acquired and edge detected. The edge-detected im-
ages were then rendered in green, and overlayed on a
real-time biomicroscopic image of a model eye (Figure
5). The real-time view through the binocular objectives
was then a merged 1mage of the green edges and the
real-time model eye fundus image. Accordingly, proof-
of-principle for an ophthalmic augmented reality envi-
ronment is demonstrated.

4 Discussion

Our preliminary studies represent the first investigations
towards the design and implementation of an ophthalmic
augmented reality environment. As an analog to the op-
erating microscope, the slit-lamp biomicroscope is per-
fectly suited to serve as an imaging and display conduit
for AR applications. Further, since our application is
quasi-two-dimensional, computational demands are far
less than in three-dimensional image registration tasks,
potentially allowing for efficient real-time performance.

Image registration has played a major role in facilitat-
ing augmented reality (AR) applications. As described
by Feiner (1993), an AR system utilizes computer gen-
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erated graphics, such that the virtual world is superim-
posed on, and enriches, the real world. Whereas vir-
tual reality (VR) is the graphical construction of a syn-
thetic environment, AR extracts information from the
real world and augments it (Bowskill and Downie, 1995;
Caudell, 1994).

Although there has been an explosive development of
investigation into VR applications in medicine, AR, ap-
plications might have a far greater utility, but have re-
ceived much less attention (O’Toole et al. 1995). An
early study described the superposition of ultrasound
images on the abdomen, using a position-tracked, see-
through head mounted display (Bajura et al. 1992). Re-
cently, there has been great interest in neurosurgical ap-
plications of AR. Specifically, the intraoperative registra-
tion of CT, MR, and PET images on a living patient in
the operating room may greatly facilitate surgical plan-
ning and execution (Gleason et al. 1994; Edwards et al.
1995; Grimson et al. 1996). Typically, registration of
the patient with the radiographic data is accomplished
by tracking fiducial markers placed on the skin surface
and tracking the position of the operating microscope.
Our application does not require fiducial markers or im-
age tracking. The real-time 1mage is registered with a
previously stored, montaged data set.

We present design considerations for an ophthalmic
augmented reality environment, and demonstrate the
technical feasibility for each element of the proposed sys-
tem. In subsequent investigations, angiographic images
will be registered off-line to create a three-dimensional
vector containing time-dependent angiographic data.
Specifically, the individual frames from previously ac-
quired angiographic studies will be registered with each
other with high precision, and subsequently registered
with the montage. Therefore, the angiographic data will
be presented in cine form in the augmented reality en-
vironment, offering dynamic visualization of (for exam-
ple) leakage from a CNVM, diabetic microaneurysm, or
central serous retinopathy. Further, image registration
and overlay will allow for real-time image comparison to
judge disease progression and guide treatment. Finally,
technologies permitting interactivity as described above
will be incorporated to allow for telemedicine applica-
tions.
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