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1. Introduction

Ophthalmology focuses on relating structural changes to function and
disease. From biomicroscopy, ophthalmoscopy and fundus photography,
to electroretinography and visual evoked potentials the clinical purpose
is to objectively assess visual function. However, these techniques are
macroscopic and only grossly related to visual acuity. With the devel-
opment of optical coherence tomography (OCT) in vivo histological res-
olution of the retina has become routine. OCT has revolutionized
monitoring and treatment of retinal diseases. In addition, by measuring
the density of photoreceptors and lengthening of photoreceptor outer
segments (OS) in response to light phototransduction, Fig. 1., adaptive
optics (AO) and optoretinography (ORG), respectively, have set the
clinical foundation for objectively assessing a specific level of visual
acuity.1

2. Optoretinograph

There are three types of ORG, phase optoretinography (pORG), in-
tensity optoretinography (iORG) and spatio-temporal optical coherence-
tomography (STOC-T). pORG combines adaptive optics (AO) and optic
coherence tomography (OCT) to measure the initial photoreceptor OS
transient decrease in length that is followed by a longer and larger non-
linear increase that occurs from phototransduction of a brief light flash.?
Both the rate of the transient shortening and the sustained increase in OS
length are related to the flash energy. These changes in OS length alter
photoreceptor reflectance of individual cones that can be measured by
both pORG and intensity optical retinography (iORG).

iORG combines a scanning laser ophthalmoscope (SLO) with AO to
measure the reflectance of single photoreceptors.> pORG and iORG
noninvasively, objectively and precisely quantify photoreceptor response
that directly relates to visual function. The differences in timescale and

change in cone OS length enable in vivo identification of cone spectral
type that reveal the phototransduction cascade of the underlying
photoreceptor neuroprocessing required to fully understand color vision
and retinal disease. For example, in retinitis pigmentosa (RP) cone pORG
responses  decrease with increasing RP  severity.  Short--
wavelength-sensitive cones are more vulnerable to RP than medium- and
long-wavelength—sensitive cones. Decreases in cone OS length and
reflectance arise earlier in RP than changes in cone density.”

STOC-T captures a flicker stimulated optoretinogram from a light
adapted subject over an area of 1.7 x 0.85 mm? between the fovea and
the optic nerve to measure the modulated photoreceptor optical path
length (OPL) amplitudes that are related to the flicker frequency.4
Moreover, STOC-T can map the photoreceptors OPL amplitudes in
response to a spatial pattern of different frequency flickering light stripes
that will potentially clinically enable objective in vivo assessment of the
visual field and contrast sensitivity.

Similar to OCT, ORG will eventually be a paradigm changing clinical
technique. Ophthalmologists will be able to objectively measure visual
acuity, visual fields and contrast sensitivity in vivo at the photreceptor
level. These marvelous advances rely on the speed of image acquisition
and fundamentally image registration.

3. Image registration

Image registration is standard practice in medical imaging to mini-
mize the effects of motion artifacts.” Image registration involves super-
imposing two images by precisely aligning reference features that are
common to both images. Images from different modalities, for example,
computer-axial tomography scan (CAT-scan), magnetic resonance im-
aging (MRI) and ultrasound, positron emission tomography (PET) and
nuclear magnetic resonance imaging (NMRI) can be image registered as
long as they have corresponding nonchanging features in common that
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Fig. 1. Cone and rod photoreceptors. The outer segments lengthen when light
phototransduces the photopigment.

do not change position or dimensions during the capture of each image.
By aligning the unchanging reference features, differences between the
compared images can be accurately detected.

Image registration has significantly improved measurement accuracy
and detection of organ and tissue changes. This is especially important
for ophthalmic imaging. Normal saccades, convergent and cyclo-
torsional eye movements in addition to head and physiologically
induced movements make image registration imperative for ophthalmic
image comparisons. Image registration has become standard in OCT of
the posterior segment of the eye and has led to significant improvements
in resolution. Measurements of change in the retinal nerve fiber layer and
central retinal thickness have become more accurate. Detection of subtle
retinal and choroidal pathologies and disease progression, not visible in
the past, are now routinely observed. Image registration continues to
improve with fast computer algorithms.

4. Anterior segment image registration

Unfortunately, image registration of the anterior segment has lagged
behind. For example, many have assumed monocular viewing can avoid
extraneous eye movements during accommodation; however, even with
monocular viewing the eye cyclotorts and translates.® Commonly the
corneal reflex is used for aligning the eye. This is insufficient and has led
to the incorrect belief that the cornea and sclera change shape during
accommodation. When images were registered, there is no evidence that
the cornea or sclera change shape during accommodation’ as Thomas
Young demonstrated in 1801. Another technique is to use the center of
the pupil for eye alignment; however, as the pupil constricts its center
shifts so it is not a non-changing reference for comparing images.
Commonly statistical methods are used in the comparison of ophthalmic
images; however, eye movements are not always random; e.g., conver-
gent and torsional eye movements are directly related to the magnitude
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of accommodation as demonstrated by the accommodative/convergence
(A/C) ratio.

The need for anterior segment image registration is exemplified by
studies that evaluated accommodation without image registration. These
studies reported exaggerated increases in anterior chamber depth, lens
thickness and equatorial diameter of approximately three or more times
greater than when image registration was performed.®°

5. The future

Unexpected physiological and pathological subtle changes of the
retina are now commonly observed with posterior segment OCT for the
benefit of patient care.'’ ORG will potentially significantly add to these
advances. All being made possible by image registration that itself will
continue to improve. By simultaneously recording from at least 6 indi-
vidual high speed imaging devices located in different spatial positions
and including image registration, changes in the contour and dimensions
of the eye and its components will be measurable with nanometer ac-
curacy. This will lead to remarkable advances in imaging both the eye
anterior and posterior segments resulting in improved diagnosis and
treatment similar to the advances in tennis, cricket and golf made by
Hawk-eye.
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