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Review Article on Novel Tools and Therapies for Ocular Regeneration

Toward a clinical optoretinogram: a review of noninvasive, optical
tests of retinal neural function
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Abstract: The past few years have witnessed rapid development of the optoretinogram—a noninvasive,
optical measurement of neural function in the retina, and especially the photoreceptors (Ph). While its recent
development has been rapid, it represents the culmination of hundreds of experiments spanning decades.
Early work showed measurable and reproducible changes in the optical properties of retinal explants and
suspensions of Ph, and uncovered some of the biophysical and biochemical mechanisms underlying them.
That work thus provided critical motivation for more recent work based on clinical imaging platforms, whose
eventual goal is the improvement of ophthalmic care and streamlining the discovery of novel therapeutics.
The first part of this review consists of a selective summary of the early work, and identifies four kinds of
stimulus-evoked optical signals that have emerged from it: changes in light scattered from the membranous
discs of the Ph’s outer segment (OS), changes in light scattered by the front and back boundaries of the
OS, rearrangement of scattering material in and near the OS, and changes in the OS length. In the past
decade, all four of these signals have continued to be investigated using imaging systems already used in the
clinic or intended for clinical and translational use. The second part of this review discusses these imaging
modalities, their potential to detect and quantify the signals of interest, and other factors influencing their
translational promise. Particular attention is paid to phase-sensitive optical coherence tomography (OCT)
with adaptive optics (AO), a method in which both the amplitude and the phase of light reflected from
individual Ph is monitored as visible stimuli are delivered to them. The record of the light’s phase is decoded
to reveal a reproducible pattern of deformation in the OS, while the amplitude reveals changes in scattering
and structural rearrangements. The method has been demonstrated in a few labs and has been used to
measure responses from both rods and cones. With the ability to detect responses to stimuli isomerizing
less than 0.01% of photopigment, this technique may prove to be a quick, noninvasive, and objective way
to measure subtle disease-related dysfunction at the cellular level, and thus to provide an entirely new and
complementary biomarker for retinal disease and recovery.
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Introduction

Human vision begins in the retina, when light is converted
by photoreceptors (Ph) into a “substantial chemical
image” (1), which is then post-processed by retinal
interneurons before transmission to the brain by retinal
ganglion cells. The most significant impact of retinal
diseases and ocular manifestations of systemic disease is
loss of vision, ultimately caused by dysfunction and/or
demise of retinal neurons. At present, the mainstays of
functional neural testing in the retina are psychophysical
(such as acuity testing, visual fields, and microperimetry)
and electrophysiological [such as the electroretinogram
(ERG), multifocal electroretinogram (mfERG), and
visual evoked potential (VEP)]. These methods have
been used to learn much about disease-related neural
dysfunction, especially when they have been used to
localize dysfunction to individual classes of neuron
and have permitted correlation with structural changes
visible in clinical imaging. The use of these methods in
clinical research and practice have been reviewed in detail
elsewhere (2-5).

Clinical psychophysics and electrophysiology are
fundamentally blunt methods, since they measure the bulk
subjective and electrical responses of the retina, respectively.
Nevertheless, investigators in these fields have developed
countless ways to tune visible stimuli and analyze responses
in order to improve the specificity and resolution of the
tests. Psychophysical tests can routinely distinguish the
responses of cones and rods, and differentiate the responses
of Ph from those of postreceptoral neurons. The full-
field ERG, through the use of adapting backgrounds, can
similarly distinguish the signals of rods and cones, and
through temporal analysis of the bulk electrical response
of the retina can separate the electrical responses of Ph, bi-
polar cells, ganglion cells, and cells of the retinal pigmented
epithelium (RPE). Perimetry and the multifocal (mf) ERG
, moreover, permit spatial localization of responses as well,
although with resolution much coarser than that offered
by adaptive optics (AO). AO perimetry permits diffraction-
limited stimulus delivery and imaging (6,7), and thus
offers the possibility of psychophysical testing with cellular
resolution. In spite of these developments, researchers have
for decades investigated possible optical signatures of neural
function in the retina, motivated by the hope for rapid,
noninvasive, and objective methods that might provide
additional, complementary information about retinal
function and dysfunction.

© Annals of Translational Medicine. All rights reserved.
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The past three decades have witnessed a revolution in
our ability to resolve structures in the retina at cellular
scales (Figure 1). First, optical coherence tomography
(OCT) provided the first cross-sectional images of the
retina (8), and developments in dispersion control over
broad bandwidths (9) armed OCT with the axial resolution
sufficient for differentiating the lamina of the neural
retina (10) (Figure 1B). Soon after, spectral-domain (SD)
(or Fourier-domain) OCT was developed (11-14), which
further improved axial resolution, speed, and sensitivity
of OCT. Meanwhile, other investigators were discovering
how to overcome the fundamental limitations on lateral
resolution in the living human eye, namely by using
AO to compensate for the dominant effect of dynamic
aberrations when imaging through a dilated pupil (15).
The axial and lateral resolutions of these two technologies
were combined in AO-OCT (16-18), which has been used
to image the retina with microscopic three-dimensional
resolution and perform quantitative morphology at the
cellular scale (19-21). As our abilities to resolve retinal
neurons axially and laterally (first separately and later
together) have grown, so too has the interest in using
these technologies to detect and measure their functional
responses.

In this review, I use the term optoretinography (ORG)
to mean “measurement of light-evoked changes in the
optical properties of retinal neurons”. As we shall see,
this is a sufficiently broad definition to include dozens
of methodological and analytical variants. However,
it is narrow as well, excluding light-evoked changes in
blood flow or other spectroscopic parameters. I would
like to avoid the broader term “functional”, which
includes the latter (22), in order to make the disciplinary
boundaries clear. The term “optoretinogram” was first
used aspirationally by investigators who had hoped to
identify light-evoked optical responses in vivo (23). More
recently it has been used as an umbrella term for optical
measurements of retinal neural function (24).

Because OCT and AO technology has developed so
rapidly, we are now able to observe the retina in great detail,
in vivo (Figure I). In some cases, these in vivo observations
have outpaced our understanding of the underlying
anatomical structures (25-29). Given that any attempt
to understand the structure of the retina is susceptible
to methodological artifacts, it is not clear what the “gold
standard” should be, even for structural imaging. The
addition of functional responses to this milieu multiplies
the problem. If ORG measurements are to be interpreted
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Figure 1 Overview of retinal anatomy, phototransduction, and retinal imaging using OCT and AO-OCT. (A) A cross-sectional diagram of
the eye, as viewed from above. An image is formed on the retina when the eye’s two main optical elements—the cornea and lens—focus the
incident light, while the iris controls the amount of light entering the eye. The center of the retina, called the fovea, is specialized for high
acuity vision, and is thus densely packed with cone Ph. (B) Optical coherence tomography (OCT) is a standard of ophthalmic care, providing
clinicians with a cross-sectional image of the retina. Shown here is a scan through the macular region, including the fovea and foveal pit.
Clinical OCT systems have axial resolution on the order of 10 um, sufficient for resolving the layers of the neural retina. Light incident
on the retina must penetrate the izner neural layers into the outer retina, where the Ph lie. The Ph send signals to the BPC, which in turn
signal the GC, whose axons form bundles in the NFL. These bundles meet to form the optic nerve, and carry the retinal signal to the brain.
While the main neural layers are resolved in clinical OCT images, lateral resolution is insufficient to individuate cells. (C) A cross-sectional
image acquired with AO-OCT. AO provides the lateral resolution required to observe single cells and subcellular features. This AO-OCT
image shows two correlated arrays of scattering objects, believed to be the inner and outer boundaries of the photoreceptor OS. (D) These
boundaries are called the IS/OS and COST or ROST. The OS consists of a cylindrical, membrane-bound stack of between 200 and 1,000
circular membranous discs, studded with light-sensitive proteins called opsins. The capture of photons by opsins in the OS is the first step in
seeing. OCT, optical coherence tomography; AO, adaptive optics; Ph, photoreceptors; BPC, bipolar cells; GC, ganglion cells; NFL, nerve
fiber layer; OS, outer segments; IS/OS, inner segment outer segment junction; COST, cone outer segment tips; ROST, rod outer segment

tips.

in the context of what is known about retinal anatomy and
neurophysiology, much more effort should be put toward
understanding both the anatomical structures and the
biophysical mechanisms where they originate.

Optical signatures of signal transduction in
neurons, or intrinsic signals

When neurons transduce or conduct signals, many
biochemical and biophysical changes occur: the movement
of ions across the membrane changes, along with attendant
water movement; distribution of charge about the
membrane changes; the involvement of proteins (e.g., signal
transduction catalysts and ion channels), often resulting
in conformational changes in distribution of mass and/
or charge or dissociation of subunits. For eighty years
scientists have studied the potential optical consequences
of these processes (30). Such effects were first observed in

© Annals of Translational Medicine. All rights reserved.

the walking leg nerve bundle of the green crab, by David
Keynes Hill and Richard Darwin Keynes in 1949 (31). They
found that scattering of white light increased in response to
stimulation of the nerves, and initially hypothesized that this
was due either to the scattering properties of the axoplasm
or the membrane. Subsequent experiments, by Hill, on an
analogous nerve bundle of the spider crab suggested that the
scattering changes may be biphasic, with an initial increase
followed by a decrease (32). Those experiments also
revealed that the addition of sodium chloride or magnesium
sulfate to the extracellular medium, known to cause osmotic
shrinkage of the axons in the bundle, caused a concomitant
increase in scattering by the bundle. This finding suggested
that the initial hypotheses were incorrect, and that the
scattering increase was more likely due to changes in the
spatial distribution of the axons within the surrounding
extracellular medium. Hill stated that the causal relationship
between axon volume and scattering was unknown, but
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nevertheless attempted to calculate the former from the
latter, a calculation he admitted “has necessarily to be
rather inaccurate”. The process by which changes in
tissue manifest as changes in scattering is complex, and
implicates many optical, biochemical, and biophysical
factors. The optical processes themselves are numerous,
and include those dependent on material refractive index
(such as refraction and scattering) and those not (such as
diffraction). In the same issue, Hill published results of a
separate experiment which showed that stimulation of a
single cuttlefish axon produced an initial decrease, followed
by an increase, in both the axon’s diameter and length (33).
Since then, morphological changes have been measured in
dissected neurons using a variety of imaging techniques,
such as scattering (34-36), fluorescence and polarization
imaging (37), laser interferometry (38), atomic force
microscopy (39), optical levers (40), OCT (41,42), phase-
sensitive reflectometry (43), and phase-sensitive OCT (44).

Researchers studying the physiology of Ph soon became
interested in the effects of stimulation on their optical
properties. Korenbrot and Cone showed light-dependent
resistance to sodium influx in isolated frog rods, using
an imaging cytometry system (45). Bownds and Brody
employed an early impedence cytometer (or Coulter
counter) to measure the volume of isolated bullfrog rod
outer segments (OS) (46). They found that in the dark, in
a hypotonic suspension, the rod OS swelled, as predicted,
but that this swelling response could be attenuated or
eliminated by light exposure. These experiments provided
important confirmation for the theory that light-evoked
hyperpolarization of Ph was affected by closure of sodium
channels, but also blazed a trail for investigators looking
for optical signatures of Ph signaling. The observation
that hypotonic swelling was eliminated by light exposure
supports the idea that in physiological conditions light
exposure affects the volume of the Ph OS.

Corless showed a difference in the X-ray diffraction
pattern resulting from dark-adapted and fully bleached
frog rods (47). A year later, Chabre and Cavaggioni
devised a system for measuring similar diffraction patterns
dynamically, and showed that in retinal explants from frogs,
upon stimulation with white light, the rod OSs initially
shorten by 0.5%, and then elongate by 2% (48). The
authors reported an initial broadening of the diffraction
peaks, suggesting disorganization of the OS lattice. They
attributed the disorganization of the discs to the intensity of
the stimulus flash, which bleached all of the photopigment
within a few seconds, and noted that this condition does not

© Annals of Translational Medicine. All rights reserved.

Jonnal. Toward a clinical optoretinogram

arise naturally. In a later experiment, the same investigators
observed that the second, swelling phase was only present in
retinal explants, and not in single isolated frog rods (49).

Since efforts to measure light-evoked changes in the
Ph OS length have typically observed both increases and
decreases in OS length, “deformation” will be used in this
manuscript as an umbrella term for changes in OS length.
The mechanisms involved in deformation may include
increases or decreases in the disc spacing or volume with
concomitant changes in the bulk length of the OS.

As X-ray imaging of Ph was not possible in vivo,
researchers began to consider how OS deformation may
affect the light scattering properties of the Ph. This is
analogous to the early work of Hill and Keynes, which
showed that axonal swelling manifested as scattering
changes in bundles of axons. McConnell showed that
when suspensions of bovine rod OSs were exposed to
light, their scattering properties were affected, with the
sign and magnitude of scattering changes dependent on
concentrations of salts in the medium (50).

Ph are rich with photopigment—the molecules
responsible for absorbing light and initiating the
phototransduction cascade. Photopigments complicate
functional imaging because their scattering properties
change with activation (bleaching), independent of
downstream signaling. A number of investigators began
to study light-evoked scattering of near-infrared (NIR)
light instead, mainly in suspensions of frog and bovine rod
OSs or rod OS discs. These investigators characterized
both gross changes in scattering and angular changes in
scattering. For the sake of simplicity here only increases and
decreases in scattering are described. For heterogeneous
suspensions, this is sufficient, as changes in angular profile
are difficult to interpret when a variety of particle sizes
are present. “Increased scattering” here is equivalent to
decreased transmission through the suspension, as measured
180° away from the source. In the case of NIR light, which
is known to have low absorbance in the Ph, a decrease
in transmission implies an increase in scattering in other
directions, possibly isotropic.

Hofmann ez 4/. determined that there were multiple
mechanisms for light-evoked scattering changes, each with
different kinetics. A decrease in scattering was attributed to
swelling of the whole rod OS, with overlapping increases
in scattering due to shrinking of the discs (51). A year later,
the same group was able to isolate the scattering increase—
the positive (“P”) signal—in suspensions of bovine rod
OS discs with their plasma membranes broken (52). They
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attributed this increase in scattering to a contraction of the
discs, and determined that it is proportional to bleaching at
fractions less than 2% and saturates when 15% of rhodopsin
is bleached. Another experiment showed that toad rods
exhibit an initial increase in scattering followed by a slower
decrease (53). The investigators attributed these changes
to shrinking and swelling, respectively, of the OS discs,
confirming the earlier work. In parallel, other investigators
found that light stimuli affected the transverse birefringence
of frog rod OSs (54). Disc spacing affects polarization-
dependent phase retardation, as shown by diurnal variations
Nomraski images (55).

Scattering changes—and the putative underlying changes
in disc volume-were later suggested to be caused by binding
and dissociation of activated rhodopsin (R*) with its GTP-
binding protein, transducin, and associated changes in the
mass of the disc membrane (56-58). Kiihn ez 4/. developed
a method for removing transducin from rod OS discs
and then titrating it back onto the disc membrane (56).
They distinguished separate scattering changes, for the
respective binding (P-signal) and dissociation (N-signal)
of R* and transducin, by making measurements while
modulating the concentration of GTP, which is required for
phosphorylation and subsequent dissociation of transducin’s
a-subunit. Hofmann ez 4/. found that the saturation of
the P signal occurred at approximately 10% of rhodopsin
bleaching (similar to the 15% reported by Uhl er al.), and
was shown to be modulated by removal or addition of
transducin to the discs (57). These findings, along with the
10:1 ratio of rhodopsin to transducin in the bovine rod (59),
provide evidence that the light-evoked increase in scattering
(P signal) originates from the binding of R* and transducin.

Using magnetically oriented frog rod OSs, Vuong er al.,
separated the contributions to scattering changes that were
due to axial and transverse light paths through the OS (60).
They determined that a portion of the previously reported
light-induced reductions in scattering by suspensions of rod
OS were due to light passing transversely through the OS,
while the light passing axially through the OS experienced
increased scattering due to visible stimuli. A few years later,
Vuong et al. investigated the impacts of light stimulation on
diffraction of neutron beams by the rod OS (61). Observed
shifts in the diffraction pattern peaks confirmed the earlier
work by Chabre and Cavaggioni, that light stimuli reduce
the lattice spacing in the rod OS by about 0.3%. They
also observed that the intensity of the diffraction peaks
increased, with faster kinetics than the lattice change. They
attributed the intensity changes to rearrangements of mass

© Annals of Translational Medicine. All rights reserved.
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about the disc membrane, in particular to movement of the
GTP-bound transducin a subunit away from it. The lattice
change, they argued, was a slower osmotic readjustment of
the rod OS.

In addition to R*-transducin interactions, transducin-
phosphodiesterase (PDE) interactions were shown to
generate a distinct scattering signal. This amplified,
transient (AT) signal was demonstrated in suspensions of
bovine rod OSs (62,63) and bovine retinal explants (64).
Pepperberg et al. showed that the scattering changes were
present in low Na" solutions, even when the ERG response
was completely extinguished (64), thereby ruling out the
possibility that the former were due to the shifting Na”
gradient underlying membrane hyperpolarization.

A thorough description of the literature on the transducin
binding, dissociation, and AT signals is out of the scope
of this review, but these observations suggest that several
steps in the phototransduction cascade cause scattering
changes with different signs and magnitudes. Arshavsky,
Lamb, and Pugh present a more detailed review (65),
and argue that in samples that retain the most natural
structure, such as explants in physiological perfusions, the
sum of the scattering changes has a simplified presentation,
with a light-evoked increase in non-forward scattering
(including backscattering). This suggestion offered a way to
reconcile apparently inconsistent findings, and supported
the idea that light-evoked scatter in the Ph could be used to
assess their health objectively and noninvasively.

From microscope to ophthalmoscope

The rest of this review will focus on NIR imaging of light-
evoked changes in the living eye, using methods that have
translational promise. In parallel to the latter efforts, many
investigators have continued work on animal models. Much
of this work has been recently reviewed by Hunter ez a/. (66)
and Yao and Kim (67). Hunter et 4/. as well as Miller and
Kurokawa (21) include reviews and additional perspectives
on the human work described below. The goal of this
review is to describe the state of the field of non-invasive,
NIR imaging of stimulus-evoked activity in retinal neurons.
Intentionally omitted from this review are several other
approaches for measuring physiological changes in Ph,
namely densitometry (68), measurement of OS renewal (69)
and disc shedding (70), functional oximetry (71), functional
angiography (72), and other studies of changes of unknown
origin (73,74).

The findings summarized above have been collectively
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described as intrinsic signals, in concert with parallel
efforts to identify activity-dependent changes in the optical
properties of cortical neurons. In light of the diversity of
experiments conducted, however, it is useful to identify
two methodological categories suitable for iz vivo human
imaging: (I) those which measure changes in the scattering
properties of the Ph OS, whether arising from the discs,
plasma membrane, or both; (II) those which measure
changes in the volume of the OS. As investigators began to
measure human Ph responses, initially most efforts focused
on the first, but much progress on the second has been
made in recent years. Note that these are methodological
categories; the mechanisms underlying the observed signals
may overlap or be identical.

Reflectometry and opbthalmoscopy

The first effort to measure light-evoked scattering
changes in the living human retina was based on single-
spot densitometry, which utilized a wheel of interference
filters to measure reflectance changes at twelve discrete
bands between 560 and 740 nm during light and dark
adaptation (75). Subjects were dark-adapted for 30 minutes,
followed by 15 minutes of measurement in the dark
(baseline), 16 minutes in the light, and 35 minutes in the
dark again. Across the visible spectrum, reflected light
changed in ways that were roughly consistent with earlier
densitometric measurements of photopigment bleaching and
recovery—namely increasing in response to photopigment
bleaching, and returning to baseline during the first few
minutes of the ensuing dark. However, they also observed a
slow, constant reduction in reflectance during the 16-minute
light-on period, inconsistent with predictions of steady-
state bleaching. In contrast, in the NIR (740 nm), exposure
to visible light caused only a decrease in reflectance, and
turning off the light caused a further decrease in reflectance
(for a few minutes) followed by an increase to baseline.
The investigators found that the pattern of change, across
the measurement spectrum, was consistent with a two-
factor model, including a component due to photopigment
bleaching and another, which they attributed to changes in
refractive index of either OS discs or extracellular matrix
(ECM). By analyzing the dependence of the second factor
on stimulus wavelength and the position of the beam in the
pupil, they provided confirmation that the observed changes
originated in the Ph.

In 2004, Tsunoda er a/. measured light-evoked reductions
in NIR backscattering in anesthetized macaques (76). The

© Annals of Translational Medicine. All rights reserved.
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largest changes were observed in the macula. The amplitude
and spatial distribution of the reductions were highly
correlated with the those of mfERG responses. Soon after,
Abramoff et 4l. used a clinical fundus camera with a 780 nm
illumination source to measure fundus reflectance changes
following delivery of green visible stimuli (77). They found
a reduction in fundus reflectance of 0.14% following onset
of the 3 s stimulus, followed by a slow recovery after light
offset.

Despite methodological differences, DeLint ez 4/,
Tsunoda et 4/., and Abramoff all observed light-evoked
reductions in retinal NIR reflectance, probably due to
Ph, with light-onset causing a reduction in scattering.
Nevertheless, these observations are inconsistent with those
made in ex vivo preparations of OS fragments, and especially
inconsistent with those described by Arshavsky ez al. (65) as
retaining natural structure, e.g., Vuong et 4l.’s magnetically
aligned OSs (60). The reasons for this inconsistency remain
unknown.

Early AOs opbthalmoscopy

Between 1997 and 2002, investigators had successfully
combined AO with ophthalmoscopic modalities, namely
flood illumintion (AO-FI) fundus imaging (15) and scanning
light ophthalmoscopy (AO-SLO) (78) to obtain images
of the living human retina with cellular resolution. These
approaches initially permitted resolution of human cones,
and many efforts were soon underway to characterize
their anatomical and physiological characteristics. Among
these were several that attempted to measure light-evoked
changes in the retina.

Our group used an AO-FI system with coherent
illumination and a 192 Hz frame rate to demonstrate that
the reflectance of human cones oscillates with a chirped
sinusoidal pattern after stimulus flashes (79). We showed
that the observed responses were dependent on the
coherence length of the light source. This was done by
reducing the coherence length and showing a resulting
reduction in the number of cones exhibiting a response with
a clear reduction in the amplitude of the responses.

When light from reflective objects at different optical
path lengths (OPLs) (or depths in the retina) interferes,
the amplitude of detected signal depends on the path
length difference and the coherence length of the light
source [the distance over which the light’s phase is
sufficiently correlated to generate an interference pattern
(Figure 2)]. Our observations implied that the source of
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Figure 2 Hypothetical origins of light-evoked changes in coherent flood illumination and SLO images of cones. Jonnal et 4., 2007 reported
the first observations of stimulus-evoked changes in the intensity of areal images of the cone Ph, using an adaptive optics flood illumination
camera (79). They showed that the resulting oscillations in cone reflectance were dependent on the coherence of the illumination source,
and hypothetically attributed them to elongation of the cone OS in the presence of coherent interference between light reflected by its two
ends, the IS/OS and COST. The temporal coherence function [(z)] of a source describes how the phase of a light beam decorrelates as it
propagates through space and, thus, how the amplitude of an interference fringe falls as the interfering scatterers are axially displaced. The
coherence function is usually summarized by its FWHM. After Jonnal ez 4/., 2007, several investigators (80-82) reported similar oscillations
in cone reflectance, using sources with coherence lengths shorter than the OS length of the cones. Two hypothetical explanations for the
are shown above. At the top are plots of coherence functions based on several reported bandwidths or coherence lengths (solid lines). At
the bottom are three cartoon cone outer segments, showing the primary reflectors at IS/OS and COST, as well as additional OS reflections
observed in many cones. The coherence functions plotted with solid lines are Gaussian functions with width parameters derived from the
reported FWHM. FWHM is a convenient measure of source coherence because the source spectrum and coherence functions have a simple
relationship when they are Gaussian. In practice, however, neither spectra nor coherence functions are Gaussian. The dotted and dashed
lines show the coherence functions that would result if Rha ez 4’ (80) spectrum were rectangular in shape or Gaussian with a small amount
of noise, respectively, but with the same spectral FWHM. Departures from a Gaussian shape can have significant effects in the tails of the
coherence function, and could lead to high fringe amplitude even when none is predicted. Complicating matters further, as reported by
Azimipour ez al., 2019, the photoreceptor OS often has additional reflections (depicted in red in the cartoons), observed to move and change
amplitude upon stimulation. These additional reflections are likely to contribute to the en face measurement, significantly complicating
quantification even when coherence is shorter than the OS. SLO, scanning light ophthalmoscopy; Ph, photoreceptors; OS, outer segments;

IS/0S, inner segment outer segment junction; COST, cone outer segment tips; FWHM, full-width at half maximum.

these oscillations was coherent interference between two Around the same time, Grieve and Roorda demonstrated
reflectors. Since the phase of the oscillations was correlated light-evoked changes in scattering from Ph using an
within cones and uncorrelated among cones, we inferred AO-SLO (83). They observed in some subjects that the
that the reflective surfaces originated within the cones. We reflectance of cones, when averaged over many cones,
hypothetically attributed the oscillations to interference increased by 5% in response to a constant 3 s stimulus,
between reflections from the Ph inner-outer segment or 1-2% in response to 2 s of 15 Hz flicker. Since their
junction (IS/OS) and the cone OS tips (COST), combined imaging source had a coherence length of about 5 pm
with a change in the OS OPL. The frequency and number substantially shorter than the cone OS in the macula,
of cycles of oscillation increased with stimulus dose, they did not attribute any of the responses to interference

suggesting that the hypothetical elongation was a side effect between the IS/OS and COST. The amplitude of the
of the phototransduction process. observed changes—a few percent—is consistent with
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observations of changes in scattering from the discs.

Over the ensuing decade, several investigators produced
results that appeared to refute the hypothesis that the
observed oscillations in cone reflectance were due to
interference between light scattered from IS/OS and COST.
In particular, Rha ez 4/. (80) and Bedggood and Metha (81)
showed stimulus-evoked oscillations in cone reflectance
with illumination sources that had theoretical coherence
lengths considerably shorter than the imaged cone’s OSs.
The roles of cellular structure and illumination coherence
length in generating an interference signal are illustrated in
(Figure 2).

Rha et al. used a custom AO-FI system with a partially
coherent 840 nm source to observe oscillations in human
cones in response to visible flashes. Their light source had a
coherence length of 15 pm, shorter than the OS of the cones
they imaged at 1-2°. Nonetheless, they observed changes
in a majority of cones. These changes were categorized as
oscillating, increasing, or decreasing; in the cases of the
latter two, the amplitudes of the observed changes (>10%)
were much higher than those reported by Grieve et al.,
and similar to those reported by our group (10-30%). The
implication of these relatively large amplitudes is that the
observed effects were caused by interference, and not due to
the smaller changes attributed to scattering from the discs.

In 2012, Bedggood and Metha used AO-FI with a
single ~560 nm source to image and stimulate human
Ph, and observed predicted exponential increases in cone
reflectance due to optical density changes associated
with bleaching (81). The source’s coherence length
was ~7 pm, but they nevertheless observed a number of
cones exhibiting intensity oscillations consistent with
interference. Soon after, using the same visible source
with a substantially faster, 1 kHz camera, they were able to
reproduce the same observations of reflectance oscillation,
while also showing that the onset of the oscillations
occurred within 2 ms of stimulus onset. This provided
stronger evidence that the optical changes begin during
phototransduction in the cones. Cooper ez 4/. later showed
a similar result using an AO-SLO with an infrared source
with a 15 pm coherence length, and also proposed a
repeatable way to quantify these responses by integrating
the signal over hundreds of cones (82).

All of the early AO ophthalmoscopic experiments
used sources capable of generating some interference in
the OS, and thus we cannot rule out the possibility that
the underlying mechanism was movement of scatterers
combined with common path interference, as opposed
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to changes in the cells’ scattering properties. At the time,
axial localization of the light-evoked effects hadn’t been
established in single cells; recent evidence of light-evoked
movements of subcellular scatterers makes coherent
interference an even more plausible explanation for these
observations see (Figure 2).

OCT
OCT measurements of light-evoked changes in scattering

While investigators were measuring scattering changes in
the human retina with reflectometry and fundus imaging,
OCT was emerging as a standard of clinical ophthalmic
care and researchers began to investigate whether it
could be used to reveal the same changes. Unlike fundus
imaging, densitometry, and SLO, OCT offered the
promise of axial localization of the scattering changes
and associated improved signal-to-noise ratio (SNR) for
light-evoked scatter. Initial experiments were conducted
on animal models. First, Yao et 4l. used a time-domain
(TD) OCT system to measure light-evoked changes in
the frog retina (84). They leveraged an electro-optic phase
modulator to facilitate high-speed scanning, and achieved
an axial resolution of 19 pm. After stimulation of dark-
adapted retinal explants, they measured a decrease in
scattering following a 10 ms stimulus flash, which returned
to baseline in about one second.

Soon after, Bizheva er /. developed a broader band
TD-OCT system, with a resulting axial resolution of
<3 pm (85). They used this system to measure light-
evoked scattering changes in isolated rabbit retina. The
exquisite detail of the retinal layers visible in these images
and contemporaneous SD OCT images was new, and the
nomenclature for the retinal layers was in flux. Investigators
found changes in two layers now referred to as the IS/OS
and RPE bands (86,87), although we now believe that the
latter contains contributions from the OS tips as well. In
the IS/OS and RPE bands, the stimulus flash was found
respectively to decrease by 20% and increase by 70% the
amplitudes of backscattered light. Although the authors did
not describe additional Ph changes in detail, other clear
changes were visible within the OS, namely a reduction in
signal at its proximal portion and an increase in signal at its
distal portion. In the RPE band, some axial movement or
segregation of signal was evident.

In the same year, Srinivasan et /. measured similar
changes in the living rat retina, enabled by the higher speed
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and sensitivity of spectral domain (SD)-OCT (88). They
observed that when the rat was dark-adapted, the OCT
signal—integrated over a 10 pm axial zone corresponding
to the OS—increased in response to light stimuli by about
12%. This increase was smaller by a factor of six in light-
adapted animals. While there is an apparent inconsistency
between the measurements of Bizheva et 4/. and Srinivasan
et al., it may be resolved by observing that the former
measured changes at the cellular interfaces and the latter
measured changes within the OS. Also, while rabbit and
rat retinae are similar, with large majorities of rods closely
apposed to the RPE apical surface, we cannot rule out
the possibility of interspecific differences in their optical
responses to light. Given the difficulty of knowing precisely
the shape of the axial point spread function (PSF) in
tissue, it is possible that the changes measured in the OS
originated at its boundaries and were blurred into the OS
by the system’s axial PSFE.

These experiments on rabbit and rat models paved
the way for the first OCT measurement of light-evoked
changes in the human retina (89). Srinivasan er 4l used
an SD-OCT system to show that stimulation with visible
light increases backscattering from the IS/OS and decreases
backscattering from the rod OS tips (ROST), which are
very close to the RPE. The magnitude of responses varied
with retinal eccentricity, but were between 3-5%. This
was a paradoxical finding, when compared with Bizheva
et al. since the measured changes in analogous layers of
isolated rabbit retinae had opposite signs. Bizheva er al.’s
result was consistent with a reduction in OS refractive
index, e.g., due to water moving into the OS, while
Srinivasan ez a/l.’s result suggests the opposite.

The next year, Schmoll et 4/. did in vivo measurement
of light-evoked changes in human Ph using a custom SD-
OCT system. They showed that by flickering the stimulus
at 5 Hz and band pass filtering the resulting scans, they
could improve the SNR of this signal (90). They showed
light-evoked increases in backscattering from the IS/OS
and COST, of about 3% and 2%, respectively. The finding
at the IS/OS was consistent with Srinivasan et 4/. (89).

Based on earlier work done in the mouse (91), Bissig
et al. studied how Alzheimer’s disease affects light-evoked
changes in the retinal OCT (92). To establish a baseline
effect, they collected clinical OCT scans on young, healthy
volunteers after dark adaptation and again after exposure
to a bright white LED, just beside the fovea. They found
that light backscattered from IS/OS and COST increased
between 3% and 7%, within a few seconds of the bleaching
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exposure. In the Alzheimer’s patients, the light-evoked
changes in Ph effects were normal, but abnormalities in the
response were observed in other retinal layers.

Several of the experiments above showed stimulus-
evoked increases in backscattering from IS/OS, which is
consistent with an increase in the refractive index mismatch
between the inner segments (ISs) and OSs. Since the lipid-
dense OS is thought to have a higher baseline refractive
index than the IS, these results suggest that visible stimuli
increase the OS refractive index. Such an increase could
be due to water movement out of the OS. Nevertheless,
numerous inconsistencies exist among the findings,
including some paradoxical observations of decreased IS/
OS backscatter. The reason for these inconsistencies may
lie among the many differences between the experiments—
imaging wavelengths, speed, stimulus protocols, or
interspecific differences in the refractive indices of the
IS and OS. However, it is also worth noting that while
refractive index mismatch is a relatively simple and accurate
model for OCT reflections, the ultrastructure of the IS/
OS and OS tips is complicated, and AO-OCT studies have
shown that the IS/OS it may have finite axial extents, on the
order of 1-3 pm (26,29).

OCT measurements of light-evoked changes in OS length

In parallel to measurements of changes in backscattering
from retinal surfaces, other investigators were studying
changes in the positions of the scattering surfaces, IS/OS
and the OS tips in particular. Stimulus-evoked changes in
the positions of either one implies changes in the length
of the OS. Abramoff ez al. were the first to use OCT to
measure light-evoked changes in the length of the cone
OS (93). They used a clinical SD-OCT system to monitor
the OS effective length in 11 subjects without known
retinal disease, and found that this distance reduces by
1-3 pm during the first ten minutes of adaptation to light.
While clinical OCT cannot reliably distinguish between
COST and the RPE/ROST complex everywhere in the
retina, these bands can be distinguished in some subjects
sufficiently to measure light-evoked changes.

Zhang et al. measured light-evoked changes in the
axial backscattering profile of the rod-dominant mouse
retina (94), using a custom SD-OCT system with an axial
resolution of 2 pm (95). They showed that a light flash
that bleaches 10% of rhodopsin increases backscattering
from the IS/OS and ROST, but the changes measured
were substantially larger than those measured previously—
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a five-fold increase at the IS/OS and a threefold increase at
COST, peaking ~2 min after bleach. They also showed that
the rod OS elongated by approximately 2 pm, or about 10%
of the OS length, peaking ~3 min after bleach. Additionally,
they showed that both of these responses were reduced in
a transducin knockout mouse, providing strong evidence
that the observed responses are associated with a process
downstream of transducin activation.

Lu et al. used a custom SD-OCT system to measure
similar light-evoked changes in humans, primarily in
rods (96). They acquired volumetric scans over a 6 mm
square region of the retina, centered about the fovea. After
bleaching between 23% and 96% of rhodopsin (and similar
amounts of cone opsin) using a Maxwellian view stimulator
with a 528 nm source, they took measurements every 20 to
60 seconds for 30 minutes. They observed an immediate
elongation of the cone OS of ~50-400 nm that scaled
with bleaching fraction, followed by a return to baseline
within a few minutes. In rods they observed a very different
dynamic, with elongation initiating immediately after the
bleach, but peaking ~7 min after the bleach. The time
course of the rod elongation was slower (by a factor of ~2)
than what was found by Zhang ez 4/. in the mouse. The
axial resolution of the system they used was 3 pm, but by
averaging over a large field of view (FOV), they were able to
estimate OS length changes an order of magnitude smaller.
While their system is a custom, research-grade OCT, it is
very similar to clinical systems. Their results offer some
hope that commercial OCT systems in the near future may
have ORG capabilities.

Phase-sensitive adaptive optics OCT (A0-OCT)

The advent of AO OCT offered a new way to study the
three-dimensional morphology of the retina at the cellular
level (16,17,19-21). Unlike other ophthalmic imaging
modalities, in OCT the phase of the light backscattered
from the retina affects the acquired signal. In TD-OCT,
which records the envelope of the interference fringe,
specialized algorithms and/or equipment are required to
resolve the phase. In SD-OCT and swept-source (SS)
OCT, however, the fringe is recorded and thus the phase is
readily available as the arctangent of the complex, Fourier
transformed fringe. Soon after the development of SD-
OCT, investigators realized that by tracking the phase of
the OCT signal generated by an iz vitro sample, motion
with amplitude much smaller than the axial resolution could
be detected and measured (97).
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Although OCT permits measurement of the
backscattered light’s phase, the precision with which a single
scatterer can be axially localized is limited by many factors:
air currents, vibrations in the system, and-in the case of in
vivo imaging, movements of the head and eye. The resulting
shifts in the phase of the backscattered light can be much
larger than the cellular dynamics of interest, and bury the
latter in noise. Making matters worse, any movement larger
than half the light’s wavelength causes further ambiguities
due to phase wrap.

Our group observed that while the absolute phase of
light returning from a given surface was subject to such
phase errors, phase differences between scatterers would
not suffer from such artifacts (98). Drawing on estimates of
OS elongation velocity from earlier AO-FI work (79), we
determined that the AO-OCT system’s speed of 1-2 Hz
for a FOV of 1° square (99) would likely be insufficient for
measuring light-evoked OS elongation. Instead, to validate
the approach, we measured the much slower process of
OS disc renewal, and found that it showed rates of OS
renewal similar to what we had previously measured using
AO-FI (69). It would be several years before scanning
OCT systems would become fast enough to measure light-
evoked changes, either through multiplexing (100) or the
development of swept sources with MHz+ A-scan rates
(101,102).

Investigators developing full-field (FF) SS-OCT systems
demonstrated that if implemented using sufficiently fast
two-dimensional complementary metal oxide semiconductor
(CMOS) sensors, FF-SS-OCT systems could acquire
A-scans at effective rates an order of magnitude faster than
scanning systems (103,104). Because the retina is imaged
onto a 2D sensor, images don’t suffer from the eye motion
artifacts (warp) observed in scanning implementations. FF-
SS-OCT suffers from some inherent limitations compared
to its raster scanning cousin, due to common path coherent
artifacts and coherent spatial cross-talk between pixels
in the sensor which reduce its sensitivity. Pioneers in the
field recognized that its sensitivity could be improved by
using an off-axis reference mirror to reject autocorrelation
noise (105). Others have investig