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Abstract
Age-relatedmacular degeneration (AMD) is the leading cause of severe vision loss and legal

blindness. It is known that retinal photoreceptors are the primary target of AMD. Therefore,

a reliable method for objective assessment of photoreceptor function is needed for early

detection and reliable treatment evaluation of AMD and other eye diseases such as retinitis

pigmentosa that are known to cause photoreceptor dysfunctions. Stimulus-evoked intrinsic

optical signal (IOS) changes promise a unique opportunity for objective assessment of

physiological function of retinal photoreceptor and inner neurons. Instead of a comprehen-

sive review, this mini-review is to provide a brief summary of our recent in vitro and in vivo

optical coherence tomography (OCT) studies of stimulus-evoked IOS changes in animal

retinas. By providing excellent axial resolution to differentiate individual retinal layers,

depth-resolved OCT revealed rapid IOS response at the photoreceptor outer segment.

The fast photoreceptor-IOS occurred almost right away (� 2 ms) after the onset of retinal

stimulation, differentiating itself from slow IOS changes correlated with inner neural and hemodynamic changes. Further devel-

opment of the functional IOS instruments and retinal stimulation protocols may provide a feasible solution to pursue clinical

application of functional IOS imaging for objective assessment of human photoreceptors.
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Introduction

As one part of central nervous system (CNS), the retina is
the innermost layer of the eye (Figure 1(a)).1 The retina
consists of five major types of neurons, i.e. photoreceptors,
bipolar cells, horizontal cells, amacrine cells, and ganglion
cells. These neural cells and synapses are stratified into
multiple-layered structures (Figure 1(b)),1 functioning
together as a delicate neural network to conduct photo-
transduction and preliminary processing of visual informa-
tion. As shown in Figure 1(b) and (c), the retina includes
three layers of neural cell bodies, i.e. the outer nuclear layer
(ONL), inner nuclear layer (INL), and ganglion cell layer
(GCL); and two layers of synapses, i.e. the outer plexiform
layer (OPL) and inner plexiform layer (IPL).1 Moreover,
the retinal pigment epithelium (RPE) supports the

photoreceptors. The outer limiting membrane (OLM), also
named as external limiting membrane (ELM), is situated at
the base of the photoreceptor inner segment. The inner lim-
iting membrane (ILM) is the boundary between the retina
and the vitreous body. It is known that different eye dis-
eases can produce pathological changes of different neural
cells and functional layers in the retina. Therefore, selective
assessment of individual cell types is desirable for better
disease detection and treatment evaluation.

Retinal photoreceptors are the center of phototransduc-
tion, responsible for capturing light photons and convert-
ing light energy to bioelectrical activities. It is known
that retinal photoreceptors are the primary target of age-
related macular degeneration (AMD), a leading cause of
severe vision loss and legal blindness. In the U.S. alone,
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more than 10 million people are estimated to have early
AMD; 1.75 million patients are currently suffering visual
impairment due to late AMD.2,3 Currently, there is no out-
right cure for the retinal degenerative disease that produces
irreversible damage to photoreceptors and RPE. A key
strategy for preventing vision loss due to late AMD is to
preserve function and be vigilant for changes in early AMD
signifying progression. Therefore, early detection is essen-
tial in preventing (or at least slowing) AMD.4,5 If the onset
of AMD can be detected early enough, the annual savings
of Medicare-only costs of visual impairment would be at
least $2.25 billion.6

Structural biomarkers, such as drusen and pigmentary
abnormalities in the macula, have provided valuable infor-
mation for AMD tests. However, the morphological only
fundus examination is not enough.7 In principle, physio-
logical abnormality in diseased cells can occur before
detectable morphological changes in the retina such as ret-
inal cell loss and corresponding thickness changes.
Therefore, functional evaluation of physiological integrity
of retinal photoreceptors is desirable for early detection of
AMD. Electrophysiological methods, such as electroreti-
nography (ERG), allow objective assessment of physiolog-
ical function of the retina.8 It is established that the a-wave
of classic ERG reflects the physiological function of retinal
photoreceptors, and the b-wave reflects the physiological
function of inner retinal neurons, particularly ON-bipolar
cells (Figure 1(d)).9 However, given the fact that the ERG

represents the integral activity of both retinal photorecep-
tors and multiple inner neurons, accurate interpretation of
ERG alterations in diseased conditions can be difficult.
There is a need to develop an objective method to enable
reliable assessment of retinal photoreceptors for early
detection and treatment evaluation of AMD, retinitis
pigmentosa, and other eye diseases that can cause photo-
receptor dysfunctions.

Stimulus-evoked intrinsic optical signal (IOS)
changes promise a new method for objective assessment
of physiological function of retinal photoreceptors and
inner neurons. The IOS is a common name referring to
stimulus-evoked transient changes of intrinsic optical
properties, such as transient light scattering, polarization,
and absorption fluctuations in excitable tissues and cells.10

Because functional IOS images are constructed through
computer-based dynamic differentiation of retinal images
recorded at pre- and post-stimulus periods, concurrent
structural and functional assessment can be naturally
achieved at high resolution.11 Dynamic near infrared
(NIR) light microscopy has been used for two-
dimensional (2D) study of the IOS changes in freshly
isolated retinas.11–16 However, given the layered structure
of the retina (Figure 1(b) and (c)), NIR microscopy is not
suitable for stimulus-evoked IOSs in selective cell types
such as retinal photoreceptors. Retinal slices, which open
a cross-section of the retina, allow simultaneous observa-
tion of stimulus-evoked IOS responses propagating from

Figure 1. (a) A schematic diagram of the human eye with a schematic enlargement of the retina. (b) Schematic diagram of the human retina. Retinal photoreceptors

consist of rods and cones. Red, green, and blue cones are responsible for color perception. (c) Histological image of a cross-sectional slice of the central human retina.

(d) Typical full-field ERG waveform. (a), (b) and (c) reprinted with permission from Simple Anatomy of the Retina.1 (d) reprinted with permission from The

Electroretinogram: ERG.9 (A color version of this figure is available in the online journal.)
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the photoreceptors to inner neurons.17 While the retinal
slice provides a simple preparation for better understand-
ing of the IOS sources and mechanisms in the delicate
retina, in vivo examination of the intact retina will be man-
datory for clinical application of the IOS imaging.
Microlens array18 and line-scanning-19 based confocal
microcopy systems have been explored to improve the
axial resolution to improve the IOS detection of the retinal

photoreceptor layer, and in vivo confocal IOS imaging has
been demonstrated for comparative study of normal and
laser-injured animal retinas.20 By providing excellent sec-
tioning capability, optical coherence tomography (OCT)
can directly differentiate individual layers in human
(Figure 2(a)) and animal (Figure 2(b)) retinas. Further
development of the OCT for functional IOS mapping of
retinal physiology promises a revolutionary method for

Figure 2. (a) Representative OCT image of human retina. (b) Representative OCT image of mouse retina. NFL: nerve fiber layer; GCL: ganglion cell layer; IPL: inner

plexiform layer; INL: inner nuclear layer; OPL: outer plexiform layer; ONL: outer nuclear layer; ELM: external limiting membrane; ISe: inner segment ellipsoid; OS: outer

segment, RPE/BrM: retinal pigment epithelium/Bruch’s membrane. Scale bars in (a) and (b) indicate 300 mm. From Xincheng Yao’s lab image gallery.

Figure 3. (a) Schematic diagram of the time-domain OCT. SLD was a superluminescent laser diode with a 793-nm center wavelength and 15-nm full width at half

maximum (FWHM) spectral width. EOPM was the electro-optic phase modulator. BK7 glass block was used for compensating chromatic aberration of the EOPM.

A 10�/NA0.25 objective was used to illuminate the sample with a light power�150 lW and collect the backward scattering light. (b) During the recording, a frog retina

was immersed in Ringer, and pressed to an MEA (multi-electrode array) with moderate pressure. The photoreceptor layer was upward, closest to the light source. The

ganglion layer was in contact with the MEA. (c) Comparative electrophysiological and IOS recording. (C1) A 10-ms voltage pulse was used to drive a white LED (Light

Emitting Diode), and the light flash stimulated the frog retina. (c2) Electrophysiological response associated with the light stimulus. (c3) Scattering response at the

photoreceptor layer. (c4) Scattering response at the ganglion layer. Reprinted with permission from Yao et al.21

1258 Experimental Biology and Medicine Volume 243 December 2018
...............................................................................................................................................................



early detection and better treatment evaluation of eye dis-
eases. In the following sections, we will provide a brief
summary about our early time-domain OCT and recent
spectral-domain OCT studies of IOS changes in the retina.

In vitro time-domain OCT of
stimulus-evoked IOSs

The first in vitro OCT recording of stimulus-evoked
IOS changes in freshly isolated frog retinas was reported
in 2005.21 This experimental study was based on a custom-
designed time-domain OCT (Figure 3(a)). For time-domain
OCT imaging, the optical phase of the reference beam is
periodically modulated. Rapid and vibration free modula-
tion is critical for detecting IOS changes in the retina.
The custom-designed OCT employed an electro-optic
phase modulator (EOPM) to achieve non-moving-parts
OCT to optimize the signal-to-noise (SNR) ratio for IOS
recording (Figure 3(a)). During the recording, the frog
retina was placed in a custom-designed recording chamber
with Ringer solution to maintain physiological function of
the retina (Figure 3(b)). Depth-resolved OCT detected IOS
changes at both outer photoreceptor and inner ganglion
layers of frog retinas (Figure 3(c)). Bizheva et al.22

also reported time-domain OCT of the photoreceptor and
plexiform layers in isolated rabbit retinas.

The EOPM-based OCT in Figure 3 was latterly combined
with a line-scan strategy to achieve rapid en face OCT
(Figure 4(a)). The EOPM-based line-scan OCT provided
4 lm axial-resolution and 2 lm lateral-resolution to differ-
entiate individual retinal layers (Figure 4(b1)) and photo-
receptors (Figure 4(b2)). By focusing the recording location
at the photoreceptor outer segment in a living frog eyecup,
rapid OCT revealed transient IOS almost immediately
(�2ms) after the onset of visible light stimulation
(Figure 4(d)).23

In vivo spectral-domain OCT of
stimulus-evoked IOSs

Based on Fourier transform, spectral-domain OCT
enables simultaneous recording of scattering information
in all depths, i.e. one OCT spectrogram corresponding
to one A-line. Figure 5(a) illustrates optical layout of a
custom-designed spectral-domain OCT which provided
sub-cellular spatial resolution in three dimensions
(3.0 lm� 3.0 lm� 3.0 lm) and millisecond temporal reso-
lution (500 Hz) for functional imaging of retinal activa-
tion.24,25 The integrated fundus monitoring system was

Figure 4. (a) Schematic diagram of the time domain line-scan OCT. (a1) Top view of the system. CO: collimator; L1-L5: lenses, with focal lengths 80 mm, 40 mm, 80

mm, 40 mm, 75 mm, respectively; OB: objective (10�, NA¼ 0.3); CL1 and CL2: cylindrical lenses, with focal lengths 75 mm; BS: beam splitter; DM: dichroic mirror; Sti:

green light stimulus; EOPM: electro-optic phase modulator. (a2) Side view of blue rectangle area in (a1). (b) Representative B-scan (b1) and en face (b2) images of a

frog eyecup. The red rectangle area in (b2) shows the area where IOS images were acquired in (c). The white spot indicates the green light stimulus. (c) Representative

IOS images, with time interval of 50 ms. A 10 ms green light stimulus was introduced at time 0 (c2). Rapid IOS occurred immediately after the stimulation, mixed

positive and negative IOSs were observed. (d) Dynamic properties of positive (red trace) and negative (blue trace) IOSs. (d1) Separate averages of positive and negative

IOSs. Red curves represent positive IOS; blue curves represent negative IOS. Shadow areas show standard deviations. (d2) Onset time and half-peak time of average

IOSs. Red bars represent positive IOS; blue bars represent negative IOS. Reprinted with permission from Wang et al.23 (A color version of this figure is available in the

online journal.)
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used to aid retinal focusing and localization, and the retinal
stimulator was used to evoke physiological response and
corresponding IOS changes.

Functional OCT imaging of retinal activation

The custom designed SD-OCT in Figure 5 was employed
for in vivo IOS imaging of intact frogs24 and mice.26 Figure 6
illustrates representative IOS images recorded from a frog
eye stimulated by a 10-ms visible light flash.24 An adaptive
algorithm was developed to achieve high SNR to enable
robust single-pass IOS recordings (Figure 6(a)).

As shown in Figure 6(a) and (b), both positive and neg-
ative IOSs were consistently observed in adjacent retinal
areas. The positive and negative IOSs reflected increasing
and decreasing responses, respectively, compared to pre-
stimulus image background. Therefore, high resolution is
essential for functional IOS imaging to differentiate local-
ized IOSs with opposite (positive and negative) polarities.

Figure 6(c) shows averaged positive and negative IOSs of
six recording trials from the same frog with identical stim-
ulus parameters. From Figure 6(d), it was observed that
the rapid IOS occurs almost immediately after the onset
of the retinal stimulation. With the 10-ms visible light
flash stimulation, the IOS changes were primarily observed
at the photoreceptor layer, particularly the outer segment
(Figure 6(e) and (f)). With increased stimulus duration,24 or
repeated flash stimuli,27 i.e. flicker stimulation, stimulus-
evoked IOS changes were also observed in inner reti-
nal layers.

OCTA-guided functional OCT imaging of
neural and hemodynamic activities

It is well known that the retina is a complex neurovascular
network. Neurovascular coupling, reflecting spatial and
temporal relationships between transient neural activity
and hemodynamic responses (i.e. blood flow/oxygen
dynamics), occurs during stimulus-evoked retinal activa-
tion. Therefore, stimulus-evoked IOS changes correlated
with neural activity (i.e. neural-IOS) and transient
IOS responses associated with blood dynamics (i.e.
hemodynamic-IOS) are typically mixed together in the
retina.27,28 OCT angiography (OCTA) can provide high-
resolution mapping of retinal vasculatures at a single cap-
illary level (Figure 7). OCTA mapping of stimulus-evoked
hemodynamic responses in individual retinal layers has
been demonstrated.29 Functional separation of neural-IOS
and hemodynamic-IOS changes are desirable for easy eval-
uation of retinal physiological function. Therefore, we
recently explored OCTA-guided IOS data processing to dif-
ferentiate two functional images, i.e. a neural-IOS map and
a hemodynamic-IOS map, from the same image dataset.27

Figure 7(b1) and (b2) shows representative B-scan OCTand
OCTA, respectively. First, a global thresholding processing
was applied to the OCTA image (Figure 7(b2)) to produce
the binary-OCTA image of blood vessels (Figure 7(b3)).
Otsu’s thresholding method was employed to automatical-
ly search for the global threshold to minimize the intra-class
variance.30 The binary-OCTAwas used as amask to remove
blood vessels in the OCT (Figure 7(b1)) to produce a vessel-
free OCT (Figure 7(b4)). The vessel-free OCT can be used
for neural-IOS processing, while OCTA (Figure 7(b2)) can
be used for hemodynamic-IOS measurement.

Figure 8 shows representative functional imaging of sti-
mulus-evoked neural-IOS (Figure 8(a)) and hemodynamic-
IOS (Figure 8(b)) in a mouse retina. For functional IOS
imaging, dynamic B-scan OCT images were collected
from the retina stimulated by a 10 Hz flicker stimulation.
Dynamic speckle variance (SV) processing was employed
to the OCT data to construct corresponding OCTA
image.29,31 For each experiment, the total OCT recording
time was 30 s, including a 3-s pre-stimulation phase, a 5-s
stimulation phase, and a 22-s post-stimulation phase.
Before IOS data processing, the OCT and OCTA images
were flattened for easy assessment of stimulus-evoked
IOS changes in different retinal layers. Figure 8(a1) and
(b1) shows representative flattened B-scan OCT and
OCTA images, respectively. Figure 8(a2) and (b2) shows

Figure 5. (a) Spectral-domain OCT with integrated fundus imager. SLD: super-

luminescent diode; PC: polarization controller; CL: collimation lens; NDF: neutral

density filter; DCB: dispersion compensating block; SGM: scanning galvanom-

eter mirror; BS: beam splitter; DM: dichroic mirror, FE: frog eye; CCD: charge-

coupled device; L1–L4: lens. Focal lengths of lenses L1, L2, L3 and L4 were

75 mm, 100 mm, 35 mm, and 25 mm, respectively. (b1) Fundus image revealed

blood vessels around the optic nerve head (ONH) of a frog retina. (b2) OCT

B-scan image of the retinal area marked by the red line in (b1). (c) Histological

image of a frog retina. (d) OCT B-scan image of a frog retina. The red profile in

(d) shows the averaged OCT reflectance along each retinal layer, i.e. averaged

A-scans. The outer segment region is marked in yellow dashed rectangles in

both the histological image (c) and OCT B-scan image (d). The OCT B-scan

image contains both hyperreflective and hyporeflective bands. Scale bars indi-

cate 100 mm. Reprinted with permission from Zhang et al.24 (A color version of

this figure is available in the online journal.)
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spatiotemporal maps of neural-IOS and hemodynamic-IOS
changes, respectively. Vertical dimension of the spatiotem-
poral IOS maps (Figure 8(a2) and (b2)) corresponds to the
vertical dimension, i.e. spatial information, of the B-scan
OCT images (Figure 8(a1) and (b1)). Lateral dimension
of the spatiotemporal IOS maps (Figure 8(a2) and (b2))
corresponds to the recording time points, i.e. temporal
information, of sequential B-scan OCT images. For each
time point, i.e. a vertical line in the spatiotemporal IOS
maps in Figure 8(a2) and (b2), all IOS changes at the
same retinal depths, i.e. lateral dimension in Figure 8(a1)
and (b1), were averaged. As shown in Figure 8(a2), rapid
neural-IOS, particularly photoreceptor-IOS, was observed
almost immediately after the onset of the retinal

stimulation. In contrast, hemodynamic-IOS showed a sig-
nificant time delay (1–2 s), compared to the rapid photore-
ceptor-IOS.

Discussion

In summary, custom-designed OCT has been demonstrat-
ed for functional IOS imaging of retinal activation. In coor-
dination with OCTA-guided image processing, functional
OCT mapping of neural-IOS and hemodynamic-IOS
changes has been validated. By providing excellent
depth-resolved imaging capability, functional OCT
provided the feasibility to characterize stimulus-evoked
neural-IOS changes in individual retinal layers and

Figure 6. Representative in vivo IOS imaging. A 10-ms flash stimulus was used for retinal stimulation of the frog eye. Raw OCT images were collected with a frame rate

of 100 Hz. Stimulus onset is indicated by time “0”. OCT B-scan images are presented with a linear scale, as opposed to logarithmic scale in conventional OCT systems.

(a1–a3) OCT B-scan images and spatial IOS image sequences of one control and two experimental groups. All the images were averaged over 10 frames (100 ms

interval). Images consisted of 140 pixels (lateral)�200 pixels (axial), corresponding to 200mm (lateral)� 360mm (axial). (b) Temporal curves of the number of activated

(positive and negative) pixels corresponding to (a1–a3). (c) Temporal curves of positive and negative IOSs averaged from six recording trials. (d) To better visualize the

signal onset time, an enlarged profile of the early 80 ms period from (c) is illustrated. (e) IOS distribution map superimposed on the OCT B-scan image. Red and green

dots in (e) present areas with positive signals (increasing reflectance) and negative signals (decreasing reflectance), respectively. Signal magnitude is not indicated in

the image. (f) Comparative OCT-IOS and histological images of the outer retina. In the histological image, cone photoreceptors are highlighted in green or red to show

cell sizes and locations. Cone photoreceptor outer segments (OSs) highlighted with red circles are located at the level of the rod inner segment ellipsoid (ISe). Scale

bars indicate 50 mm. Reprinted with permission from Zhang et al.24 (A color version of this figure is available in the online journal.)
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hemodynamic-IOS changes in trilaminar vascular plexus-
es, i.e. superficial vascular plexiform (SVP), intermediate
capillary plexiform (ICP), and deep capillary plexi-
form (DCP).

Fast photoreceptor-IOS response was observed almost
immediately, particularly at the outer segment part. It is

known that the photoreceptor outer segment is the center
of phototransduction. We speculate that the fast
photoreceptor-IOS might result from transient morpholog-
ical change of photoreceptor outer segments correlated
with phototransduction.32,33 Previous studies have
revealed transient morphological dynamics, such as swell-
ing changes, in stimulus-activated neural tissues.34 High-
resolution microscopy of frog retinas has revealed reduced
outer segment length in light-adapted retina, compared to
dark-adapted condition (Figure 9).32

Transient photoreceptor movement has been
observed in amphibian (frog) and mammalian (mouse)
retinas activated by oblique visible light stimulation.35

Comparative confocal microscopy and OCT revealed
that the photoreceptor movement was elicited from the
outer segment part of retinal photoreceptors, predomi-
nantly rod cells.36 Time-lapse microscopy of freshly
isolated photoreceptor outer segments confirmed that
the transient outer segment change occurs almost imme-
diately after the stimulus onset,32,33,35 which is consistent
to the time course of fast photoreceptor-IOS in functional
OCT (Figure 8). By developing a virtually structure detec-
tion (VSD) based super-resolution laser scanning ophthal-
moscope (SLO),37 in vivo super-resolution imaging of
transient retinal photoreceptor movement evoked by obli-
que light stimulation has also been demonstrated
(Figure 10).38

In addition to the fast photoreceptor-IOS, slow IOS
changes were also observed at inner retinal layers. OCTA-
guided OCT data processing was used to separate neural-
IOS and hemodynamic-IOS changes. The inner neural-IOS
and hemodynamic-IOS changes showed significant time

Figure 7. (a) Representative en face OCT (a1) and OCTA (a2) images of a mouse

retina. The red circle in (a2) illustrates the circular scanning path for collecting the

B-scan OCT in (b). (b) Representative B-scan OCT (b1), OCTA (b2), binary-OCTA

(b3) and vessel-free OCT (b4). For vessel-free OCT (b4), the binary-OCTA (b3)

was used as a mask to exclude vasculatures from the OCT image (b1). Scale

bars in (a1) and (b1) indicate 500 mm. Modified with permission from Son et al.27

(A color version of this figure is available in the online journal.)

Figure 8. (a) Representative flattened B-scan OCT (a1) and spatiotemporal neural-IOS map (a2). (b) Representative flattened B-scan OCTA (b1) and spatiotemporal

hemodynamic-IOS map (b2). Scale bars in (a1) and (b1) indicate 500 mm. (c) Neural-IOS changes of photoreceptor layer (PL), outer plexiform layer (OPL), inner

plexiform layer (IPL), and ganglion cell layer (GCL). (d) Hemodynamic-IOS changes of superficial vascular plexiform (SVP), intermediate capillary plexiform (ICP), and

deep capillary plexiform (DCP). (e) Averaged onset times of neural-IOS changes at PL, OPL, IPL, and GCL. (f) Averaged onset times of hemodynamic-IOS changes of

SVP, ICP, and DCP. Modified with permission from Son et al.27 (A color version of this figure is available in the online journal.)
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delays, compared to the fast photoreceptor-IOS response.
Given the different axial location and time course of the fast
photoreceptor-IOS from that of inner neural-IOS and
hemodynamic-IOS changes, functional OCT provides a
practical solution to achieve selective IOS mapping of pho-
toreceptor activation. We anticipate that further develop-
ment of the functional OCT instrument and testing
protocols, such as light adaptation control to manipulate
rod and cone activities, will enable a high-resolution
method for functional mapping of human photoreceptors.
An objective method for functional assessment of photore-
ceptor physiology can benefit early detection and better
treatment evaluation of AMD and other eye diseases that
are known to cause photoreceptor dysfunctions.
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