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SUMMARY 

Retinal diseases, such as age-related macular degeneration (AMD) [4, 5], retinitis pigmentosa 

(RP) [6], diabetic retinopathy (DR) [7, 8] and Glaucoma [9, 10], can ultimately lead to severe to 

total vision loss if not diagnosed and treated timely. Fundus examination using conventional 

optical instruments like fundus camera and optical coherent tomography (OCT) cannot directly 

reveal functional distortions of retinal physiology before detectable morphological abnormalities. 

Functional examination methods like electroretinogram (ERG) [11] suffer from low spatial 

resolution. Concurrent morphological and functional examination is desirable for early detection 

of retinal diseases. Intrinsic optical signal (IOS) promises an imaging method that provides high-

resolution functional imaging of retinal physiology, allowing simultaneous assessment of retinal 

morphology and function.  

IOS represents optical property changes in the stimulus activated retina. In previous studies, we 

demonstrated robust IOS changes in both isolated and in vivo frog retinas [12-14]. Both fast and 

slow IOSs were observed [15, 16]. Our studies, as well as studies in other labs, demonstrated 

the potential of IOS as a unique biomarker for retinal disease detection. However, anatomic and 

physiological mechanisms of retinal IOSs are still not well understood, and the correlation 

between IOS distortions and retinal pathologies are not well established yet. 

This dissertation research is designed to develop a systematic understanding of IOS, explore 

the characteristics of normal IOS, understand the mechanism of IOS and test the feasibility of 

IOS in retinal diseases diagnosis. Different studies that utilized specially designed imaging 

systems and animal models were conducted for this dissertation research.  

To study characteristics of normal IOS in frogs and mice, a line-scan OCT (LS-OCT) and an in 

vivo spectral domain OCT (SD-OCT) were built. Using the LS-OCT, fast IOS from photoreceptor 

outer segment (OS) of isolated frog retina was selectively obtained. Results showed mixed  
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                                                        SUMMARY (continued)____-________________________ 

positive and negative fast IOSs confined in the stimulated area. The onset-time and half-peak-

time of fast IOS in frogs were <3 ms and <10 ms [1]. Using the in vivo SD-OCT, IOS from intact 

mouse retina was studied under different stimulation conditions. Fast IOS was mainly observed 

from OS and slow IOS was observed from inner plexiform layer (IPL). The response of fast IOS 

to stimulation intensity changes was similar to the response of ERG a-wave, i.e., as stimulation 

intensity increased, the amplitude increased and time course decreased [3].   

The IOS imaging in isolated frog retinas and intact mouse retinas also revealed the 

physiological mechanism of fast IOS. In the isolated frog retinas, it was observed that onset time 

of negative fast IOS was shorter than that of positive fast IOS. We suspect that negative and 

positive fast IOSs may involve different processes in phototransduction, i.e. the G-protein 

binding and releasing processes [1]. From intact mouse retinas, it was observed that onset time 

of fast IOS was significantly shorter than onset time of ERG a-wave. Since ERG a-wave is 

generated by photoreceptor hyperpolarization, it suggested that fast IOS was generated by the 

processes before hyperpolarization of photoreceptor [3].  

To understand the dynamical mechanism of fast IOS, a hybrid imaging system that combined 

line-scan confocal microscope and SD-OCT was built to study the rod phototropism. 

Phototropism is the phenomenon that when an oblique light is delivered to the photoreceptor, 

photoreceptor rapidly moves towards the light. Results showed that phototropism was observed 

only in photoreceptor OS, thus it is the main contributor to fast IOS observed in OS [2]. 

With the developed understanding of normal IOS, a study using SD-OCT was conducted to 

assess how IOS was affected by retinal diseases. IOS was imaged from retinal degeneration 10 

(rd10) mice from postnatal day 15 (P15) to P21. Results showed that fast IOS could identify 

retinal dysfunction at P16 when no statistically significant retinal thickness change could be  
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                                                          SUMMARY (continued)---------------------------------------------- 

observed from OCT images yet. This study demonstrated the feasibility of using fast IOS to do 

early detection of retinal diseases, and paved way for more animal studies using different 

diseased models. 

In summary, this dissertation research advanced our understanding of IOS, established the 

foundation for further research on IOS with different diseased mouse models, and paved the 

way for adapting IOS as a new high resolution functional diagnostic tool for retinal diseases in 

clinic. 
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CHAPTER I. INTRODUCTION 

Retinal diseases, e.g. age-related macular degeneration (AMD) [4, 5], retinitis pigmentosa (RP) 

[6], diabetic retinopathy (DR) [7, 8] and glaucoma [9, 10], can produce retinal neural dysfunction 

and lead to total vision loss if proper treatment was not conducted timely. Different retinal cells 

that are located in different retinal layers are vulnerable to different retinal diseases. For 

example in the early stage of AMD development rods first degenerate [4], but there are no 

reliable tools for detecting early rod dysfunction. Morphological imaging tools, e.g. fundus 

photography and optical coherence tomography (OCT) [17], show high resolution morphological 

structures of the retina but cannot detect retinal dysfunction that appears before morphological 

changes can be detected. Functional evaluation methods, e.g., electroretinogram (ERG) [11] 

and multifocal ERG [18, 19] have limited spatial resolution, and thus cannot locate the specific 

area with degenerated cells. Furthermore, sometimes it is difficult to interpret the ERG outcome 

due to complex involvements of multiple types of retinal cells on the electrophysiological 

measurement. Thus, high resolution mapping of retinal physiological function is desirable for 

improved retinal disease diagnosis. Based on high resolution imaging and dynamic differential 

data processing, intrinsic optical signal (IOS) is closely related to functional activities of the 

retina. Therefore, functional IOS imaging could potentially be a powerful tool for objective 

assessment of retinal diseases. However, clinical application of IOS is still challenging because 

of limited knowledge about the mechanism of IOS, and the relationship between IOS and retinal 

diseases. This dissertation research is designed to improve our understanding about IOS and 

study IOS distortions in mutant animal models, and thus pave the way toward clinical application 

of functional IOS imaging. 

In this chapter, background information of this dissertation research is first provided. The retina 

is the sample used in this dissertation research. Phototransduction is the process in the retina 

that turns light signal into electrical signal. The electric signal is then transmitted to the brain. 
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The electric activity recorded from the retina is called ERG.  ERG is a widely used functional 

diagnosing tool which reflects the functionality of the retina and different retinal cells. Another 

widely used diagnosis tool in eye clinic is OCT. OCT provides high resolution images of the 

retina that show clearly the layered structure. In coordination with visible light stimulation, near 

infrared light functional OCT is the main imaging modality used in this dissertation research for 

IOS imaging.  

After the background information, the topic of this dissertation research is discussed. This 

research focused on improving our understanding of IOS, and testing the feasibility of using fast 

IOS to track retinal disease progression. Both frog and mouse retinas were used for this study. 

Different imaging systems were designed and built for retinal imaging, including a line-scan 

OCT (LS-OCT), a hybrid imaging system that combines confocal microscope and spectral 

domain OCT (SD-OCT), and an in vivo SD-OCT. With these studies, spatiotemporal 

characteristics and biophysical mechanisms of IOS were investigated, and the potential of 

functional IOS mapping of diseases associated retinal neural dysfunction was demonstrated.  

1.1 Background 

1.1.1 The retina 

 
Fig. 1.1 Anatomy of the eye, retina, and photoreceptors. (a) Cartoon showing cross-sectional 
eyeball image with major structures labeled. (b) Cartoon of the retina with major cell types and 
layers marked. (c) Cartoon of rod and cone photoreceptors. (a) is reprinted from [20] with 
permission; (b) is reprinted from [21] with permission; (c) is reprinted from [22] with permission. 
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The retina is the inner most layer of the eye. Image is formed on the retina through the optics 

[cornea, crystalline lens, and aqueous humor, etc. (Fig. 1.1a)] of the eye. The image is then 

converted to electric signals by photoreceptor cells, and photoreceptor cells send the electric 

signal to downstream retinal cells and then to the brain via nerve bundles. The retina is 

composed of different highly organized cells, as shown in Fig. 1.1(b). These cells include 

photoreceptor cells, bipolar cells, gangling cells, horizontal cells, amacrine cells, and Müller cells, 

etc. Cell bodies and dendrites of different cells form different retinal layers. As shown in Fig. 

1.1(b), these layers include retinal pigment epithelium layer (RPE), photoreceptor outer segment 

layer (OS), photoreceptor inner segment layer (IS), outer nuclear layer (ONL), outer plexiform 

layer (OPL), inner nuclear layer (INL), inner plexiform layer (IPL), gangling cell layer (GCL) and 

nerve fiber layer (NFL) [23].  The RPE layer is composed of pigment epithelium. The OS layer 

contains photoreceptor OS, and the IS layer contains photoreceptor IS. The ONL is composed 

of cell bodies of photoreceptor cells. The INL is composed of cell bodies of horizontal cells, 

bipolar cells, and amacrine cells. The GCL consists of mainly cell bodies of gangling cells, and 

cell bodies of some displaced amacrine cells. The OPL and IPL are layers of neuropils where 

synaptic contact with each other. The NFL is composed of axons of gangling cells. The axons 

pass through the retina at optic nerve head and form optic nerve bundle that goes to the brain. 

There are two different photoreceptor cells, rods and cones [Fig. 1.1(c)] [24]. They get their 

names from their rod and cone shapes. Rods are sensitive to light and are responsible for low 

light vision. Cones are less sensitive and are responsible for color vision. Cones could be further 

classified according to the wavelength of light that they are most sensitive to. For example, 

there are three kinds of cones in human retina, the long, middle and short wavelength cones, 

which are most sensitive to ~560 nm, ~530 nm and ~420 nm light, respectively [25, 26].  

As shown in Fig. 1.1(c) the structure of both rods and cones are similar, despite their different 

shapes. Both rod and cone cells are consisted of OS, IS, nucleus and synaptic body. The outer 
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segment is the part that turns photons into electric signal through the process called 

phototransduction. 

1.1.2 Phototransduction 

 

Fig. 1.2 Illustration of phototransduction process. The horizontal membrane is disc membrane; 
the vertical membrane is photoreceptor OS plasma membrane. Step 1: a photon hits rhodopsin 
and rhodopsin is activated (R*). Step 2: activated rhodopsin activates transducin (G*). The GDP 
that binds to α subunit of transducin is replaced by GTP, and the α subunit-GTP complex splits 
from transducin. Step 3: α subunit-GTP complex activates PDE. Step 4: activated PDE 
transforms cGMP to GMP. Step 5: Due to the reduced concentration of cGMP, cGMP gated ion 
channel closes, and photoreceptor becomes hyperpolarized. Reprinted from [27] with 
permission. 

The process that photoreceptor captures photons and creates electrical signal is called 

phototransduction [28-30]. In rod photoreceptors, the phototransduction process starts from 

rhodopsin, a transmembrane protein on rod OS discs. When a photon hits the rhodopsin, the 

11-cis retinal in the rhodopsin undergoes isomerization and changes to all-trans retinal [31]. All-

trans retinal no longer fits the binding site of rhodopsin and rhodopsin is activated [32]. Activated 

rhodopsin then activates the transducin [33]. The transducin has three subunits, the α, β and γ 

subunits. The α subunit has GDP bound on. When transducin is activated, it dissociates the 

GDP from α subunit and binds GTP instead. The α and GTP complex then dissociates from β 

and γ subunits and activates phosphodiesterase (PDE). Activated PDE then hydrolyzes cyclic 
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guanosine monophosphate (cGMP) to GMP. This lowers the cGMP concentration thus cGMP 

gated sodium channels on the photoreceptor cell membrane are closed [34]. The closure of 

sodium channels causes the hyperpolarization of the photoreceptor cell. The hyperpolarization 

then closes the voltage gated calcium channels. Then calcium concentration in photoreceptor 

cell is reduced. Glutamate released by photoreceptor synaptic terminal is in turn reduced. 

Photoreceptor synaptic is in contact with bipolar cells, thus the visual signal is then transmitted 

to bipolar cells and then to other downstream retinal cells.  

1.1.3 Electroretinogram 

ERG measures the integrated electrical activities generated by retinal cells in response to light 

stimulation [35]. It is a standard tool for evaluating retinal functionality in clinic and provides 

diagnostic information for a variety of retinal diseases, e.g. retinitis pigmentosa (RP) [36, 37], 

and congenital stationary night blindness [38, 39]. To record ERG, an active electrode is placed 

in contact with cornea. A negative electrode is typically placed on the ear lobe. Then a light 

stimulation is introduced to stimulate the retina. The electrical activities of the retina are then 

amplified and recorded as ERG. 

 

Fig. 1.3 Typical ERG with long stimulation showing major ERG components. Reprinted from [40] 
with permission. 

Figure 1.3 shows typical ERG with a relatively long stimulation. The main components of ERG, 

a-wave, b-wave, c-wave and off response (d wave), are shown. Off response can only be 

observed with long stimulation (>100 ms). ERG a-wave is generated by photoreceptors. It is a 
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result of hyperpolarization of photoreceptor outer segment (OS) [41, 42]. Photons initiate 

phototransduction process in photoreceptor OS and ultimately lead the sodium ion channels to 

close, reducing the influx of sodium ions, and the photoreceptor hyperpolarizes and a-wave is 

generated. When the photoreceptor is hyperpolarized, neurotransmitter release is reduced, then 

post synaptic bipolar cells are depolarized. The depolarization of bipolar cells increases 

extracellular potassium concentration in OPL [43, 44]. Extracellular potassium concentration in 

IPL also increases because of light-induced activity of amacrine and ganglion cells [43-45], and 

extracellular potassium concentration in photoreceptor layer decreases due to photoreceptor 

hyperpolarization. The changes of potassium concentration in OPL, IPL, and photoreceptor 

layers alter Müller cell membrane potential and generate current across Müller cell. The current 

causes Müller cells to depolarize and generate the ERG b-wave [46, 47]. The ERG c-wave is 

generated from RPE cells. The decrease in extracellular potassium concentration in 

photoreceptor layer interrupts the established extracellular potassium concentration difference 

between the retina and the choroid, and results in a change in the whole trans-epithelial 

potential, which is recorded as c-wave [48, 49].  

1.1.4 Optical coherence tomography 

Besides ERG, another standard diagnosing tool in eye clinic is OCT. OCT is an imaging 

modality that achieves high axial resolution by coherence gating [50]. Because of the high axial 

resolution, it provides detailed information of the layered structure of the retina, which is useful 

in diagnosing retinal diseases like AMD [51, 52] and RP [53, 54]. There are different modalities 

of OCT, i.e. time domain OCT (TD-OCT), SD-OCT, and swept source OCT [55, 56]. TD-OCT 

and SD-OCT were used in this dissertation research. 
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Fig. 1.4 Working principle of OCT. (a) Diagram showing the basic light path of an OCT. SLD: 
superluminescent diode; M: mirror; BS: beam splitter; GM: galvo mirror; PD/CAM: photodiode or 
camera. (b) Typical interference intensity curve acquired when moving the reference mirror. 
FWHM: full width half maximum. 

Fig. 1.4(a) illustrates the setup of an OCT. The light source of TD-OCT and SD-OCT is low 

coherence light generated by the superluminescent diode (SLD). Low coherence means the 

coherence length is short (e.g. several micrometers), i.e., when optical path difference of the 

two interference beams increases, the coherence intensity will rapidly decrease, as shown in 

Fig. 1.4(b). As shown in Fig. 1.4(a), light from SLD is split into two beams, the reference beam 

and the sample beam. Light in reference beam is reflected by a mirror and goes to the camera. 

Light in sample beam is reflected by the sample and also goes to the camera. Due to the 

complex structure of the sample, light is reflected from different depths of the sample. Thus light 

reflected from the sample has different optical path lengths. Light reflected from mirror and 

sample interferes with each other on camera sensor plane. Due to the low coherence length of 

the light source, light reflected from the mirror will only interfere with light reflected from the 

sample that has very close optical path length as light reflected from the mirror. In other words, 

the interference will occur only between light reflected from mirror and light reflected from a 

certain depth of the sample. Thus, image from that certain depth of the sample could be 

acquired. In TD-OCT, the image of different depth is acquired by moving the reference mirror or 
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the sample. In SD-OCT, both mirror and sample are fixed and depth information is carried by 

the spectrum of interfering light. 

Same as wide-field microscope, the lateral resolution of OCT is determined by the objective 

numerical aperture (NA)  

 ,

0.61
x yr

NA


  (1.1) 

Axial resolution is determined by the coherence length of the light source, and is defined as the 

full width half maximum (FWHM), as shown in Fig. 1.4(b) 

 
2 2

0 02ln 2
0.44zr

 

  
 

 
 (1.2) 

Where λ0 is the central wavelength of the light source, Δλ is the bandwidth of the light source. 

 

Fig. 1.5 Typical optical setup of TD-OCT and SD-OCT. (a) Optical setup of TD-OCT. SLD: 
superluminescent diode; M: mirror; DC: dispersion compensation component; BS: beam splitter; 
GM: galvo mirror; OBJ: objective; SAMP: sample; CAM: camera or photodiode. (b) Optical 
setup of SD-OCT. The dashed line rectangle shows the spectrometer. PC: polarization 
controller; GT: grating; L-CAM: linear camera. 
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Figure 1.5(a) shows the typical optical setup of a TD-OCT. In TD-OCT, light coming out of SLD 

is split by beam splitter. One beam goes to the mirror and then is reflected back to the camera. 

The other beam is scanned by a galvo mirror, passes a pair of lenses and is focused onto the 

sample by an objective. The galvo mirror and objective entrance pupil are conjugate so that light 

could always go through objective entrance pupil despite the scanning angle of the galvo mirror. 

Thus, vignette effect is avoided. Light reflected from the sample is reflected to camera by the 

galvo mirror and the beam splitter and interferes with light reflected from the mirror. A linear 

camera is used when the system is in line-scan configuration, i.e., a scanning line is formed on 

the sample for illumination. If the system is point scanning OCT, the camera could be replaced 

with a single element light detector, e.g. photodiode. 

Figure 1.5(b) shows the typical optical setup of a SD-OCT. The sample beam and reference 

beam are the same as in TD-OCT. One difference between the setups of TD-OCT and SD-OCT 

is that fiber based beam splitter is used in SD-OCT, instead of free space beam splitter as in 

TD-OCT. That is because SD-OCT uses point scanning configuration, free space beam splitter 

is not necessary for SD-OCT and fiber based beam splitter could simplify the system setup. The 

other, also most important difference is, a spectrometer is used to record the spectrum of 

interfering light instead of a camera that records only intensity information. Depth information of 

the corresponding scanning position is carried in the frequency information of the spectrum. 

After doing Fourier Transformation of the spectrum, the A-scan (depth information) is acquired. 

As the galvo mirror scans the sample, multiple A-scans could be acquired and forms a B-scan, 

which shows the cross-section of the sample. 

1.1.5 Intrinsic optical signal 

Even though ERG and OCT are widely used in retinal diseases diagnosis, they both have their 

limitations. Because ERG measures integrated electrical signal of the retina, it lacks spatial 
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resolving capability. OCT has a high spatial resolution but could only detect the diseases after 

morphological changes show up. A new tool that is capable of early detection of retinal disease 

and provides high resolution retinal images is desirable. Intrinsic optical signal (IOS) [57] is a 

promising option. 

IOS reflects the intrinsic optical property changes of the retina after being stimulated by light. 

The optical property changes could include changes in reflectance, scattering, birefringence, 

and polarization, etc. These changes are observed as pixel intensity changes in recorded 

images. The percentage of pixel intensity change compared to pixel intensity before stimulation 

is the IOS. IOS is often denoted as ΔI/I, where ΔI is the pixel intensity change and I is the pixel 

intensity before stimulation. To calculate ΔI/I, images before and after stimulation need to be 

acquired. Different imaging modalities could be used for IOS imaging, including full-field 

microscopy, confocal microscopy and OCT, etc.  

To do IOS imaging, first, images before and after light stimulation are acquired continuously at a 

certain frame speed. At a certain time point, a visible light stimulation of certain intensity and 

duration is delivered to the retina. Acquired images are processed to get IOS images. To get 

IOS images from recorded images, first, pre-stimulus images are averaged and served as 

baseline image I0(x,y). Then each image is calculated to get corresponding IOS image using the 

equation: 
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  (1.3) 

Where IOSt(x,y) is the IOS image at time t. It(x,y) is the original image at time t. Multiple IOS 

images could be averaged to increase the signal to noise ratio (SNR) of IOS.  

To calculate IOS curves, the 3-σ standard was applied to select active pixels. First, pre-stimulus 

images are used to calculate the standard deviation of each pixel, σ(x,y). Then for each pixel in 
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each image, if the pixel intensity is greater than I0+3σ, the pixel is a positive pixel, if the pixel 

intensity is smaller than I0-3σ, the pixel is a negative pixel. To reduce the possibility that an 

inactive pixel is classified as positive or negative pixels, the pixel is classified positive or 

negative pixel only if it meets the 3-σ standard in 5 consecutive images. To calculate positive 

and negative IOS curves, all positive pixels in each image were averaged and all negative pixels 

in each image were also averaged, and we get two intensity curves of positive and negative 

pixels. Then IOS curves are calculated as: 

 

 
  0

0

I t I
IOS t

I




  (1.4) 

Where It is the value of the intensity curves at time t, and I0 is the pre-stimulus average of the 

intensity curves. 

Different IOS parameters including onset time, amplitude and time-to-half-peak were calculated 

from IOS curves and used in this dissertation research for quantifying retinal function. To 

calculate onset time,  

Figure 1.6 shows typical IOS images and curves acquired from frog retina using SD-OCT. 

Figure 1.6(a1) shows the IOS images at different times under 10 ms stimulation and Fig. 1.6(a2) 

shows IOS images under 500 ms stimulation. We could see that with short stimulation (10 ms), 

IOS is mainly observed in OS and with long stimulation (500 ms) IOS is observed in both OS 

and IPL. Figure 1.6(b) shows active pixels at different time with 10 ms stimulation and Fig. 1.6(c) 

shows active pixels with 500 ms stimulation. With both short and long stimulation, active pixels 

were observed in OS. Only with long stimulation, active pixels slowly appeared in IPL. Figure 

1.6(d) and (e) show IOS curves from different retinal layers with 10 ms and 500 ms stimulation. 

With 10 ms stimulation, IOS was mainly observed from inner segment ellipsoid (ISe), OS and 

RPE. However, with 500 ms stimulation IOS is observed also in IPL and OPL. Fast IOS from 
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OS and RPE reaches the peak in very short time (millisecond level) while slow IOS from IPL 

and OPL has slow rising phase (second level). 

 

Fig. 1.6 Representative IOS from OCT images. (a1) IOS images with 10 ms stimulation; (a2) 
IOS images with 500 ms stimulation; (b) IOS map of 10 ms stimulation superimposed on OCT 
image; Red show positive pixels and green show negative pixels. (c) IOS map of 500 ms 
stimulation superimposed on OCT image. Red show positive pixels and green show negative 
pixels. (d) IOS curves from different retinal layers with 10 ms stimulation. (e) IOS curves from 
different layers with 500 ms stimulation. Reprinted from [16] with permission. 
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The mechanism of IOS is not fully understood yet. Anatomically, fast IOS is observed mainly in 

ISe, OS and RPE, and slow IOS is observed mainly in IPL and OPL [16]. Physiologically, IOS is 

a result of complex activities in the stimulated retina. Any response of the retina that could result 

in optical property changes will be recorded as IOS. For example, the phototransduction 

process, which includes the transformation of proteins and closure of ion channels, could result 

in scattering light changes [58]. Besides stimulus-evoked neural activities, subsequent 

metabolic and hemodynamic changes could also result in observed light intensity changes. 

When the retina is stimulated, the activity of retina results in increased requirement of energy 

and oxygen, thus blood supply to the retina will increase and such change could be recorded as 

slow IOS [59].  

1.2 Overview of the dissertation research 

Many studies have been conducted regarding IOS characteristics and properties on animal 

models including frogs [1, 12-16, 60-63], chickens [64, 65], rats [66], rabbits [67], cats [68] and 

primates [69]. Studies on humans were also reported [70-72]. Studies using microscopy and 

custom designed imaging systems, including confocal microscopy and OCT,  showed that in 

frogs, fast IOS mainly originated from photoreceptor outer segments [16]. In a study using in 

vivo confocal microscopy, we demonstrated the capability of IOS in retinal dysfunction detection. 

The frog retina was injured with a high-power laser, no obvious morphological changes could be 

observed from the confocal image of the retina while fast IOS accurately showed the injured 

area [14]. In another study, with isolated retinas from rod degenerated mutant mice, we 

observed significantly smaller stimulus evoked IOS in 2-month-old mouse, while no stimulus 

evoked IOS was observed in 1-year old mouse [73]. Those studies confirmed the feasibility of 

using IOS as a tool for mapping retinal function and promised the possibility of using IOS to 

diagnose retinal diseases clinically. However, our understanding about IOS is still limited 

regarding its characteristics, mechanism and relationship with retinal disease. There is a long 
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way to go before clinical application of IOS. This dissertation research is designed to 

systematically study the characteristics of IOS and understand how IOS is affected by retinal 

diseases, so as to push clinical application of IOS one step further.  

1.2.1 Significance 

IOS imaging as a potential diagnosing tool is superior to currently available approaches in two 

aspects combined, functional imaging and high resolution. Most diagnosing tools in clinic are 

either functional evaluating tools, e.g. ERG, with low spatial resolution, or morphological 

imaging tools, e.g. OCT, that are not capable of early detection of diseases. IOS is a new tool 

that is capable of functional imaging of the retina with high resolution. Function imaging makes 

IOS a great tool for diagnosing retinal dysfunction in early stages to help increase the possibility 

of a complete cure and reduce the expenses of treatment. High resolution makes IOS possible 

to accurately determine the location of degenerated cells, thus making the diagnosing process 

much easier and less subjective compared to other diagnosing tools such as visual field test. 

With the benefit of high resolution functional imaging capability, early diagnosis of different 

retinal diseases is made simpler.  

Before applying IOS in clinic, it is important to improve our knowledge about IOS. In this 

dissertation research, characteristics of IOS were systematically studied, mechanism of fast IOS 

was explored, and the relationship between fast IOS and retinal diseases was quantified. The 

feasibility of using fast IOS as a tool for diagnosing retinal diseases in small animal models was 

tested and proven. This study paved the way for further IOS studies in different animal models 

and humans. The results suggest that IOS could be a novel high resolution functional imaging 

tool for retinal disease diagnosis. 
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1.2.2 Innovation 

Although IOS imaging has been conducted in both isolated [1, 13, 60, 63, 73] and intact retinas 

[16, 64, 66, 69, 70], IOS study in diseased mouse models is difficult because of the small mouse 

eye and eye movement. The bridge that connects lab study and clinical application is not built 

yet. The innovation of this dissertation research is, systematically designed studies were 

conducted to better understand IOS and to push IOS imaging one step closer to clinical 

application. By building specially designed imaging systems, characteristics of normal IOS was 

carefully studied, the mechanism of fast IOS was explored and fast IOS in a diseased mouse 

model was studied. These studies paved way for using IOS as a diagnosing tool in clinic. 

First, characters of normal IOS were systematically studied. Using a LS-OCT, fast IOS from OS 

of frog retina was selectively imaged to study fast IOS distribution and time course. Using an in 

vivo SD-OCT, IOS from both outer and inner retina of living mouse was investigated. The 

response of fast IOS to stimulation intensity was studied. These studies provided details of 

characteristics of IOS. 

Second, both dynamical and physiological mechanisms of fast IOS were explored. Using a 

system that combines line-scan confocal microscopy and SD-OCT, phototropism was observed 

to be one main dynamical origination of fast IOS. In the in vivo study using mouse retina, by 

comparing fast IOS time course with ERG time course, we proposed that early 

phototransduction process might be the physiological origination of fast IOS. 

Third, fast IOS imaging in a diseased mouse model was conducted to study diseases 

introduced fast IOS distortion. The feasibility of fast IOS in diagnosing retinal disease was 

demonstrated. This built the foundation for clinical application of IOS. 
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1.2.3 Specific Aims 

The overall goal of this proposal is to study the characteristics of IOS, understand its 

mechanism, and explore the feasibility of utilizing IOS as a tool for diagnosing retinal diseases.  

Aim 1: Observing normal IOS and studying how stimulation affects IOS.  Knowing the 

characteristics of normal IOS is the foundation of IOS imaging. Only when we fully understand 

what normal IOS is like with different stimulation, disease introduced IOS distortion could be 

interpreted. 

Aim 2: Exploring the mechanism of fast IOS. Without knowing the mechanism behind fast 

IOS, it is difficult to put fast IOS into application. Understanding the mechanism could help 

explain how fast IOS is affected by stimulation and retinal diseases, thus proper protocol could 

be developed for conducting fast IOS imaging both in research and in clinic. 

Aim 3: Studying the relationship between retinal dysfunction and IOS distortion.  This aim 

is designed to study how fast IOS changes as retinal degeneration progresses and study how 

fast IOS of mutant mice is different from fast IOS of wild type mice. The study will correlate 

degeneration stages with fast IOS changes and thus will prove the feasibility of using fast IOS to 

diagnose and track retinal diseases. 

1.2.4 Structure of the dissertation 

Four studies were designed and conducted in this dissertation research. While each study 

focuses on one aspect of IOS, it also revealed information on other aspects. All studies are not 

totally independent and have some interlaces. 

The study in Chapter II was designed to understand the normal fast IOS from OS. It is known 

that OS is one main anatomical origination of fast IOS [15, 63].  Fast IOS from OS of frog retina 

was explored using a LS-OCT. Results showed that positive and negative fast IOSs were mixed 



17 
 

 
 

and confined in the stimulated area. Time course of fast IOS from OS was very fast, both 

positive and negative fast IOSs reaches half-peak in <10 ms. However, negative fast IOS is 

slightly faster than positive fast IOS, suggesting that negative and positive fast IOSs originated 

from different processes. We suspected that fast IOS reflect dynamics of G-protein binding and 

releasing in early phases of phototransduction. 

After studying the characteristics of normal IOS, Chapter III focused on exploring the dynamical 

mechanism of fast IOS. Using a wide-field microscope, rod phototropism was observed in a 

previous study [74]. Phototropism was further explored in Chapter III to see if it could be the 

origination of fast IOS. Results indicate that phototropism occurred in OS, thus it acted as the 

main contributor to fast IOS observed in OS. 

Before pursuing clinical application of IOS, it is necessary to study how different diseases alter 

IOS. Chapter IV focused on building the foundation for in vivo IOS imaging in mice so that IOS 

from different diseased mouse models could be studied. IOS from normal mice was explored. 

The response of fast IOS to different stimulation conditions was compared to that of ERG. 

Results showed that the response of fast IOS to stimulation intensity was very similar to the 

response of ERG a-wave, indicating that same as ERG a-wave, fast IOS also originated from 

phototransduction process. However, the onset time of fast IOS was significantly shorter than 

that of ERG a-wave, thus fast IOS probably originated from the early phases of 

phototransduction. This agrees with the hypothesis made in Chapter II. 

With the foundation of IOS imaging in mice built, Chapter V studied disease introduced fast IOS 

distortion using mouse pups of a retinal degeneration model. Results showed that fast IOS and 

OCT could detect retinal degeneration at 16 and 17 days after birth, respectively. The results 

proved that fast IOS could detect retinal dysfunction before morphological changes could be 

observed. In other words, fast IOS was capable of early detection of retinal diseases.  
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Chapter VI summarized the results of the studies, and discussed future directions of IOS study 

and challenges of IOS in clinical application.  
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CHAPTER II. EN FACE OPTICAL COHERENCE TOMOGRAPHY OF FAST LIGHT 

RESPONSE AT PHOTORECEPTOR OUTER SEGMENTS IN LIVING FROG EYECUP 

(Previously published as B. Wang, R. Lu, Q. Zhang, Y. Jiang and X. Yao (2013) En face optical 

coherence tomography of transient light response at photoreceptor outer segments in living frog 

eyecup, Optics Letters 38, 4526-4529 [1]) 

Abstract: This study was designed to test the feasibility of en face mapping of the fast intrinsic 

optical signal (IOS) response at photoreceptor outer segments and to assess the effect of 

spatial resolution on functional IOS imaging of retinal photoreceptors. A line-scan optical 

coherence tomography (LS-OCT) was constructed to achieve depth resolved functional IOS 

imaging of living frog eyecups. Rapid en face OCT revealed fast IOS almost immediately (<3 ms) 

after the onset of visible light flashes at photoreceptor outer segments. Quantitative analysis 

indicated that the IOS kinetics may reflect dynamics of G-protein binding and releasing in early 

phases of visual transduction, and high resolution is essential to differentiate positive and 

negative IOS changes in adjacent locations.  

2.1 Introduction 

Eye diseases, such as age-related macular degeneration (AMD) [4] and retinitis pigmentosa 

(RP) [6] can cause pathological changes in retinal photoreceptors. Without prompt and effective 

intervention, they can ultimately lead to severe vision losses and even legal blindness. High 

resolution imaging tools provide important information for retinal diseases diagnosis and 

treatment evaluation. Advanced fundus examinations, including optical coherence tomography 

(OCT) and adaptive optics (AO) measurements, have provided valuable information for AMD 

assessment. However, the morphological only fundus examination is not enough [75]. 

Electroretinogram (ERG) [11], focal ERG, multifocal ERG [19], perimetry [76], etc. are widely 

used for objective retinal function evaluation. However, due to the low spatial resolution of ERG 
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and perimetry, they are not suitable for precisely identifying localized retinal dysfunctions. At 

early stages, AMD associated cellular damages are in the form of degenerative or apoptotic 

changes of small groups of retinal cells. Although morphological (e.g. OCT) and functional (e.g. 

ERG) evaluation methods could be combined [77] to provide more comprehensive information 

for retinal disease evaluation, conducting these separate measurements is time-consuming and 

cost inefficient. Moreover, the loci of functional ERG losses may not correlate with those of the 

discernible morphological features, such as drusen, hemorrhages, etc. [78, 79]. It is therefore 

desirable to be able to simultaneously evaluate structure and function of individual retinal layers 

at high spatial and temporal resolution over an extended retinal region. 

Intrinsic optical signal (IOS) imaging derives functional information of the retina from high 

resolution morphological images, thus it promises a new method for high resolution functional 

mapping of the retina. Stimulus-evoked IOSs have been detected in the retina, neural tissues 

[80-83] and other excitable cells [84, 85]. Several imaging techniques, including fundus cameras 

[69, 86], AO ophthalmoscopes [87-89], OCT imagers [66, 67, 90] have been explored for 

functional IOS imaging of the retina. While all these studies have revealed robust IOSs 

associated with retinal stimulation, rapid en face mapping of fast IOS selectively from retinal 

photoreceptors over an extended area, which is essential for easy photoreceptor assessment, is 

still challenging due to crosstalk noises among multiple retinal layers. Recently, we developed a 

line-scan confocal imager to detect fast IOS tightly correlated with photoreceptor response [12, 

14]. However, the axial resolution of the confocal system was limited, and sub-cellular correlate 

of the IOS in retinal photoreceptor has not been well understood. Dynamic near infrared (NIR) 

microscopy of retinal slices, which opened a cross section of retinal layers, disclosed a 

dominant IOS source at photoreceptor outer segments. In this Letter, we report depth-resolved 

en face OCT imaging of IOS response at photoreceptor outer segments in living frog eyecups at 

sub-cellular resolution. 
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2.2 Methods 

Eyecups of leopard frogs (Rana Pipiens) were selected for this study. Protocols for all 

experiment procedures were approved by the Institutional Animal Care and Use Committee of 

the University of Alabama at Birmingham. During the experiment, the frog was first dark adapted 

for ∼2 h and then euthanized by rapid decapitation and double pithing. Eyeballs were then 

dissected and moved to Ringer’s solution (containing in mMol/L: 110 NaCl, 2.5 KCl, 1.6 MgCl2, 

1.0 CaCl2, 22 NaHCO3, and 10 D-glucose). The eyecup was made by hemisecting the eye 

globe below the equator with fine scissors and then removing the lens. Surgical operation was 

conducted in a dark room illuminated with dim red light. The eyecup was immersed in Ringer’s 

solution during functional IOS imaging of retinal response. 

 

Fig. 2.1. Schematic diagram of the time domain LS-OCT. (a) Top view of the system. CO, 
collimator; L1–L5, lenses, with focal lengths 80, 40, 80, 40, and 75 mm, respectively; OB, 
objective (10×, NA=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. (b) 
Side view of blue rectangle area in (a). 

In order to conduct sub-cellular resolution en face IOS imaging of the retina, a rapid time 

domain line-scan OCT (LS-OCT) system was developed. The LS-OCT combined technical 

merits of electro-optic phase modulator (EOPM) modulation and line-scan strategy to achieve 

rapid, vibration-free OCT imaging [91]. Figure 2.1 shows a block diagram of the time domain 
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LS-OCT system. A NIR superluminescent diode (SLD-351, Superlum), with center wavelength 

λ=830 nm and bandwidth Δλ=60 nm, was used for dynamic OCT imaging. In the illumination 

path, the cylindrical lens CL1 was used to condense the NIR light in one dimension to produce a 

focused line illumination at the retina. The focused line illumination was scanned over the retina 

by a galvo (GVS001, Thorlabs) to achieve rapid en face imaging. In the reference path, the 

cylindrical lens CL2 was used to convert the focused light back to collimated light. The glass 

block was used to compensate for optical dispersion. The EOPM (Model 350-50, Conoptics) 

was used to implement vibration-free phase modulation. Light reflected by the mirror and the 

retina interfered and was captured by the line-scan camera (Sprint spl2048-140km, Basler) to 

retrieve OCT images [91]. The line-scan camera had line speed up to 140,000 lines/s when 

working at double-line mode and 70,000 lines/s at single-line mode. Single-line mode was 

selected for this study to ensure high resolution of IOS recording. In coordination with the NIR 

line illumination, the 1D CMOS array (1×2048 pixels, 10μm×10μm) of the line-scan camera 

acted as a slit to achieve a confocal configuration for effective rejection of out-of-focus light. 

2.3 Results 

 

Fig. 2.2. LS-OCT images of frog eyecup. (a) OCT B-scan image. The image revealed multiple 
hyper-reflective OCT bands, including NFL, GCL, IPL, INL, OPL, ONL, ELM, IS, OS, RPE, and 
choroid. (b) Representative en face OCT image recorded at photoreceptor OS [indicated by the 
dashed white line in (a)]. The red rectangle area shows the area where IOS images were 
acquired. The white spot indicates the green light stimulus. 
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Using a 10× (NA=0.3) water immersion objective, lateral and axial resolutions of the system 

were ∼2 μm (0.61λ/NA) and ∼4 μm (0.44λ2/nΔλ, where n was refractive index of retinal tissue, n 

≈1.4), respectively. Figure 2.2 shows representative time domain LS-OCT images of living frog 

eyecups. The B-scan OCT [Fig. 2.2(a)], which revealed a cross-sectional image of the eyecup, 

was reconstructed from a stack of en face OCT images acquired at 50 frames per second (fps). 

Figure 2.2(a) disclosed clear structures of outer segment (OS), inner segment (IS) ellipsoid, 

external limiting membrane (ELM), outer plexiform layer (OPL), inner nuclear layer (INL), inner 

plexiform layer (IPL), ganglion cell layer (GCL), and nerve fiber layer (NFL). In the en face OCT 

image [Fig. 2.2(b)], individual photoreceptors could be unambiguously identified. 

Given excellent axial resolution, we focused the OCT recording at photoreceptor outer 

segments [dashed white line in Fig. 2.2(a)]. For better temporal resolution, we reduced the field 

of view [Fig. 2.2(b) red rectangle area] and increased frame speed from 50 to 200 fps. The 

details of IOS processing procedure have been documented in our previous publication [14]. 

Briefly, IOS images are illustrated with a unit of ΔI/I, where I is the background obtained by 

averaging pre-stimulus images, and ΔI is the difference between each image and the 

background. Figure 2.3(a) illustrates IOS images of photoreceptor outer segments. A green light 

flash [white spot in Fig. 2.3(a2)] was introduced for photoreceptor stimulation at time 0. In Fig. 

2.3(a), it was observed that the IOS pattern showed a tight correlation with the stimulus spot. In 

other words, the IOS response was predominantly confined to the stimulus spot. Positive and 

negative IOSs were observed in the stimulus-activated area. Figure 2.3(b) shows separate 

averages of positive and negative IOSs in the image area. Positive and negative signals were 

defined by the 3−δ rule [14]. 
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Fig. 2.3. IOS images and curves acquired at 200 fps. (a) Representative IOS images, with a 
time interval of 50 ms. A 10 ms green light stimulus was introduced at time 0 (a2). Rapid IOS 
occurred immediately after the stimulation; mixed positive and negative IOSs were observed. (b) 
Separate averages of positive (red trace) and negative (blue trace) IOSs. The inset is enlarged 
curve of early IOS response. (c) IOS images with computationally controlled resolutions. 
Resolutions in (c1) to (c5) were 2, 5, 10, 20, and 50 μm, respectively. (d) Spatiotemporal IOS 
pattern at the position marked by the red dashed line in (c2). (e) Temporal IOS profiles of 
representative pixels marked by arrows in (c1). Red arrows indicated positive IOS pixels; blue 
arrows indicated negative IOS pixels. (f) The relationship between resolution and IOS 
magnitudes of representative pixels within stimulated area. Red curves represent positive IOS; 
blue curves represent negative IOS. Shadow areas show standard deviation. (g) The effect of 
resolution on IOS SNR. Red curves represent positive IOS; blue curves represent negative IOS. 
Shadow areas show standard deviation. 
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The mixed positive and negative IOSs indicated that high resolution was essential for IOS 

sensitivity of IOS imaging. Otherwise, IOSs with different signal polarities could integrate 

together to lower IOS magnitude. Figure 2.3(c) illustrates quantitative assessment of the effect 

of spatial resolution on IOS measurement. Variable resolutions were computationally 

implemented by applying different sized Butterworth windows in Fourier domain to OCT images. 

Figure 2.3(e) shows IOS curves of representative positive [red arrows in Fig. 2.3(c1)] and 

negative [blue arrows in Fig. 2.3(c1)] pixels at different resolutions. It was observed that the IOS 

magnitude dropped as the resolution decreased. At 50 μm resolution, IOS patterns could be 

barely observed. Figure 2.3(f) shows separate average of positive and negative IOSs observed 

in Fig. 2.3(a). Both positive and negative IOSs decreased rapidly with lowered resolution. Figure 

2.3(g) illustrates the effect of spatial resolution on IOS signal-to-noise ratio (SNR). In 

comparison with significant effect of the resolution on IOS magnitude, the effect on IOS SNR 

was relatively insignificant. 

 

Fig. 2.4. IOS images and curves acquired at 800 fps. (a) A sequence of IOS images. Image 
width is one quarter of image width in Fig. 2.3(a). Time interval of presented images is 12.5 ms. 
A 10 ms green light stimulus was introduced at time 0. (b) Separate averages of positive and 
negative IOSs. Red curves represent positive IOS; blue curves represent negative IOS. Shadow 
areas show standard deviations. (c) Enlarged image of (b) from −10 to 35 ms. (d) Onset time 
and half-peak time of average IOSs of nine different recordings. Red bars represent positive 
IOS; blue bars represent negative IOS. 
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As shown in Fig. 2.3(b), the IOS response occurred almost immediately and reached half-peak 

and maximum at ∼10 and ∼30 ms, respectively. Slight difference of the onset times of positive 

and negative IOSs was observed in the inset panel of Fig. 2.3(b). In order to investigate the 

onset time courses of positive and negative IOSs, we improved imaging speed from 200 to 800 

fps. Figure 2.4(a) shows representative IOS images recorded at 800 fps. Figure 2.4(b) shows 

averaged IOS curves of nine recordings. Here we defined onset time as the time that IOS 

magnitude reached μ+3σ, where μ and σ were mean and standard deviation of pre-stimulus 

IOS of each pixel. From Fig. 2.4(c) we could estimate that onset time was within 3 ms and half-

peak time was within 10 ms. Figure 2.4(d) shows mean values of onset time and half peak time 

of positive and negative IOSs calculated from curves in Fig. 2.4(b). For positive IOS, the mean 

onset time was 2.5 ms, and the mean half-peak time was 7 ms; for negative IOS, the mean 

onset time was 2 ms, and the mean half-peak time was 6 ms. Mean temporal parameter values 

of negative IOS were smaller than that of positive IOS. We conducted one-tailed unpaired 

Student’s t-test for those data. At 10% level of significance, we could say that negative IOS 

onset time was shorter than that of positive IOS and negative IOS half-peak time was shorter 

than that of positive IOS (p-values were 0.08 and 0.07 for onset time and half-peak time, 

respectively).  

2.4 Discussion 

In summary, a LS-OCT system was developed to conduct sub-cellular resolution IOS imaging of 

retinal photoreceptors in a living eyecup. High axial resolution enabled us to conduct selective 

IOS mapping of photoreceptor outer segments. High-resolution images revealed a robust IOS 

pattern, with mixed positive and negative responses in adjacent locations. Computational 

simulation indicated that high resolution was essential to ensure high IOS sensitivity. However, 

the effect of spatial resolution on IOS SNR was relatively insignificant. 
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Interestingly, the best SNR was observed around 10 μm, which was slightly larger than the 

dimension of individual photoreceptors. We consistently observed that the onset time of positive 

IOS was slightly slower, compared to negative IOS [Figs. 2.3(b) and 2.4(d)]. This suggests that 

the observed positive and negative IOSs may reflect different aspects of light phototransduction 

in photoreceptors. Previous studies with isolated photoreceptor outer segments and isolated 

retinas have reported fast IOSs correlated with early procedures of visual phototransduction [92-

94]. Both binding and releasing of G-proteins to photo-excited rhodopsin may contribute to the 

IOSs. While the early phase of negative IOS may be partially affected by the binding of photo-

excited rhodopsin to G proteins, some part of the positive IOSs may relate to the dissociation of 

the complex upon GDP/GTP exchange [93]. Further investigation of spatiotemporal 

characteristics of the IOSs from photoreceptor outer segments is required to optimize 

instrument design for functional IOS imaging of retinal photoreceptors. 
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CHAPTER III. FUNCTIONAL OPTICAL COHERENCE TOMOGRAPHY REVEALS 

TRANSIENT PHOTOTROPIC CHANGE OF PHOTORECEPTOR OUTER 

SEGMENTS 

 (Previously published as B. Wang, R. Lu, Q. Zhang, and X. Yao (2014) Functional optical 

coherence tomography reveals transient phototropic change of photoreceptor outer 

segments. Optics Letters 39, 6923–6926 [2]) 

Abstract: Dynamic near infrared microscopy has revealed transient retinal phototropism (TRP) 

correlated with oblique light stimulation. Here, by developing a hybrid confocal microscopy and 

optical coherence tomography (OCT), we tested sub-cellular source of the TRP in living frog 

retina. Dynamic confocal microscopy and OCT consistently revealed photoreceptor outer 

segments as the anatomic source of the TRP. Further investigation of the TRP can provide 

insights in better understanding of Stiles-Crawford effect (SCE) on rod and cone systems, and 

may also promise an intrinsic biomarker for early detection of eye diseases that can produce 

photoreceptor dysfunction. 

3.1 Introduction 

The Stiles-Crawford effect (SCE) refers to the directional sensitivity of the retina [95]. It is known 

that the retina is more sensitive to the light entering the center of the pupil, i.e., parallel light 

relative to eye axis, than the light passing through the periphery, i.e., oblique light illumination. 

The SCE is predominantly observed in cone photoreceptors, which is believed to suppress 

intraocular stray light to benefit image quality of photopic vision [96]. In contrast, psychophysical 

methods did not reveal significant SCE in rod photoreceptors that dominate scotopic vision [96]. 

The biophysical mechanism underlying the SCE difference between rod and cone 

photoreceptors is not well established. Recently, we observed transient retinal phototropism 

(TRP) correlated with oblique light stimulation, which might provide one possible explanation of 
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the lack of rod SCE. Using a near infrared (NIR) transmission microscope equipped with a high-

speed camera, we have consistently observed the TRP in both amphibian (frog) and 

mammalian (mouse) retinas [74]. High spatial and temporal resolution imaging revealed that the 

TRP was rod-dominant. It has been widely accepted that the waveguide property of retinal 

photoreceptors can affect the directionality of light acceptance [97-99]. Therefore, such rod-

dominant TRP might affect the waveguide acceptance and thus partially compensate for the 

loss of luminance efficiency in the rod system under oblique stimulation. 

The purpose of this study is twofold: (1) to identify the axial location (e.g., inner or outer 

photoreceptor segment) of the TRP at micrometer resolution; and (2) to validate the feasibility of 

mapping TRP through reflected light imaging modality. The transmitted light microscopy in our 

preliminary study provided excellent transverse resolution to differentiate rod and cone 

photoreceptors [74]. However, limited axial resolution hampered its application to identify sub-

cellular source and mechanism of the TRP. Moreover, transmitted light imaging modality limited 

its potential for in vivo application. In this study, we combined line-scan confocal microscopy 

and spectral-domain optical coherence tomography (SD-OCT) to demonstrate reflected light 

recording and characterize the sub-cellular source of the TRP in living frog retinas. 

3.2 Methods 

Figure 3.1 shows the schematic diagram of the confocal-OCT imaging system. In the line-scan 

confocal subsystem, a 780 nm superluminescent diode (QSDM-780-15D, Qphotonics) was 

used as the light source. A cylindrical lens was used to condense the light in one direction to 

produce a focused line illumination. Back reflection and scattering light from the sample was 

detected by a high-speed (70,000 lines/s) linear charge-coupled device (CCD) camera (AViiVA 

EM2, e2v). The linear CCD (1×1014 pixels, 10μm×10μm each pixel) naturally acted as a slit 

aperture, which was conjugated with the focused line illumination, to achieve confocal 
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configuration to reject out-of-focus light [1, 62, 100]. In the SD-OCT subsystem, an 850 nm SLD 

(D840, Superlum) was used as the light source. The bandwidth of the near infrared SLD was 

100 nm, corresponding to axial resolution ∼3 μm in air. A 10× water immersion objective with 

0.3 numeric aperture (NA) was employed to provide 1.7 μm lateral resolution. The SD-OCT and 

line-scan confocal subsystems shared the same sample arm. A short-pass dichroic mirror DM1 

(DMSP805, Thorlabs) was used to combine 780 and 850 nm light beams to achieve 

simultaneous OCT and confocal imaging. A long-pass dichroic mirror DM2 (cut-on wavelength 

700 nm, Edmund Optics) was used to introduce green light (505 nm) for retinal stimulation. The 

stimulation orientation and TRP direction are defined in Figs. 3.2(A) and 3.2(B). 

 

Fig. 3.1. Diagram of the hybrid confocal-OCT imaging system. (A) Top view: SLD1, 
superluminescent diode, λ=850 nm, Δλ=100 nm; SLD2, superluminescent diode, λ=780 nm, 
Δλ=50 nm; CO1–CO3, collimators; CL, cylindrical lens, f=150 mm; L1–L5, lenses, focal lengths 
are (in mm) 120, 60, 125, 160, and 30, respectively; BS, beam splitter; DM1, short-pass dichroic 
mirror; GALVO, galvo mirror; DM2, long-pass dichroic mirror; STI, stimulus light; OBJ, objective, 
10×, NA=0.3; SAMP, sample; CAM, linear camera; GL, glass block; MIR, mirror; PC, 
polarization controller; SM, spectrometer. (B) Side view of blue and purple rectangle areas in 
(A). Only confocal part is illustrated. 

Both amphibian (frog) and mammalian (mouse) retinas have previously been used to 

demonstrate the TRP [74]. Freshly isolated leopard frog (Rana pipiens) retina was selected for 

this study. Relative large photoreceptors (rods ∼5−8 μm, cones ∼1–3 μm) [101, 102] allowed 

unambiguous observation of photoreceptor mosaic, and thus to readily enable quantitative 

analysis of the TRP at sub-cellular resolution. Animal handling was approved by the Institutional 
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Animal Care and Use Committee of the University of Alabama at Birmingham. During the 

experiment, the frog was euthanized by decapitation followed by double pithing. The eyeball 

was then dissected and transferred to Ringer’s solution (containing in mMol/L: 110 NaCl, 2.5 

KCl, 1.6 MgCl2, 1.0 CaCl2, 22 NaHCO3, and 10 D-glucose) [103]. After hemisecting the eyeball, 

the retina was isolated and moved to a chamber filled with Ringer’s solution for imaging. The 

whole process was conducted in a dark room with dim red-light illumination. 

 

Fig. 3.2 (A) Illustration of 20° (left) and -20° (right) oblique stimulations. (B) Color code of TRP 
direction. (C) Frog photoreceptor mosaic pattern acquired with a NIR transmission microscope. 
(D) Frog photoreceptor mosaic pattern acquired with the line-scan confocal microscope. (E) A 
representative frame of the OCT movie (see Media 1). Dynamic OCT imaging revealed TRP in 
the area (white window) activated by the oblique stimulation. NFL, nerve fiber 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. Scale bars: 
50 μm. 

3.3 Results 

In our preliminary study of TRP, we observed clear photoreceptor mosaic pattern in NIR 

transmission microscopy image, and rods and cones could be directly differentiated [Fig. 3.2(C), 

white cells: rods, black cells: cones]. In this study, photoreceptor mosaic pattern was also 

unambiguously observed in en face confocal image [Fig. 3.2(D)], although it was difficult to 

differentiate rod and cone cell types in the reflected light images. The integrated OCT provided 

cross-sectional observation of retinal structure at micrometer resolution [Fig. 3.2(E)]. The 

https://www.osapublishing.org/ol/viewmedia.cfm?URI=ol-39-24-6923&seq=1
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combined confocal and OCT enabled simultaneous en face [Fig. 3.2(D)] and cross-sectional 

[Fig. 3.2(E)] measurements. For each experiment, 100-ms pre-stimulus and 400-ms post-

stimulus images were recorded at the speed of 200 frames per second. A 10-ms oblique 

stimulus [Fig. 3.2(A), 20° or −20°, 2×105 photons/μm2/ms] was introduced to stimulate the retina. 

Transient photoreceptor displacement could be observed after the delivery of the retinal 

stimulation [see Media 1, Fig. 3.2(E)]. In order to quantify the photoreceptor displacement, we 

adopted the optical flow code developed by Sun et al. [104]. Optical flow is a well-established 

method for calculating target movements between two images. It can accurately identify 

movements of fine details in sequential images, which makes the method suitable for tracking 

small movements of retinal cells. Stimulus-evoked transient photoreceptor displacements could 

be quantified in magnitude and direction maps. In order to automatically segment active area 

and inactive area in displacement magnitude map, we used the classic automatic thresholding 

method for bi-modal images: Otsu’s method [105]. Segmented active area was color coded in 

the direction map according to predefined scale [Fig. 3.2(B)]. The inactive area in direction map 

was coded as black.  

Figure 3.3(A) illustrates confocal and OCT results of the retina stimulated with 20° and −20° 

oblique light flashes. The results were calculated from the average of 10 images acquired 

between 100 ms and 150 ms after the onset of the stimulus light. As shown in Figs. 3.3(A3) and 

3.3(A4), dynamic confocal imaging revealed that retinal photoreceptors moved toward the 0° 

direction, i.e., right direction, corresponding to the 20° oblique stimulation. In other words, the 

photoreceptor moved toward the incident light, which was consistent with our early observation 

using a digital NIR microscope [74]. Cross-sectional retinal OCT images revealed that the TRP 

primarily localized at the photoreceptor outer segment [Figs. 3.3(A6) and 3.3(A7)]. The OCT 

images in Figs. 3.3(A7) and 3.3(A8) confirmed that the 20° stimulation led the photoreceptor to 

shift right, i.e., toward the direction of stimulus light. 

https://www.osapublishing.org/ol/viewmedia.cfm?URI=ol-39-24-6923&seq=1
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Fig. 3.3 Magnitude and angle of TRP evoked by 20° and -20° stimulation. (A) Confocal and OCT 
observation of the TRP evoked by 20° oblique stimulation. (A1) Confocal image of retinal 
photoreceptors. Green rectangle represents the 20° oblique stimulus light. Red dashed line 
shows the location for OCT recording (A5). (A2) TRP magnitude map derived from confocal 
images. (A3) TRP direction map derived from confocal images. Inactive area is mapped by 
black background. Active/inactive areas are separated according to displacement magnitude 
map (A2) by using Otsu’s thresholding method. Active area is the location with detectable 
photoreceptor displacement, while inactive area is the location without detectable displacement. 
(A4) Histogram of TRP directions in (A3). (A5) Cross-sectional retinal OCT image. The green 
area indicates the 20° oblique stimulus. (A6) TRP magnitude map derived from OCT images. 
OCT cross-sectional image is merged in the red rectangle for easy identification of axial location 
of detectable displacement. (A7) TRP direction map derived from OCT images. (A8) Histogram 
of TRP directions in (A7). (B) Confocal and OCT observation of the TRP evoked by −20° 
oblique stimulation. (B1) Confocal image of photoreceptors. Green rectangle represents −20° 
oblique stimulus light. Red dashed line shows the location for OCT recording (B5). (B2) TRP 
magnitude map derived from confocal images. (B3) TRP direction map derived from confocal 
images. (B4) Histogram of TRP directions in (B3). (B5) Cross-sectional retinal OCT image. The 
green area indicates the −20° oblique stimulus. (B6) TRP magnitude map derived from OCT 
images. (B7) TRP direction map derived from OCT images. (B8) Histogram of TRP directions in 
(B7). Scale bars: 50 μm. 
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In order to further verify the orientation dependence of the TRP, we switched stimulus light 

direction from 20° to −20°. As shown in Figs. 3.3(B1)–3.3(B8), the TRP was consistently 

observed in the stimulated area (Fig. 3.3(B2)). Figure 3.3(B3) shows that displacement angle 

was ∼180°, which indicated the photoreceptors moved left due to −20° stimulation. The cross-

sectional retinal OCT images [Fig. 3.3(B7)] also consistently revealed the orientation 

dependence of the TRP. It was observed that when the stimulus light changed from 20° to −20°, 

photoreceptor displacement direction switched from right to left. In other words, when stimulus 

light direction was reversed, photoreceptor displacement direction was also reversed. Figure 

3.3(B6) confirmed that the photoreceptor displacement started from IS/OS junction and primarily 

occurred at the OS. 

3.4 Discussion 

In summary, the TRP was consistently observed in both en face confocal and cross-sectional 

OCT images. Comparative analysis of the confocal and OCT images indicated that the TRP 

was orientation dependent, i.e., the photoreceptor moved toward the direction of oblique 

stimulus light. Although both confocal and OCT measurements revealed convincible TRP 

changes, some slight difference was observed. For confocal data, it was observed that the 

distribution of the TRP direction was approximately normally distributed with a mean value of 0° 

(right movement) or 180° (left movement) [Figs. 3.3(A4) and 3.3(B4)]. However, the distribution 

of the TRP direction in OCT data slightly deviated away from normal distribution [Figs. 3.3(A8) 

and 3.3(B8)]. Most likely, this is due to different signal-to-noise ratios (SNRs) of the confocal 

and OCT images. It is known that the OCT images were severely affected by speckle noise 

[106]. Moreover, the confocal image was recorded from a relatively large area, and average 

effect might enhance relative SNR. Depth-resolved OCT imaging unambiguously revealed that 

the TRP was predominantly occurred at photoreceptor OS. Although we do not totally 

understand the mechanism underlying this phenomenon, an early study has reported disc-
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shape change of photoreceptor rod [92]. Orientation unbalanced disc-shape change might 

contribute to the observed TRP. We speculated that the TRP may compensate for some part of 

the light efficiency loss caused by oblique illumination. We are currently pursuing comparative 

TRP imaging and electrophysiological measurement for better investigation of anatomical 

source and biophysical mechanism of the TRP. This is not only important for better 

understanding of the SCE on rod and cone systems, but can also be essential for establishing 

an intrinsic biomarker for early detection of eye diseases that can produce photoreceptor 

dysfunctions. Many eye diseases, such as age-related macular degeneration (AMD), can 

produce photoreceptor damages associated with severe vision loss including legal blindness. 

Currently, there is no outright cure for the retinal degenerative. 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. It is well established that physiological integrity of rod photoreceptors is 

more vulnerable than that of cones in early AMD [4, 5]. Therefore, the rod-dominant TRP 

promises a new strategy to allow objective assessment of localized rod dysfunctions at high 

resolution. 
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CHAPTER IV. IN VIVO OPTICAL COHERENCE TOMOGRAPHY OF STIMULUS EVOKED 

INTRINSIC OPTICAL SIGNALS IN MOUSE RETINAS 

(Previously published as B. Wang, Y. Lu, and X. Yao (2016) In vivo optical coherence 

tomography of stimulus evoked intrinsic optical signals in mouse retinas. Journal of Biomedical 

Optics 21(9), 096010 [3]) 

Abstract: Intrinsic optical signal (IOS) imaging promises a noninvasive method for advanced 

study and diagnosis of eye diseases. Before pursuing clinical applications, it is essential to 

understand anatomic and physiological sources of retinal IOSs and to establish the relationship 

between IOS distortions and eye diseases. The purpose of this study was designed to 

demonstrate the feasibility of in vivo IOS imaging of mouse models. A high spatiotemporal 

resolution spectral domain optical coherence tomography (SD-OCT) was employed for depth-

resolved retinal imaging. A custom-designed animal holder equipped with ear bar and bite bar 

was used to minimize eye movements. Dynamic OCT imaging revealed rapid IOS from the 

photoreceptor’s outer segment immediately after the stimulation delivery, and slow IOS changes 

were observed from inner retinal layers. Comparative photoreceptor IOS and 

electroretinography recordings suggested that the fast photoreceptor IOS may be attributed to 

the early stage of phototransduction before the hyperpolarization of retinal photoreceptor. 

4.1 Introduction 

Eye diseases, such as age-related macular degeneration (AMD) [4, 5], retinitis pigmentosa (RP) 

[6], diabetic retinopathy [7, 8], and glaucoma [9, 10] can produce retinal neural dysfunctions that 

lead to severe vision loss if appropriate interventions are not involved promptly. It is known that 

different eye diseases damage different retinal cells, which are located in different functional 

layers. For example, retinal photoreceptors are vulnerable in AMD [4] and ganglion cells are 

affected in glaucoma [10]. Electroretinography (ERG) [11] and multifocal ERG [18, 19] can 
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provide objective evaluation of retinal neural dysfunction, but the spatial resolution is limited due 

to the integral effect of bioelectric signals from multiple retinal layers. Each hexagonal stimulus 

pattern used in multifocal ERG usually has an angular size of ∼5 deg [18, 19], corresponding to 

∼2 mm resolution in the human retina. Therefore, accurate separation of ERG components of 

retinal neurons is difficult. The low signal selectivity of ERG due to the integral effect makes its 

interpretation complicated for clinical diagnoses. Optical methods, such as fundus photography 

and optical coherence tomography (OCT) [17], can provide high-resolution examination of 

retinal morphology. However, morphological images do not directly provide functional 

information of retinal physiology. A high-resolution method for objective evaluation of retinal 

physiological function is desirable for early disease detection and improved treatment evaluation. 

Intrinsic optical signal (IOS) imaging has promise as a high resolution method for objective 

assessment of retinal neural dysfunctions due to eye diseases [57]. Micrometer level (<3 μm) 

resolution has been achieved for in vivo IOS imaging of frog retinas using custom-designed 

confocal [12] and OCT [16] systems. Stimulus-evoked IOSs have been observed in multiple 

animal models [1, 12-16, 60-69, 107] and human subjects [70]. Recent OCT studies revealed 

rapid IOS changes at photoreceptor outer segments [1, 16]. In vitro IOS imaging of normal and 

mutant mouse retinas has been conducted to demonstrate disease-produced IOS distortions 

[73]. Laser injured frog eyes have been used to demonstrate in vivo IOS mapping of localized 

retinal dysfunction [14]. Both in vitro and in vivo studies have shown that fast IOSs have different 

polarities and mainly originate from the photoreceptor outer segments in frog retinas [57]. These 

studies also revealed that photoreceptor IOSs had a rapid time course (<4 ms after onset of the 

light stimulus) [1, 16]. Transient retinal phototropism was reported to be one factor that 

generates photoreceptor IOSs [2, 74, 108], but the IOS physiological source has not been 

accurately determined yet. Before pursuing clinical applications, it is necessary to establish the 

relationship between IOS distortions and eye diseases. Multiple mouse models are available to 
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characterize IOS abnormalities in diseased retinas. However, in vivo IOS imaging of mouse 

retinas is technically difficult due to small the ocular lens and inevitable eye movements. 

The purpose of this study was designed to demonstrate the feasibility of in vivo IOS imaging of 

mouse models. Some part of the results has been reported in the SPIE Proceedings [109]. To 

achieve high spatiotemporal resolution imaging, a high-speed [up to 1250 frames per second 

(fps)] and high-resolution (∼3 μm in both lateral and axial directions) spectral domain OCT (SD-

OCT) was constructed. Comparative IOS and ERG measurements were conducted to 

investigate the physiological mechanism of retinal IOSs. 

4.2 Methods 

4.2.1 Experimental Setup 

 

Fig. 4.1 In vivo SD-OCT setup. (a) Schematic diagram of the custom-designed OCT used for in 
vivo IOS imaging of mouse retinas. SLD: superluminescent diode; SM: spectrometer; PC: 
polarization controller; FC: 90:10 fiber coupler; CAM: camera; LED: light-emitting diode; CO1–
CO2: collimators; L1–L5: lenses; GL: glass blocks; M: mirror; GM: galvo mirror; DM: dichroic 
mirror; BS: beam splitter. (b) Photograph of the custom-designed animal holder. J is a mini lab 
jack for z adjustment, T1 and T2 are translational stages for x and y adjustments, θ is the θ 
translation stage for pitch adjustment, C is the mouse cassette where the mouse was placed. 
The green rectangle shows the bite bar and ear bar unit. The red arrowheads indicate the ERG 
electrodes. 
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Figure 4.1(a) shows a schematic diagram of our custom-designed SD-OCT. A wide bandwidth 

near-infrared (NIR; Δλ=100 nm, λ=850 nm) superluminescent diode (SLD; D-840-HP-I, 

Superlum) was used as the OCT light source to provide high axial resolution (∼3 μm). The NIR 

light was focused on the retina through optical lenses and the mouse eye and was scanned with 

a galvo mirror (GVS001, Thorlabs, Inc.) to produce OCT B-scan images. The pivot of the galvo 

mirror and the pupil of the mouse eye were placed conjugate to each other in order to minimize 

the vignetting effect. The lateral resolution of the system was about 3 μm. A green (λ= 505 nm) 

light emitting diode (LED; M505L3, Thorlabs, Inc.) was coupled to the imaging system with a 

dichroic mirror (DMLP650R, Thorlabs, Inc.) for retinal stimulation. For easy alignment of the 

mouse eye, a pupil camera was integrated into the system. A custom-designed spectrometer 

was constructed for OCT recording. The linear camera (EV71YEM4CL2014BA9, e2v) used in 

the OCT provided a line rate up to 70,000 lines/s. The high imaging speed minimized the in-

frame image blur and between-frame displacement, thus reduced the effect of eye movements 

to enable robust observation of IOS responses correlated with retinal stimulation. 

Figure 4.1(b) shows a photograph of our custom-designed animal holder. Since IOSs measure 

pixel intensity changes in captured images, the IOS imaging quality is extremely sensitive to 

movements. Eye movements caused by the breath and heartbeats can be significant if the 

mouse head is not appropriately fixated. The combined bite bar and ear bar system has been 

used in stereotaxic surgeries [110, 111]. However, commercial stereotaxic frames cannot be 

directly used for mouse imaging because they do not provide enough degrees of freedom to 

align the mouse eye for OCT recording. To achieve a robust IOS recording, we designed an 

animal holder with five degrees of freedom (i.e., x, y, z, pitch, and roll) and integrated the bite 

bar and ear bar system. Two linear translation stages and one mini lab jack were used to 

provide x, y, and z alignments, a θ translation stage was used for pitch alignment, and a 
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cassette was used to provide roll adjustment of the imaged mouse. The bite bar and ear bar 

system was fixed at the end of the cassette. 

4.2.2 Animal Preparation 

Adult (3 to 6 months old) wild-type mice (strain C57BL/6J, The Jackson Laboratory) were used 

in this study. Before the experiment, each mouse was first dark or light adapted (∼500 cd/m2) 

for 3 h, and then was anesthetized with 60 mg/kg ketamine and 3 mg/kg xylazine given by 

intraperitoneal injection. After the mouse was fully anesthetized, it was transferred to the custom 

designed animal holder with the head fixed by an ear bar and bite bar. A drop of 1% atropine 

was applied to the mouse eye for pupil dilation. An ERG active electrode was placed in contact 

with the cornea. One drop of ophthalmic gel was applied to each eye to keep them from 

clouding. A cover glass was placed on the imaged eye ball. The cover glass along with the gel 

worked as a contact lens to improve image resolution by reducing optical aberrations of the 

mouse eye [112]. During the recording, a heating pad was wrapped around the animal holder to 

keep the mouse warm. All experiments were performed following the protocols approved by the 

Animal Care Committee at the University of Illinois at Chicago. 

4.2.3 Data Acquisition 

For IOS measurement, OCT images in Fig. 4.3 were recorded at 200 fps. After a 1-s pre-

stimulus recording, a 10-ms light flash, with different intensities varying 20 dB (−20, −16, −13, 

−9.5, −6.3, −2.6, and 0 dB relative to maximum intensity, where the maximum intensity of 0 dB 

was measured 2 × 107 photons · μm−2· ms−1 on cover glass) was introduced for retinal 

stimulation. After the onset of the stimulus, OCT images were recorded for 4 s. For high-speed 

IOS recording (Fig. 4.6), the line number in OCT B-scans was reduced so that recording speed 

increased to 1,250 fps. A −9.5 dB 10-ms flash was introduced after an 80-ms pre-stimulus 

recording. IOSs were recorded for 160 ms after onset of the stimulus. All data were saved to a 
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computer hard drive for post processing. Although a head fixation method was used, there was 

still detectable bulk motion in the OCT images. Residual bulk motion was digitally compensated 

for by accurate image registration using an algorithm described in a previous publication [16]. 

Subsequently, the OCT images were then used for calculating IOSs using a custom developed 

MATLAB® (MathWorks, Natick, Massachusetts) program. The data processing procedure has 

been described previously [103]. 

For ERG recording, a silver electrode with the tip bent to a ring was placed in contact with the 

mouse cornea and served as an active electrode; a silver reference electrode was twisted on 

the bite bar so that it contacted the mouse mouth reliably when the head was fixed. ERG 

recordings were amplified 1,000 times and filtered (pass band: 1 to 1,000 Hz) by a differential 

amplifier (DAM50, World Precision Instruments). The amplified and filtered ERG recordings 

were then sampled by a data acquisition board (PCIe-6351, National Instruments) at 40,000 

samples/s and saved to a computer hard drive. 

4.3 Results 

 

Fig. 4.2 Mouse retinal B-scans acquired with the custom-built SD-OCT. (a1) Single frame retinal 
B-scan of the optic nerve head, and (a2) average of 10 frames. (b1) Single frame retinal B-scan 
∼0.6 mm away from the optic nerve head, and (b2) average of 10 frames showing clear retinal 
layers including the: 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: retinal pigment epithelium, and Ch: choroid. Scale bars: 100μm. 
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Fig. 4.3 Representative in vivo IOS imaging results under different stimulation and light 
adaptation conditions. Stimulation intensity was −9.5 dB. (a) IOS imaging results from dark 
adapted retina with 10-ms light stimulation. (a1) Activated pixels at 0.5 s. The yellow curve 
shows the active pixel number. (a2)–(a6) IOS images at different times. (b) IOS imaging results 
from dark adapted retina with 500-ms light stimulation. (b1) Activated pixels at 0.5 s. The yellow 
curve shows the active pixel number. (b2)–(b6) IOS images at different times. (c) IOS imaging 
results from light-adapted retina with 10-ms light stimulation. (c1) activated pixels at 0.5 s. The 
yellow curve shows the active pixel number. (c2)–(c6) IOS images at different times. (d) 
Absolute IOS curves from different retinal layers calculated from experimental trials 
corresponding to panels (a), (b), and (c). IOS curves were normalized by multiplying the active 
pixel ratio in corresponding retinal layers. (e) Enlarged views of black rectangle areas in (d). 
(e1)–(e3) correspond to (d1)–(d3), respectively. Vertical lines show stimulus onset. Arrowheads 
in (e3) indicate IOS peaks. Scale bars in (a), (b), and (c): 50 μm. 
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Figure 4.2 shows a single frame and the average of 10 OCT B-scan images with a frame 

resolution of 600 pixels × 230 pixels. Figure 4.2(a) shows a representative B-scan around the 

optic nerve head. Figure 4.2(b) shows a B-scan ∼0.6 mm away from the optic nerve head 

where individual retinal layers, including the inner plexiform layer (IPL), inner nuclear layer (INL), 

outer plexiform layer (OPL), outer nuclear layer (ONL), external limiting membrane (ELM), inner 

segment ellipsoid (ISe), outer segment (OS), retinal pigment epithelium (RPE) and choroid, 

were clearly observed. Averaged B-scans in Figs. 4.2(a2) and 4.2(b2) show a clearer layered 

structure due to an increased signal to noise ratio (SNR). 

Figure 4.3 shows representative IOS results from different stimulation and light adaptation 

conditions. In dark adapted retinas, robust rapid IOSs were observed from photoreceptor outer 

segments immediately after stimulation delivery [Figs. 4.3(a) and 4.3(b)]. Unambiguous IOS 

changes, with a delayed time course, were also observed from the IPL in the retina with 500-ms 

stimulation [Figs. 4.3(b5) and 4.3(b6)]; while no reliable IOSs from the IPL were observed in the 

retina with 10-ms stimulation. The yellow curve in Fig. 4.3(b1) shows more activated pixels at 

0.5 s in outer retinal layers under 500-ms stimulation than those in Fig. 4.3(a1) under 10-ms 

stimulation. When the retina was light adapted and rods were bleached, no IOS response was 

observable from the IOS images [Figs. 4.3(c2)–4.3(c6)]. We plotted IOS curves from different 

layers, as shown in Fig. 4.3(d). The curves were calculated by averaging pixel intensities of all 

active pixels in corresponding layers [shown as green and red pixels in Figs. 4.3(a1), 4.3(b1), 

and 4.3(c1)]. The curves were then normalized by multiplying the active pixel ratio in 

corresponding retinal layers. Robust rapid IOSs were observed from ISe, OS, and RPE layers in 

dark adapted retinas [Figs. 4.3(d1) and 4.3(d2)] immediately after stimulus onset [Figs. 4.3(e1) 

and 4.3(e2)]. When the retina was stimulated with 500-ms light, robust slow IOSs were 

observed from the IPL [Fig. 4.3(d2)]. The IOS onset time from the IPL was ∼0.5 s. In the light-

adapted retina, IOSs of all retinal layers were hardly observable and magnitudes were relatively 
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small, compared to those in dark adapted retinas. Figure 4.3(e3) revealed low magnitude, rapid 

IOS changes (arrowheads) immediately after stimulation delivery from the OS and RPE layers. 

In vivo mouse IOS properties were similar to those we observed in frogs [16]. IOSs from outer 

retinal layers shown in Fig. 4.3(e3) suffered from high noise level. To confirm the IOSs in light 

condition, an additional seven experiments were conducted with light-adapted retinas. Figure 

4.4 illustrates average IOS changes of eight retinas, and convincible IOS was observed from the 

outer retina (i.e., ISe, OS, and RPE) immediately after the stimulation delivery. 

 

Fig. 4.4 Averaged IOSs of (a) IPL, (b) OPL, (c) ISe, (d) OS, and (e) RPE layers in light-adapted 
retinas. Each curve is average of eight experimental trials. Gray areas show standard deviation. 
Vertical lines show stimulus onset. 

 

Fig. 4.5 Photoreceptor IOS and ERG responses under different stimulation intensities. (a) 
Absolute photoreceptor IOS curves under different stimulation intensities. Vertical line shows 
stimulus onset. Each curve represents an average of three experimental trials. (b) 
Representative ERGs under different stimulation intensities. The vertical line shows stimulus 
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onset. (c) Photoreceptor IOSs (curves above y=0) and ERGs (curves below y=0) from −5 to 30 
ms. The vertical line shows stimulus onset. (d) ERG a-wave and photoreceptor IOS amplitude 
changes as a function of stimulation intensity. (e) ERG a-wave and photoreceptor IOS time-to-
half-peak changes as a function of stimulation intensity. (f) Photoreceptor IOS and ERG SNR 
changes as a function of stimulation intensity. 

Photoreceptor IOS and ERG a-wave responses to different stimulation conditions were 

recorded to investigate the IOS physiological origin in mice. The retinas were stimulated by 10-

ms light flashes with intensities varying 20 dB. Three trials were conducted for each stimulation 

intensity. Figure 4.5(a) shows averaged photoreceptor IOS curves and Fig. 4.5(b) shows 

representative single trial ERG curves at different stimulation intensities. It was observed that 

the amplitude and time scales of photoreceptor IOS and ERG a-wave were both dependent on 

the stimulation intensity. The dependency was shown more clearly in the enlarged view in Fig. 

4.5(c). Figure 4.5(c) also showed that photoreceptor IOSs appeared earlier than ERG a-waves 

under the same stimulation intensity. From Fig. 4.5(d), we can see that photoreceptor IOS and 

ERG a-wave amplitudes changed very similarly; i.e., both increased as stimulation intensity 

increased and reached a peak at −2.6 dB stimulus intensity. As photoreceptor IOS amplitudes 

increased, the IOS SNR also increased and reached a peak at −6.3 dB stimulation intensity [Fig. 

4.5(f)]. Photoreceptor IOS and ERG a-wave time-to-half peak (time for IOS or ERG a-wave to 

reach half maximum) responded similarly to stimulation intensity, i.e., both decreased as 

stimulation intensity increased [Fig. 4.5(e)]. 

To further understand the physiological source of photoreceptor IOS, we increased IOS imaging 

speed to detect the photoreceptor IOS and ERG a-wave onset times in dark adapted retinas. 

The onset time was defined as the time for photoreceptor IOS or ERG a-wave to reach the 

amplitude of 3σ, where σ was the standard deviation of the pre-stimulus IOS/ERG amplitude. 

Linear interpolation was used if 3σ fell between the observed data points. We chose a moderate 

stimulation intensity of −9.5 dB, which corresponded to the fourth data point in Figs. 4.5(d)– 

4.5(f). To increase IOS imaging speed, we decreased the A-line number and increased the IOS 
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Fig. 4.6 Comparison of time courses between IOS acquired at 1,250 fps and ERG. (a) IOS 
imaging with 1,250 fps OCT. (b) Photoreceptor IOS and ERG changes. IOSs and ERGs were 
recorded from three different retinas. Vertical line shows stimulus onset. (c) Comparison 
between average photoreceptor IOS and ERG a-wave onset times. (d) Averaged photoreceptor 
IOS and ERG corresponding to the IOS and ERG curves in (b). Vertical solid line shows 
stimulus onset. Horizontal dashed lines show 3σ of pre-stimulus IOS (blue) and ERG (red) 
amplitudes. Vertical dashed lines show IOS (blue) and ERG (red) onset times. Scale bars in (a): 
25 μm. 

imaging speed from 200 to 1,250 fps; the corresponding time resolution was increased from 5 to 

0.8 ms. Figure 4.6(a) shows the IOS map and IOS images acquired at 1,250 fps. Three 

photoreceptor IOS and ERG curves recorded from different retinas were plotted together for 

comparison in Fig. 4.6(b). It was clearly observed that photoreceptor IOS onset time was shorter 

than ERG a-wave onset time. Onset time of each curve in Fig. 4.6(b) was calculated and then 

averaged for quantitative comparison in Fig. 4.6(c). We can see that the photoreceptor IOS 

onset time was 1.1±0.2 ms, while the ERG a-wave onset time was 5.0±0.5 ms [113]. The 

difference was statistically significant with a p-value smaller than 0.001 using a single sided t-

test. Figure 4.6(d) shows the averaged photoreceptor IOS and ERG curves. The vertical dashed 

lines show onset times calculated based on the averaged curves. As a result of averaging, 

noise level was reduced, thus the 3σ was reduced, resulting in smaller calculated onset times. It 
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is shown that the photoreceptor IOS onset time was as short as ∼0.4 ms while ERG onset time 

was ∼3.9 ms. 

4.4 Discussion 

In summary, the feasibility of in vivo IOS imaging of mouse models was demonstrated using a 

custom-designed functional OCT. We were aware of that head restraining devices; i.e., bite bar 

and ear bar, were essential for reducing eye movement to improve IOS quality. Photoreceptor 

IOS and ERG a-wave magnitude showed a similar response to variable stimulation intensity 

(Figs. 4.5(d)–4.5(e)]. High-speed (1,250 fps) IOS imaging revealed that the photoreceptor IOS 

onset time was ∼1.1 ms, while the ERG a-wave onset time was ∼5.0 ms at stimulation intensity 

of −9.5 dB. 

Figures 4.3(d1) and 4.3(d2) show similar IOSs from RPE, OS and ISe layers in dark adapted 

retinas. We speculated that the RPE IOS were contributed by photoreceptor OSs because the 

OSs can penetrate into the RPE layer [114]. ISe IOS may also come from OSs because the ISe 

and OSs are immediately adjacent and the active pixels were mainly at the outer part of the ISe 

[yellow curves in Figs. 4.3(a1) and 4.3(b1)], which could actually be the OS because OCT axial 

resolution (∼3 μm) was not high enough to differentiate those layers [91]. Thus, fast IOS 

observed was mainly from photoreceptor OS [16]. It is well established that ERG a-wave is the 

result of the phototransduction process in photoreceptor OS. It reflects the closure of cyclic 

guanosine monophosphate gated channels on photoreceptor membrane and dark current 

reduction due to light absorption in OS [41, 42]. Considering that both photoreceptor IOS and 

ERG a-wave are from OS and that photoreceptor IOS and ERG a-wave were closely correlated 

[Figs. 4.5(d)–4.5(e)], we speculate that the rapid photoreceptor IOS also originated from 

phototransduction processes. 
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From Fig. 4.5(c) we could see that photoreceptor IOS onset times were shorter than ERG a-

wave onset times. High-speed OCT showed that photoreceptor IOS onset time was ∼3.9 ms 

shorter [Fig. 4.6(b) and 4.6(c)] under −9.5 dB stimulation intensity. Since photoreceptor IOS 

onset time was shorter than ERG a-wave onset time, it suggests that the photoreceptor 

originated from the early stage of phototransduction before the hyperpolarization of the retinal 

photoreceptor, which generates ERG a-wave. According to Yoshizawa and Kandori [115], the 

time required for rhodopsin to absorb photons and become enzymatically active is around 1 ms. 

Figure 4.6(d) shows that, when averaged, photoreceptor IOS could be observed at ∼0.4 ms, 

and this confirmed that photoreceptor IOS originated from early phototransduction. 

Rapid IOSs were observed in light-adapted retinas from outer retinal layers [Figs. 4.3(d3) and 

4.4(c)–4.4(e)]. Such signals possibly originated from cones in light-adapted retinas. Given the 

fact that cones only account for ∼3% of all photoreceptors in mice, the total IOS in light-adapted 

retinas should be small, compared to that in dark adapted retinas. In animal models with more 

cones, e.g., frogs where cone ratio is ∼50%, larger light-adapted IOS was observed [16]. The 

resolution of our current system is not high enough to directly differentiate mouse rods and 

cones (rod OS diameter ∼1.4 μm, cone OS diameter ∼1.2 μm [116]). Further investigation with 

adaptive optics OCT may enable further verification of the anatomic origination of the IOS 

changes. 

In the retinas with prolonged stimulation, slow IOS was observed from inner retinal layers [Figs. 

4.3(b) and 4.3(d2)]. We speculate that the slow IOS may involve the complications of nonlinear 

information processing in the retina as well as retina adaptation to stimulation. Light-induced 

hemodynamic change may also partially contribute to the slow IOS [59]. Further investigation is 

required to understand the origination of slow IOS. 
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Further in vivo and in vitro studies that use transgenic mouse models or use pharmacological 

agents to block specific phototransduction processes could help accurately identify 

photoreceptor IOS origination, and thus provide a method for advanced study and diagnosis of 

retinal diseases that cause photoreceptor dysfunction, such as AMD and RP. There are no 

readily available medicines or surgical procedures that could reverse photoreceptor 

degeneration and totally restore its function. The key to prevent vision loss is to diagnose retinal 

diseases in the early stages and apply intervention properly. By providing unparalleled spatial 

resolution and signal selectivity, we anticipate that further development of functional OCT of 

retinal IOSs will pave the way for early detection of retinal diseases and objective evaluation of 

clinical treatments. 

4.5 Conclusion 

This study demonstrates the feasibility of in vivo IOS imaging of mouse models using a custom-

designed functional OCT. Comparative IOS imaging and ERG measurements suggest that the 

fast photoreceptor IOS may be attributed to the early stage of phototransduction before the 

hyperpolarization of the retinal photoreceptor. Further development of the functional OCT for in 

vivo IOS imaging of retinal photoreceptors may lead to a feasible method for objective 

assessment of retinal photoreceptor dysfunctions due to eye diseases. 
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CHAPTER V. FUNCTIONAL IMAGING OF THE RETINAL DEGENERATION 10 MOUSE 

RETINA USING FAST INTRINSIC OPTICAL SIGNAL 

(Manuscript under review. Submitted as B. Wang, Y. Lu, T. Son, and X. Yao (2017) Functional 

imaging of the retinal degeneration 10 mouse retina using fast intrinsic optical signal, Investigative 

Ophthalmology & Visual Science) 

Abstract: The purpose of this study was to test the potential for using fast intrinsic optical signal (IOS) 

imaging for noninvasive detection and progression monitoring of retinal diseases. A custom-built high-

speed (500 fps) and high-resolution (~3 μm) spectral domain optical coherence tomography (SD-OCT) 

device was used for in vivo mapping of fast IOS distortions in retinal degeneration 10 (rd10) mouse 

retinas from postnatal day 15 (P15) to P21. Simultaneous electrophysiological measurements were 

conducted by recording full-field electroretinograms (ERGs). Quantitative analysis revealed detectable 

functional fast IOS distortions, and OCT morphological abnormalities at P16 and P17, respectively.  

As retinal degeneration progressed, decreased fast IOS amplitudes were observed with a delayed 

time-course. Comparative electrophysiological measurements disclosed consistent abnormalities in 

the ERG a-wave, which is known to reflect retinal photoreceptor function. In conclusion, comparative 

morphological OCT and functional fast IOS imaging of WT and rd10 mice was conducted. The 

potential for using fast IOSs for early detection and progression monitoring of retinal photoreceptor 

degeneration was demonstrated. 

5.1 Introduction 

Retinal diseases; e.g. age-related macular degeneration (AMD) [4, 5] and retinitis pigmentosa 

(RP) [6], can damage the photoreceptors and ultimately lead to severe vision loss or even legal 

blindness if proper treatment is not applied in a timely manner. Since most of these vision 

impairments are not reversible, it is vital to detect retinal diseases at an early stage to allow 

prompt medical intervention. Both morphological assessment and functional examination are 



51 
 

 

important in retinal disease diagnosis. Fundus images [117, 118], scanning laser 

ophthalmoscopy (SLO) [119],  optical coherence tomography (OCT) [17], and other 

assessments can provide high resolution evaluation of retinal morphology. Electroretinograms 

(ERGs) [11], multifocal ERGs [19], visual field tests [120], and other methods allow functional 

examination of visual physiology. However, separate morphological and functional tests 

increase the equipment complexity, testing times and costs. Moreover, it is complicated to 

establish a correlation between outcomes from different instruments. A new medical device that 

enables simultaneous morphological and functional imaging is desirable for the early detection 

of retinal diseases and reliable assessment of treatment outcomes.   

Stimulus evoked intrinsic optical signals (IOSs), which reflect light property changes correlated 

with retinal physiological dynamics, have been obtained for evaluations. Because IOS images 

are reconstructed by dynamic computation of morphological images recorded during pre- and 

post-stimulus periods, IOS imaging naturally allows concurrent morphological and functional 

assessments. Functional IOS imaging has been demonstrated in different animal models 

including frogs [1, 3, 12-16, 57, 60-63, 103, 107], chickens [64, 65], rats [66], rabbits [67, 121], 

cats [68], primates [68, 69], and humans [70]. Both fast and slow IOSs have been observed. 

Early studies have revealed that slow IOSs mainly originate from the inner retina, while fast 

IOSs mainly originate from photoreceptor outer segments (OSs) [16, 121]. Since photoreceptor 

cells are vulnerable to many retinal diseases; e.g., AMD and RP, it is of high interest to study 

fast IOSs correlated with photoreceptor function. Stimulus-evoked photoreceptor OS changes, 

which could be a major source of fast IOSs in retinal photoreceptors, have been observed using 

different imaging modalities [2, 74, 108]. The physiological source of fast photoreceptor OS 

dynamics has been located to early phototransduction processes before hyperpolarization of 

photoreceptor cells [3, 122]. In vivo functional IOS imaging of laser-injured frog retinas has 

demonstrated IOS distortion correlated with localized laser damage [14]. In vitro imaging of 
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isolated retinas of Cngb1 knock out mutant mice revealed distorted IOS and spontaneous 

response under wide-field microscope [73]. We have recently developed functional OCT to 

perform in vivo imaging of IOS responses in WT mouse retinas [109]. Here we describe 

functional OCT of IOS distortions in retinal degeneration 10 (rd10) mouse retinas, comparative 

electrophysiological measurements and retinal morphological evaluations. 

5.2 Methods 

5.2.1 Animal model 

All animal experiments adhered to the ARVO Statement for the Use of Animals in Ophthalmic and 

Vision Research and were performed following the protocols approved by the Animal Care Committee 

at the University of Illinois at Chicago. Rd10 mice (strain: B6.CXB1-Pde6brd10/J, The Jackson 

Laboratory) were selected for studying retinal degeneration, and WT mice (strain: C57BL/6J, The 

Jackson Laboratory) were selected as a control group. The rd10 mouse is a disease model for human 

autosomal recessive RP [26]. Retinal degeneration in rd10 mice results from a spontaneous missense 

point mutation in the Pde6b gene [β-subunit of the rod cyclic guanosine monophosphate (cGMP) 

phosphodiesterase (PDE) gene] [123, 124]. PDE activity is reduced because of the mutation. PDE 

catalyzes the degradation of cGMP to guanosine-5’-monophosphate (5’-GMP) in the 

phototransduction process. Reduced activity of PDE causes the accumulation of cGMP, and 

ultimately photoreceptor death. The onset of retinal degeneration in rd10 mice is relatively slow 

compared to retinal degeneration 1 (rd1) mice, which allows a time window to monitor the progression 

of retinal degeneration using in vivo imaging instruments. At postnatal day 14 (P14) when the eye 

opens, the retinal structure of rd10 mice is comparable to that of WT mice. By P18, rd10 mice show 

loss of the inner segment/outer segment (IS/OS) junction and a significant decrease in thickness. The 

ERG of rd10 mice is never normal [125, 126].  
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5.2.2 Experimental setup 

This study used the same experimental system that was used in Chapter IV. The system setup was 

described in detail in Chapter IV Methods section [109]. The in vivo SD-OCT provides a 3 μm 

resolution in both lateral and axial directions, with an imaging speed up to 70,000 A-lines per second. 

The ERG recording system was integrated for concurrent electrophysiological measurements. The 

active ERG electrode was made with a gold wire that was bent into a circle and placed in tight contact 

with the cornea of the mouse eye. The reference electrode, also gold wire, was twisted around the bite 

bar and was in contact with the mouth when the mouse was mounted to an animal holder. The ERG 

was amplified and filtered using an amplifier (DAM50, World Precision Instruments). The amplification 

was set to 1000×, and filter pass band was set to 1 Hz - 1 kHz. Amplified and filtered ERG was then 

digitized and sampled (sampling rate: 70k samples/s) by a data acquisition board (PCIe-6351, 

National Instruments). Both SD-OCT and ERG data were saved to a hard drive for post-processing. 

5.2.3 Animal preparation 

The mouse pups were reared under a 7/17 hour light-dark cycle (dark adaptation and data acquisition 

time counted in dark time).  Before data acquisition, the mice were placed in the dark for 3 hours to 

ensure adequate dark adaptation. The experiment was conducted in a dark room illuminated with dim 

red light. The mouse was first anesthetized with 60 mg/kg ketamine and 3 mg/kg xylazine given by 

intraperitoneal injection. Then a drop of 1% atropine sulfate ophthalmic solution was applied to the 

imaging eye to dilate the pupil. After the pupil was fully dilated, the mouse was mounted onto the 

animal holder. An active ERG electrode was placed in contact with the cornea. A drop of eye gel was 

applied on both eyes and a cover glass was placed on the imaging eye. 

5.2.4 Data acquisition 

Retinal imaging and ERG measurements were acquired daily from P15 to P21. To minimize the effect 

of anesthesia to retinal development, a litter of pups were randomly separated to two groups. Data 
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were acquired from group 1 at P15, P17, and P19, and from group 2 at P16, P18, and P21. One 

thousand OCT images were continuously acquired at 500 frames per second. The ERG was recorded 

simultaneously. At 400 ms after the OCT recording started, a 10 ms green flash generated by a 505 

nm LED (M505L3, Thorlabs) was introduced to stimulate the retina. The photon density delivered to 

the retina for stimulation was ~2.5×108 photons/μm2. The weighted light radiance on the retina was 

~10-5 J/mm2, which was ~190 times lower than the safety standard [127].  

5.2.5 IOS data processing 

IOS images and curves were constructed from OCT images. Details of IOS data processing have 

been described in previous publications [16, 73]. Briefly, the steps to calculate IOS images from 

acquired OCT images were: 

1) Obtain the baseline image I0(x,y) by averaging pre-stimulus OCT images It(x,y). 

2) Calculate the IOS image at time t using the equation:  
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To calculate IOS curves from acquired OCT images: 

1) Obtain the baseline image I0(x,y) by averaging pre-stimulus OCT images It(x,y); Calculate the 

standard deviation of each pixel σ(x,y) from the pre-stimulus images. 

2) Select positive and negative pixels using the 3-σ standard. For each pixel in each OCT image, 

if It(x,y)>I0(x,y)+3σ(x,y), the pixel is a positive pixel. If It(x,y)<I0(x,y)-3σ(x,y), the pixel is a 

negative pixel. Other pixels are inactive pixels. To reduce the possibility that an inactive pixel is 

identified as a positive or negative pixel, a pixel is identified as positive or negative only if it 

meets the 3-σ standard in 5 consecutive images. 

3) Calculate the average intensity curves of the positive and negative pixels. Positive/negative 

pixels in each image are averaged and the average intensity curves of positive [IP(t)] and 

negative pixels [IN(t)] over time are acquired.  
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4) Calculate the baseline intensity I0 of IP(t) and IN(t) by averaging the pre-stimulus data points. 

5) Calculate the IOS curves using the following equation: 
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where I(t) is IP(t) or IN(t). 

5.2.6 Statistical analysis 

Statistical analysis was implemented by conducting a one-tailed Welch's t-test [128], which 

assumes unequal variances. Analyzed parameters of WT and rd10 mouse retinas include: 

retinal thickness, ERG a-wave amplitude, ERG a-wave time-to-peak, IOS amplitude, and IOS 

time-to-half-peak. The parameters were considered significantly different between WT and rd10 

mice if the p-value given by Welch’s t-test was smaller than 0.05. 

5.3 Results 

5.3.1 OCT imaging of retina morphology 

Using the custom designed SD-OCT, in vivo retinal OCT images of both WT and rd10 mouse 

were acquired at an imaging speed of 500 frames per second. Figure 5.1 shows representative 

retinal OCT images collected from WT and rd10 mice at ages from P15 to P21. Retinal OCT images 

clearly showed a layered structure and layer thickness changes of the retina over time. Retinal images 

of WT mice are shown in Figure 5.1(A). No obvious thickness change could be observed over time. 

Figure 5.1(B) shows the retinal images of rd10 mice. Significant thickness decreases were observed 

beginning from P17. Figure 5.1(C) illustrates thickness (manually measured from NFL to RPE) 

comparisons between WT and rd10 mice. The thickness of rd10 mouse retinas was close to that of 

WT mouse retinas at P15 and P16 (p>0.05). Between P16 and P17, the thickness of rd10 mouse 

retinas decreased ~60 μm and became significantly thinner than WT mouse retinas (p<0.01). Figure 

5.1(D) shows thickness changes of different retinal layers in rd10 mouse retinas. Inner segment 
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ellipsoid (ISe) and photoreceptor outer segment (OS) layers were measured together because it was 

difficult to differentiate them in rd10 mouse retinas after P17. Most significant thickness decreases 

were observed in the OS and outer nuclear layer (ONL). Abrupt thickness changes of the OS were 

observed between P16 and P17, and abrupt thickness changes of the ONL were observed between 

P16 and P18. The results agreed with previous studies [126].  

 

Fig. 5.1. Retinal thickness changes of WT and rd10 mice. (A) Representative OCT images of 
WT mouse retinas from different mice at different ages. 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: photoreceptor outer segment; RPE: retinal 
pigment epithelium. (B) Representative OCT images of rd10 mouse retinas from different mice 
at different ages. (C) Average total retina thickness changes of WT and rd10 mice from P15 to 
P21. Shades show the standard deviation. The number of WT mice was 8, and the number of 
rd10 mice was 10. (D) Average thickness changes of different retinal layers of rd10 mice from 
P15 to P21. Shades show the standard deviation. The thicknesses were measured manually. 

5.3.2 Functional IOS imaging and comparative ERG 

Figure 5.2 (A) and (B) show representative IOS images of WT and rd10 mice at different ages. The 

absolute IOSs were used; i.e., negative IOSs were multiplied by -1 while positive IOSs were not 

changed. In WT mice, fast IOSs could be observed at all ages from the OS and the amplitude and 

distribution did not show obvious changes over time [Fig. 5.2(A)]. In rd10 mouse, fast IOS image was 

similar to that of WT mouse at P15 [Fig. 5.2(B1)]. However, at P16 the amplitude of fast IOSs 
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decreased and fewer active pixels were observed [Fig. 5.2(B2)]. Fast IOSs in rd10 mice almost 

disappeared at P17 and totally disappeared afterwards [Fig. 5.2(B3) and (B4)]. Representative fast 

IOS curves showed the same amplitude changes as shown by IOS images as in Figures 5.2 (A) and 

(B). As shown in Figure 5.2(C1), amplitudes of fast IOSs in WT mice were similar at different ages, but 

as shown in Figure 5.2(C2), amplitudes of fast IOSs in rd10 mice decreased over time. 

 

Fig. 5.2. Representative IOS images and ERGs observed in WT and rd10 mice from P15 to P21. (A) 
IOS images of WT mouse retinas from P15 to P21. (B) IOS images of rd10 mouse retinas from P15 to 
P21. (C) Fast IOSs of WT (C1) and rd10 (C2) mice at different ages, and ERG of WT (C3) and rd10 
(C4) mice at different ages. (D) Enlarged view of black rectangle areas in C. D1-D4 correspond to C1-
C4, respectively. Data shown were from different mice. 
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The ERG a-wave showed similar amplitude changes as in fast IOSs. In WT mice, the ERG a-wave 

amplitude showed no significant difference at different ages [Fig. 5.2 (C3)], while in rd10 mice, the 

amplitude decreased from P17, as shown in Figure 5.2 (C4). When looking more closely at the ERG 

a-wave of rd10 mice, as shown in Figure 5.2 (D4), the ERG a-wave was never normal. Even at P15, 

the ERG a-wave amplitude was smaller and the time-to-peak was longer comparing to WT mice [Fig. 

5.2(D3)]. However, no obvious difference was observed in the fast IOS amplitude and time-to-peak at 

P15 between WT and rd10 mice, as shown in Figures 5.2 (D1) and (D2). 

To further investigate the amplitudes and time courses of the ERG a-wave and fast IOSs, IOS imaging 

and ERG recording in both WT and rd10 mice were repeated multiple times. The ERG a-wave 

amplitude and time-to-peak, as well as the fast IOS amplitude and time-to-half-peak were calculated. 

Here, the fast IOS time-to-half-peak was used instead of the time-to-peak because, as shown in 

Figures 5.2 (D1) and (D2), it is hard to determine the first data point that reaches the peak of the fast 

IOS because of noise.  

 
Fig. 5.3. Comparison between WT and rd10 mice of OCT, ERG, and IOS parameters at 
different ages. (A) Retina thickness changes of WT and rd10 mice at different ages. WT n=8, 
rd10 n=10. (B) ERG a-wave amplitude changes of WT and rd10 mice at different ages. N=6. (C) 
Fast IOS amplitude changes of WT and rd10 mice at different ages. N=6. (D) ERG a-wave time-
to-peak changes of WT and rd10 mice at different ages. WT n=7, rd10 n=11. (E) Fast IOS time-
to-half-peak changes of WT and rd10 mice at different ages. WT n=7, rd10 n=11.  *: p<0.05; **: 
p<0.01. 

Averaged results confirmed the observation in Figure 5.2. For WT mice, the ERG a-wave amplitude 

and time-to-peak did not show notable changes over time [Figs. 5.3(B) and (C)]. Similarly, no 

significant changes were observed for fast IOS amplitudes and time-to-half-peaks in WT mice [Figs. 

5.3(D) and (E)]. For rd10 mice, ERG a-wave amplitudes did not change at P15 and P16, and rapidly 
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decreased from P17 [Fig. 5.3(B)]. The time-to-peak also did not change at P15 and P16, and rapidly 

increased from P17 [Fig. 5.3(C)]. Fast IOS amplitudes decreased gradually over time [Fig. 5.3(D)] and 

the time-to-half-peak increased from P17 [Fig. 5.3(E)]. 

When comparing WT and rd10 mice, it was observed that the amplitude and time-to-peak of ERG a-

wave were already significantly different (p<0.01) from those of WT mice at P15 [Fig. 5.3(B) and (C)], 

when experiment started. The differences became more significant beginning from P17. For fast IOSs, 

statistically significant (p<0.05) differences between WT and rd10 mice were observed beginning from 

P16 using both amplitude [Fig. 5.3(D)] and time-to-half-peak [Fig. 5.3(E)] measurements. From P17, 

the significance level of the differences increased (p<0.01). For retina thickness, no statistically 

significant difference was observed at P15 and P16. From P17 the thickness difference became 

significant. 

5.4 Discussion 

In summary, functional OCT was used to evaluate fast IOS distortions and morphological 

abnormalities in rd10 mice aging from P15 to P21. Comparative electrophysiological measurements 

were conducted using full field ERGs. Statistically significant ERG, fast IOSs, and morphological 

differences between WT and rd10 mice were identified at P15, P16, and P17, respectively. The result 

that ERG and fast IOS identified difference between WT and rd10 mice earlier than OCT suggested 

that both ERG and fast IOS images were indicative of early retinal degeneration before statistically 

significant morphological changes could be identified.  

At P16, there was no statistically significant thickness difference between WT and rd10 mice. However, 

there were some individuals that showed a thickness decrease at P16, and this observation agreed 

with a previous study [126]. The possible explanation that some individuals showed a thickness 

decrease while some did not at P16 is that, because the thickness decrease was rapid between P16 

and P17 [Fig. 5.1(C)], the observation time point could affect the results. For example, an rd10 mouse 
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imaged at P16.5 might show a retinal thickness decrease even though its age was recorded as P16. 

The rapid thickness decrease, i.e., rapid photoreceptor death, between P16 and P17 could also 

explain the rapid amplitude and time-to-peak changes of ERG a-wave at P17 in rd10 mice observed in 

Figures 5.3 (B) and (C). 

Although the ERG a-wave indicated retinal degeneration earlier than fast IOSs did, a limitation of an 

ERG is its low spatial resolution. Because ERG measures integrated electrical signals from the whole 

retina, it lacks spatial resolving capability and could not identify the location of retinal dysfunction. Even 

with multifocal ERG, the resolution is only ~5º (corresponding to ~2 mm in the human eye) [18, 19]. 

On the other hand, IOS imaging provides cellular resolution, such as 3 μm in this study, in both lateral 

and axial directions, making it easy to precisely identify the location and layer of the retina with 

dysfunction, so as to facilitate a more accurate and easier diagnosis. 

The reason why fast IOSs showed distortion later than the ERG a-wave may be the limited sensitivity 

of our current OCT system. Due to eye movements introduced by the breath and heartbeat, 

movement noise was present in the fast IOSs and reduced IOS signal to noise ratio (SNR). However, 

the ERG was much less affected by eye movement and had a higher SNR than the fast IOSs. To 

improve the sensitivity of IOSs, an eye tracking system could be implemented into OCT to reduce 

movement noise [129, 130]. Another reason that fast IOS showed distortion later may reside in the 

different physiological originations of fast IOSs and ERG a-wave. ERG a-wave is generated by the last 

step of phototransduction process and PDE is involved in preceding steps. Thus, ERG a-wave is 

affected by reduced PDE activity in rd10 mice. However fast IOSs originate from early 

phototransduction process, and might not be affected by reduced PDE activity. According to our 

previous study, the fast IOSs onset time is as short as 0.4 ms [109], which is earlier than PDE 

activation [115], suggesting that fast IOSs might originate from phototransduction processes prior to 

PDE activation. Thus, at an early stage of retinal degeneration; i.e., P15, fast IOSs were observed as 

normal probably because early phototransduction processes were not affected by reduced PDE 
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activation. From P16 the accumulation of cGMP might have caused whole cell dysfunction that 

affected early steps of phototransduction. Thus, fast IOSs were observed with reduced amplitudes 

and elongated time courses beginning from P16. 

In conclusion, comparative morphological OCT and functional fast IOS imaging of WT and rd10 mice 

was conducted. This study demonstrated the potential for using fast IOSs for early detection and 

progression monitoring of retinal photoreceptor degeneration. Further IOS study of rd10 and other 

mouse models could help provide a better understanding of disease-introduced IOS distortion and 

thus pave the way for clinical applications of high resolution IOS imaging to facilitate the early 

detection and diagnosis of retinal diseases. 
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CHAPTER VI. DISCUSSION AND CONCLUSION 

In summary, characteristics of normal IOS in both isolated frog retinas and intact mouse retinas 

were studied. The physiological and dynamical mechanisms of fast IOS were explored. Fast 

IOS imaging in a diseased mouse model was conducted to test the potential of using fast IOS in 

clinical diagnosis of retinal diseases. 

6.1 Characteristics of IOS 

According to this dissertation research, the characteristics of IOS are listed as follows. 

Spatial distribution: Positive and negative IOSs were mixed and confined in the stimulated 

area. Slow IOS was mainly observed in the inner retina with long stimulation (e.g. 500 ms) while 

rapid IOS was observed in photoreceptor OS with short stimulation (e.g. 10 ms).  

Time scale: For fast IOS, negative IOS is slightly faster than positive IOS. Onset time is <3 ms 

for frogs and ~0.4 ms for mice. At ~20 ms after stimulus, fast IOS reaches the peak and stays at 

the peak for at least seconds. The time scales are affected by stimulation intensity. 

Effect of stimulation intensity to fast IOS: The amplitude and time course changes of fast 

IOS in response to stimulation light intensity change are close to the change of ERG a-wave, 

i.e., as stimulation intensity increases, amplitude increases, onset time and peak time get 

shorter.  

Effect of retinal disease to fast IOS: In retina with dysfunction, the amplitude of fast IOS 

decreased and time course increased. Fast IOS was capable of detecting retinal dysfunction in 

rd10 mouse one day earlier than OCT. 

Mechanism: Dynamically, one main origination of fast IOS is the phototropism observed in 

rods. Physiologically, fast IOS originated from early phototransduction process.  
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From all our studies using different imaging modalities including line scan confocal microscopy, 

LS-OCT and SD-OCT, positive and negative pixels were mixed together in IOS images. This 

suggests that it is a good practice to process positive and negative pixels separately to achieve 

maximum signal sensitivity. Because if positive and negative pixels are not separated and are 

averaged together, they could cancel each other and significantly decrease IOS amplitude [1]. 

To ensure successful separation of positive and negative pixels, resolution of the imaging 

system should reach cellular level, because the process that generates IOS signal is within 

each individual photoreceptor cell.  

Chapter V shows that the two biomarkers, time course and amplitude of fast IOS, could be used 

for diagnosing retinal dysfunction. To use the time course as a diagnosing biomarker, high 

imaging speed is necessary because fast IOS has millisecond level time courses. To accurately 

capture the onset time and peak time in fast IOS imaging, imaging speed higher than 500 

frames per second is preferable. However, if imaging speed is limited and peak time could not 

be accurately measured, fast IOS amplitude could always be a biomarker for evaluating retinal 

dysfunction since measuring the amplitude of fast IOS does not require such high speed. 

6.2 Mechanism of fast IOS 

Dynamical mechanism of fast IOS was studied in Chapter III. Phototransduction was found to 

be the main dynamical origination of IOS observed in photoreceptor OS. When a photoreceptor 

cell moves, the movement causes pixel intensity changes in recorded images. For example, 

when a bright spot moves, the pixels that the bright spot moves to gets brighter and the pixels 

that the bright spot moved away from gets darker, then positive and negative IOSs are 

observed. The mechanism of photoreceptor movement is not clear yet. More studies have been 

conducted after the study in Chapter III. Using wide-field microscope, rod OS movement upon 

oblique stimulus was clearly observed in retinal slices [108]. We suspected that the movement 
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was caused by unbalanced illumination on two sides of the photoreceptor which caused 

unbalanced intra-disc or inter-disc space change, then caused photoreceptor to bend. By 

shining light only on a half side of the OS, OS was observed to bend toward the illuminated side 

[108]. This suggested that the illuminated side shrank. In a recent study, OS was imaged under 

electron microscope (EM), the inter-disc distance was observed decreased after the rod was 

exposed to light. The physiological reason that causes inter-disc distance reduction is not clear 

yet.  

Physiological mechanism of fast IOS was explored in both Chapter II and Chapter IV. 

Phototropism is not the only contributor to fast IOS, because if fast IOS only results from OS 

movement, the time courses of positive and negative fast IOSs should be the same. However, 

negative fast IOS was observed faster than positive fast IOS. Thus, some physiological process 

also caused the light property changes of the photoreceptors. In Chapter IV we concluded that 

fast IOS may originate from early phototransduction process. This conclusion agrees with our 

inference in Chapter II, that fast IOS may be originated from G-protein binding and releasing 

process in phototransduction. A physiological study was conducted by a colleague to test the 

physiological origination of fast IOS and phototropism [122]. In that study, the isolated frog 

retina was imaged under a wide-field microscope. When stimulated with visible light, fast IOS 

and phototropism, as well as ERG a-wave were observed. However, when the solution that the 

isolated retina resided in was replaced with low Na+ solution, ERG a-wave disappeared while 

phototropism and fast IOS remained present. When the solution was changed back to normal 

solution, ERG a-wave came back and phototropism and fast IOS were still present. This study 

provided direct evidence that fast IOS and phototropism originated from early phototransduction 

process before the hyperpolarization of the photoreceptor cell.  

This dissertation research was not specifically designed to study the different contribution of rod 

and cones to fast IOS, all samples were dark adapted thus observed results reflected mainly rod 
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activity. Photoreceptor phototropism was the main contributor to fast IOS. It was observed that 

phototropism was mainly observed in rods [74], this agrees with the IOS observation that fast 

IOS was mainly observed in dark adapted retinas (Fig. 4.3), and in light adapted retinas the IOS 

was very small (Fig. 4.4) in amplitude. We could conclude that fast IOS was mainly contributed 

by rod phototropism, and rod phototransduction. The contribution of cones to fast IOS was 

smaller but still detectable. One reason that the IOS observed in Figure 4.4 was so small in 

amplitude may be that the ratio of cones in mouse retinas is small, only ~3% of all 

photoreceptor cells. In frog retinas, where the ratio of cones is ~50%, more significant IOS was 

observed in light adapted retinas [16]. It would be interesting to specifically study how IOSs from 

rods and cones are different. It was observed that light adapted ERG showed smaller amplitude 

and faster kinetics than dark adapted ERG. Similarly, we could expect light adapted IOS to have 

smaller amplitude and faster kinetics.  

Currently, we are only able to narrow down the origination of fast IOS to phototransduction 

before cell hyperpolarization. Further study that uses different chemicals to block certain step or 

steps of phototransduction could help narrow down the physiological origination of fast IOS to a 

specific phototransduction step and help us understand fast IOS better. Another study that could 

be conducted to study the mechanism is to record IOS from multiple flash stimuli. By stimulating 

isolated bovine retina with two flashes of certain intensity, Dr. Pepperberg et. al. observed an 

inverse exponential relationship between A2/A1 and tI. A1 and A2 are scattering light intensity 

changes induced by the first and second flashes, respectively. tI is the inter-flash interval [128]. 

The observed scattering light intensity change was contributed to activated rhodopsin R*-

catalyzed and disc-localized reaction of phototransduction. If same relationship could be 

observed, i.e. there is inverse exponential relationship between IOS2/IOS1 and tI, it would 

suggest that the IOS observed in this dissertation research shares same mechanism as the 

scattering light change observed by Dr. Pepperberg. Such study would be challenging because 
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the amplitude of the second IOS would be significantly smaller than the first one, thus high 

imaging sensitivity is required to reliably detect the second IOS. It would be much easier to 

conduct such a study using isolated retina tissue since there is essentially no movement noise 

thus imaging sensitivity would be high. 

6.3 Future direction and clinical application  

Before applying IOS in clinic, more studies using diseased animal models are favorable so that 

we could understand how different diseases alter IOS. In Chapter V a study using an RP mouse 

model (rd10 mouse) was demonstrated, and more study could be done using this model. For 

example, it is known that in the rd10 mouse model the retina degeneration in the peripheral 

retina is slower than that in the central retina [131], thus it would be interesting to image a larger 

area that covers both central and peripheral retina and fast IOS from different areas could be 

compared. ERG is not capable of such study because it lacks spatial resolving capability. One 

challenge in large field-of-view IOS imaging is that imaging speed must be sacrificed in order to 

increase the field of view. However, because of the eye movement, the imaging speed should 

be relatively high otherwise the eye movement will blur the image. Thus, faster camera will be 

necessary for such study. Besides the rd10 mouse model, there are other diseased models, for 

example, non-obese diabetic mice for studying type 1 diabetes, the db/db (Leprdb) mouse for 

studying type 2 diabetes, etc. 

In vivo fast IOS imaging in human is challenging because of the fixational eye movement. The 

fixational eye movement is involuntary movement when eyes are fixed at target. For example, 

Microtremors, one form of fixational eye movement that has an amplitude close to photoreceptor 

diameter, and frequency of 40-100 Hz [132], could significantly affect the recording of fast IOS 

because of its high frequency and relatively large amplitude comparing to the size of 

photoreceptor cells. If image registration is to be used for removing microtremors, imaging 
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speed should be much higher than 100 Hz, for example, 500 Hz. Another way to remove 

fixational eye movement is to integrate eye tracking into the imaging system. Eye tracking has 

been implemented into OCT and was proved to be effective in stabilizing retinal image [129, 

130]. If eye tracking was to be integrated into IOS imaging, it could significantly improve IOS 

SNR and sensitivity. 

Different imaging modalities could be used for IOS imaging in clinic, such as OCT, line-scan 

confocal microscopy, and fundus camera. OCT provides high-resolution layered structure of the 

retina that is useful for diagnosis, thus is widely used in eye clinic. In my dissertation research, 

OCT was selected as the imaging device because we could selectively focus on one layer, e.g. 

OS, and don’t need to worry about signal crosstalk. However, one problem of IOS imaging using 

OCT also arises from its high axial resolution. For both TD-OCT and SD-OCT, eye movement in 

imaging plane could be effectively removed by image registration, given that imaging speed is 

sufficient. But eye movement perpendicular to imaging plane could not be removed by image 

registration. To solve this problem, in situations where the layered structure of the retina 

provides important information, eye tracking should be integrated into OCT to reduce eye 

movement. In other situations where layered structure information is not important, line-scan 

confocal microscope could be the better imaging modality. Line-scan confocal microscope 

provides high lateral resolution for IOS imaging, and lower axial resolution than OCT to tolerant 

eye movement in axial direction. 

In conclusion, this dissertation study improved our understanding of IOS regarding its 

characteristics, mechanism and relationship with retina diseases. The feasibility of using fast 

IOS as a tool for retinal disease diagnosis was demonstrated. Further studies are necessary to 

reveal the physiological mechanism of IOS and how different retinal diseases affect IOS in more 

depth. With the development of camera technology, high speed and high sensitivity cameras will 

be available. We could ultimately build a high speed large field IOS imager with eye tracking 
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integrated. Such IOS imager will be a powerful tool in clinic that provides both high resolution 

morphological and functional images of the retina to help with early diagnosis and treatment 

evaluation of retinal diseases. 
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