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Abstract 
Multimodal Assessment of Structure and Function in Inherited Retinal Degenerations 

by 

Katharina Gwinear Foote 

Doctor of Philosophy in Vision Science 

University of California, Berkeley 

Professor Austin Roorda, Chair 

 

Inherited retinal degenerations (IRDs) affect approximately 1:4,000 people worldwide and 
are currently the leading cause of vision loss of people between the ages of 15-45. The 
mechanisms of degeneration in many IRDs remain unclear. It is vital to establish 
relationships between retinal structural and functional measures in order to better 
understand the relationship between the genetic mutations and the phenotypes they cause 
in these diseases. For example, retinitis pigmentosa (RP), the most prevalent IRD, and 
choroideremia (CHM), an X-linked degeneration that affects choroidal, RPE and 
photoreceptor cells, both progress over time due to rod, then cone, photoreceptor loss. 
Greater understanding of disease progression may clarify the underlying mechanisms of 
retinal degenerations. Furthermore, the development of novel outcome measures could 
accelerate clinical trials of treatments designed to treat these relentless, sight-threatening 
diseases. The experiments and research described in this document use multimodal state-
of-the-art, novel, high-resolution techniques in addition to standard technologies used in the 
clinical setting to study the relationship between structure and function of the retina 
including rod and cone photoreceptors, retinal pigment epithelium, choriocapillaris and 
other retinal layers affected in the eyes of patients with retinal degeneration.  
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CHAPTER 1: Introduction 
 
1.1 Optics and anatomy of the eye 
 
The eye is one of the most vital sensory organs. An intricate system, the eye relies on the 
correct genetic code to express functional proteins in ocular structures and to provide a 
complete visual experience. When there is light in the environment, photons enter the eye. 
The photons first pass through the cornea, a transparent tissue which contributes two thirds 
of the total refractive power of the eye. From the cornea, light enters through the pupil, the 
aperture controlled by the iris, which is made up of smooth muscle which contracts and 
dilates to control the pupil size and maximize light delivery based on environmental 
conditions. Light then passes through the pupil to the crystalline lens, a fibrous, flexible 
structure, which contributes the remaining one third of refractive power. The pupil (as well 
as eye irregularities or aberrations), governs the depth of focus. The ciliary muscles control 
the lens shape and dictate the focusing power of the lens, thereby regulating its 
accommodation, or position of best focus.  
 
This mechanism allows the eye to see near and far; specifically, the ciliary body pulls or 
pushes on the lens to make it more or less curved, changing how much the light bends. 
Assuming the eye is emmetropic (having no refractive error), the relaxed lens will focus light 
to the back of the eye onto the retina, where images appear sharp and clear. If the eye is too 
short (hyperopic) or too long (myopic), or the lens power is too small or large, refractive 
lenses can be used to focus the light correctly onto the retina (Kolb 2007). 
 
Once light reaches the retina, it passes first through the transparent layers of neural tissue 
which serve to eventually transport signals to the brain. But first, the light stimulates the rod 
and cone photoreceptors, the light sensing cells of the eye. The retinal pigment epithelium 
(RPE) layer acts to support and nourish the adjacent photoreceptor cells and to transport 
metabolic waste from the photoreceptors across the support structure, Bruch’s membrane, 
to the choroid. Directly adjoining Bruch’s membrane, the choriocapillaris resides as a 
vascular network of fenestrated capillaries, and fundamental component of the retina’s 
metabolism. 
 
Santiago Ramón y Cajal (1852 – 1934), pathologist, histologist, Nobel laureate, and father of 
neuroscience, pioneered investigations of brain structures including the retina (Figure 1.1) 
and created hundreds of skilled illustrations that still function today as educational tools.  
Figure 1.1 depicts an early sketch from Cajal that shows the intricacies of the retinal layers, 
highlighting the rods and cones, and their differing shapes. 
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Figure 1.1. Historic illustration by Ramón y Cajal, depicting the structure of the retina, 
showing the pathway from light entering from above, through all the retinal layers (image 
available at https://nei.nih.gov/intramural/lrcmb/LRCMB_image). 
 
Light focuses particularly onto the fovea, the center of the field of vision where acuity is best, 
and cones are the densest. The average healthy retina is composed of about 4.6 million cones 
and 92 million rods. Highest cone density is found close to the center of the fovea, and falls 
off with increasing eccentricity. There exists a rod-free zone of 1.25 degrees (0.35 mm) 
horizontal diameter, and rod density peaks at ~18 degrees eccentricity (Curcio et al., 1990, 
Kolb 2012). The rod cells serve scotopic vision, to allow for vision in dimly lit conditions, 
while the cones provide photopic vision in high light levels to provide color vision and high 
acuity vision (Lamb 2016). 
 
Degeneration of the RPE, choriocapillaris, and most of all, the photoreceptors causes vision 
loss and over time. In rod-cone degenerations, the rods are the cells primarily affected, 
causing patients to experience night blindness and mid-peripheral visual field loss, followed 
by tunnel vision due to rod loss in the mid-periphery. Later, cones degenerate as well, 
followed by degeneration of RPE and choroidal vessels. 
 
1.2 Inherited retinal degenerations 
 
Inherited retinal degenerations (IRDs) are the leading cause of vision loss in developed 
countries, and all together have an estimated prevalence of 1:4000 (Hartong et al., 2006; 
Cremers et al., 2018). IRDs are caused by mutations in over 270 identified genes (RetNet. 
available at: https://sph.uth.edu/retnet/ Accessed July 5, 2019). IRDs represent a 

https://nei.nih.gov/intramural/lrcmb/LRCMB_image


 

3 
 

heterogeneous group of diseases (Figure 1.2) that can cause relentless, progressive, 
photoreceptor cell death, leading to debilitating vision loss and blindness as a result of 
genetic mutations (Duncan et al., 2018). IRDs include stationary forms, such as congenital 
stationary night blindness (CSNB) and achromatopsia (ACHM), and progressive forms, 
including retinitis pigmentosa (RP), cone-rod dystrophy (CRD), Stargardt disease (STGD1), 
and choroideremia (CHM). IRDs are further classified as having primarily dysfunctional rods 
or cones, and many of them overlap, affecting both rods and cones.  Depending on the 
mutation type and the affected gene, the rate of degeneration can be different. In general, in 
RP and CHM, rods degenerate first, followed by cones; and in CRD and STGD1, the reverse 
pattern occurs. If a patient is diagnosed late in the disease process, a clear diagnosis based 
on symptoms can be difficult, due to both rod and cone death. CHM is caused by mutations 
in a single gene, CHM. Most IRDs however, have many different genes with many different 
mutations all causing relatively similar phenotypes. Leber congenital amaruosis (LCA), is a 
severe, early onset IRD in which the cones, rods and retinal pigment epithelium (RPE) all 
degenerate to different degrees depending on the responsible gene.  
 

 
 
Figure 1.2. Breakdown of genotyope-phenotype correlations. Color coded overlapping 
phenotypes show different forms of nonsyndromic IRD: RP (Retinitis pigmentosa), CHM 
(Choroideremia), CD/CRD (Cone dystrophy/Cone-rod dystrophy), STGD (Stargardt disease) 
and LCA (Leber congenital amaurosis). Phenotypes and primary symptom displayed 
according to gene name positions (NB: Night blindness; RVF: Reduced visual field; DVA: 
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Decreased visual acuity). * indicate genes represented > 1 time due to the high heterogeneity. 
(Adapted from Figure 2A of Bravo-Gil et al., 2017, page 5). 
 
Treatment development has been limited to date in altering disease progression. Only few 
treatments involving neurotrophic factor therapy and gene therapy (Berson et al., 1993; 
Berson et al., 2004; Edwards et al., 2016; MacLaren et al., 2014) have shown safety and 
modest efficacy. In 2017, the first specific gene replacement therapy, for degeneration 
associated with biallelic RPE65 mutations (Russell et al., 2017), was approved by the US Food 
and Drug Administration (FDA) (Bennett et al., 2016; Cideciyan et al., 2008; Jacobson et al., 
2012; Weleber et al., 2016). Phase 1 and 2 studies of gene replacement for patients with  
mutations in the CHM gene which cause choroideremia, a progressive degeneration 
(Edwards et al., 2016) have shown great promise and suggest that similar techniques could 
be used to treat other forms of IRD besides RPE65 –related retinal degeneration (Hohman 
2017). 
 
This dissertation focuses on RP and CHM. RP, the most common IRD (Zhang 2016), refers to 
a heterogeneous group of inherited diseases ensuing from mutations in at least 87 genes 
identified so far (https://www.omim.org/phenotypicSeries/PS268000) causing 
progressive and relentless vision loss due to degeneration of rods, then cones. RP can be 
transmitted by autosomal dominant (30%–40%), autosomal recessive (50%–60%), or X-
linked (5%–15%) inheritance (Hartong et al., 2006; Zhang 2016). RP mostly presents with 
no other systemic diseases other than the affected ocular condition.  
 
RP is the leading cause of hereditary blindness in developed nations, and it has worldwide 
prevalence of 1:4,000, although this may be an underestimation for individual populations 
(Zhang 2016). RP presents first with symptoms of night blindness and constricted peripheral 
visual fields. As the disease progresses, patients experience reduced visual acuity and 
eventual blindness because the rod and cone photoreceptor cells die. 
 
There is variable disease expression in patients with different mutations in the same gene, 
and even in patients within the same family. Nevertheless, there are general characteristic 
changes to the fundus, most prominently, bone spicule pigmentary change in the 
midperiphery due to loss of photoreceptors, pigment clumping, and migration of the RPE 
cells into the retina (Zhang 2016). Retinal vessel attenuation is thought to be due to a 
reduction of metabolic demand from ganglion cell death following photoreceptor death 
(Verbakel et al., 2018), possibly from a reduction or lack of tropic factors resulting from 
photoreceptor death, leading to inner retinal layer reduced metabolism (Stone et al., 1992). 
Alternately, it could be due to the loss of the photoreceptors themselves, who when alive, 
consume oxygen, and whose death could lead the inner retina to be in a hyperoxic state, 
causing vasoconstriction and reduced retinal vessel blood flow (Grunwald et al., 
1996; Padnick-Silver et al., 2006; Penn et al., 2000; Yu and Cringle, 2005). The other main 
presentation of RP as the disease progresses is a waxy pallor of the optic disc, caused likely 
from glial cell formation in and around the optic disc, causing increased reflectance of light 
(Hwang et al., 2012; Szamier, 1981). 
 

https://www.sciencedirect.com/science/article/pii/S1350946217300721#bib300
https://www.sciencedirect.com/science/article/pii/S1350946217300721#bib119
https://www.sciencedirect.com/science/article/pii/S1350946217300721#bib119
https://www.sciencedirect.com/science/article/pii/S1350946217300721#bib240
https://www.sciencedirect.com/science/article/pii/S1350946217300721#bib245
https://www.sciencedirect.com/science/article/pii/S1350946217300721#bib349
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Given the variability in disease progression even in patients with the same mutation type, 
and the association of both rod and cone photoreceptor death, RP is an important disease to 
investigate. Since there is not one established machine that has every capability, a 
multimodal approach is needed, ideally imaging rods and cones since they are the cells 
primarily affected. Therefore, the main objective of the current work is to better understand 
the structure/function and genotype/phenotype relationship in IRDs by measuring loss of 
rod and cone photoreceptors. 
 
CHM has an estimated prevalence of 1:50,000 (Sahel et al., 2015) and is caused by mutations 
affecting the single CHM gene which encodes for the Rab Escort Protein-1, REP-1 on 
chromosome Xq 21.2 (Cremers et a., 1990). REP-1 is typically thought to be involved in 
regulation of proteins affecting phagocytosis, intracellular trafficking, and organelle 
formation (Coussa et al., 2012). The exact disease mechanism has not yet been fully 
elucidated, but recent evidence suggests REP-1 to have a systemic role in fatty acid 
metabolism, however how this affects the retina is still unknown (Aleman et al., 2017; Zhang 
et al., 2015).  
 
Since CHM is X-linked (XL) recessive in inheritance, an affected male will transmit the 
pathogenic variant to female offspring, but not to male offspring. Carrier females have a fifty 
percent chance of transmitting the pathogenic variant to offspring; male offspring would be 
affected, females would likely be carriers and usually unaffected. Thus, since CHM is 
inherited in an XL manner, it most typically affects males, although symptomatic females 
have been described (Syed et al., 2013). Similar to RP, CHM presents with night blindness, 
and peripheral visual field loss, often in the second decade of life. 
 
However, in patients with CHM, central vision often remains preserved until late in life. CHM 
has a characteristic scalloped mid-peripheral chorioretinal degeneration (MacDonald et al., 
2015). These patchy areas progress further to greater depigmentation or loss of the RPE and 
choriocapillaris. Yet, deeper choroidal vessels often remain preserved. 
 
1.3 Adaptive optics scanning laser ophthalmoscopy 
 
The eye, even a healthy, emmetropic eye, is not a perfectly shaped sphere. On the contrary, 
it has many imperfections, particularly the main optical surfaces of the eye; the lens and the 
cornea. Hermann von Helmholtz (1821-1894), a famous physician and physicist who made 
significant contributions in many fields, including vision science, first described 
imperfections or aberrations of the eye (Helmholtz, 1924). There are numerous aberrations 
in the eye and the optics are not ideal, nevertheless, sight occurs, and part of this is due to 
the circuitry of the retina, neural tissues, cortex, and eye movements which compensate for 
the many optical imperfections. To the natural eye, lower order aberrations can be corrected 
for with a refractive lens. However, higher order aberrations, while not noticeable in daily 
life, are present in even emmetropic eyes, and are noticeable during high resolution imaging. 
When imaging the eye, in general these imperfections, or aberrations cause decreased image 
quality. 
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In order to overcome this limitation, Adaptive Optics Scanning Laser Ophthalmoscopy 
(AOSLO) was adapted from its use in astronomy where was first used to view stars and 
galaxies through the aberrations of the atmosphere (Beckers 1993). In the eye, AOSLO 
overcomes shortcomings of the uncorrected eye, by measuring and compensating for 
aberrations (Roorda et al., 2002). The AOSLO system uses a supercontinnum laser with 
bandpass filters in order to provide a multiwavelength output. AOSLO makes use of a 
wavefront sensor (WFS), often of 910 nm or another infrared (IR) wavelength to measure 
optical aberrations, and uses adaptive optics (AO) via a deformable mirror to compensate 
and correct for the aberrations. Image resolution increases with increasing system 
apertures, but as a pupil increases in size, as do the aberrations from increasing light scatter. 
As the beam diameter of light from an optical system increases, the point spread function 
(PSF), halo response of an imaging system to a point of light, also expands. Thus, ocular 
aberrations expand the PSF, causing a reduction in resolution. Although the correction 
ability of AO varies depending on the eye, overall optimal resolution is gained through AO 
which forces the PSF to concentrate to a small enough point (Zhang and Roorda 2006).  
 
By using a multiwavelength AOSLO, it becomes possible to confine a stimulus probe of one 
wavelength (for example, 543 nm, which would equally stimulate L and M cones) and target 
the stimulus to desired locations on the retina (Harmening et al., 2014). Imaging eyes with 
an infrared light source (840 nm), the returning light is then guided to a confocal pinhole, 
collected continuously into a photo-multiplier tube (PMT), and extracted into a live video 
stream. A combination of the PMT’s voltage output and the signals from the scanning mirrors 
is used to render a live 512 x 512 pixel video with an acquisition rate of 30 frames per second 
(FPS). In real time, by registering the video stream to a chosen reference image, and by using 
a strip based cross correlation method (Arathorn et al., 2007), image stabilization can occur. 
From there, an acousto-optic modulator (AOM) is used to control when stimuli would be 
projected to the retina pixel-by-pixel by modulating the raster scan with its high-speed 
switch. The axial resolution of the system is approximately 2.5 µm lateral and <100 µm axial 
(Roorda et al., 2002). 
 
The field of high resolution imaging continues to advance, and the combination of high-
resolution eye tracking with adaptive optics has allowed for the capability to compensate for 
natural eye movements (Arathorn et al., 2007; Harmening et al., 2014). This technological 
advance opened up the field to allow for the stimulation of individual cones repeatedly and 
track them over days, months, and years, which has many applications from testing color 
perception (Schmidt et al., 2018), to tracking cone photoreceptors in patients with retinal 
disease over time (Scoles et al., 2017). In other words, stimuli can be delivered onto a 
stabilized retina with accuracy of about 0.26 arcmin (1.3 µm) (Arathorn et al., 2007), in order 
to test retinal function with high accuracy.  
 
AOSLO is the most well suited non-invasive technology to deploy in order to visualize 
photoreceptors in vivo. AOSLO is capable of yielding images of cone photoreceptors 
characterized by light waveguided by intact inner and outer segments in contact with RPE 
cells (Choi et al., 2006; Duncan et al., 2007; Rha et al., 2010; Wolfing et al., 2006; Miller et al., 
1996). Furthermore, AOLSO technology has progressed to not only being able to image 
confocal light scattered from wave-guiding outer segments of photoreceptors, but also able 
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to capture nonconfocal split-detector light revealing photoreceptor inner segments (Scoles 
et al., 2014). This development has potential to improve identification of remnant 
photoreceptors that might be amenable to therapeutic intervention in clinical trials. 
 
Non-confocal split detection capacity allows the scattered light from cone inner segments to 
be observed even if there is no intact outer segment. Both confocal and non-confocal split 
detection imaging can be acquired simultaneously, in order to visualize the backscatter of 
wave guided light from the outer segments and inner segments of cones respectively.  
 
This ability to use a combination confocal/nonconfocal system becomes particularly 
important when imaging outside of the central fovea. Beyond the fovea, the distribution of 
rods increases, and rods appear interspersed with the cones, make it hard to distinguish the 
cones in images (Curcio et al., 1990). Therefore, using split detector imaging in combination 
with confocal imaging helps to disambiguate the cones and rods from non-waveguiding 
structures (Sun et al., 2016). Figure 1.3 shows the combination system at UCSF. 
 
Quantification of AOSLO structure is discussed in Chapters 2-5 and is typically performed 
through cone counting, either with cone spacing or cone density measures (Cooper et al., 
2016). When cones are more ambiguous in AOSLO images, cone spacing (Duncan et al., 2007) 
is typically deployed. However, if all cones in a region of interest (ROI) are present, cone 
density is a reliable method to use (Cooper et al., 2016). 
 

 
 
Figure 1.3. AOSLO system at the University of California, San Francisco (UCSF). Photography 
credit to Swati Bhargava, Optical Engineer (University of California, Berkeley).  
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With this AOSLO apparatus in combination with microperimetry techniques, it is possible to 
not only image cone structure, but also measure functional responses to light. Using AOSLO 
microperimetry (AOMP), light can be delivered to cone photoreceptors with high resolution 
(Tuten et al., 2012; Harmening et al., 2014). The combination of AOSLO with the 
psychophysics technique of delivering light and collecting responses from patients makes 
functional testing in RP patients feasible. AOMP has not previously been used in patients 
with RP to examine cone photoreceptor function where the outer segments are 
degenerating. Chapter 5 will describe AOMP used in patients with RP. In patients with RP, 
AOMP has the potential to identify cones that are partially degenerated but may be amenable 
to treatments directed towards photoreceptor rescue, and AOMP could also demonstrate 
improvement in visual function after treatment in such regions. 
 
1.4 Multimodal retinal imaging for inherited retinal degenerations 
 
Advances in genetics have allowed the identification of the genetic mutation in about two 
thirds of patients with IRDs (Consugar et al., 2015; Wang et al., 2014). Improved 
understanding the genetics of IRDs allowed more progress toward development of 
therapies, such as the use of induced pluripotent stem cells (iPSCs) as a disease model, as 
well as gene therapy validation (Tucker et al., 2011; Duong et al., 2018). Despite all of these 
advances in genetics and biological engineering, it remains vital to track disease progression 
for natural history studies, to assess structure and function of the retina in response to 
treatments that are being engineered, and to help select patients that are the best candidates 
for clinical trials (Sundaram et al., 2014). Furthermore, therapies are most effective when 
administered early, in the case of RP, when photoreceptors are still present, and high-
resolution retinal imaging approaches can demonstrate photoreceptors amenable to 
treatment.  
 
However, currently, clinical trial outcome measures do not often include high-resolution 
imaging or microperimetry techniques. Common clinical measures such as visual acuity tend 
to decline gradually over decades, and monitoring patients for years would be necessary to 
demonstrate a potential treatment safe and effective (Berson et al., 2007; Berson et al., 1993; 
Birch et al., 1999; Fishman et al., 2005; Grover et al., 1997; Sandberg et al., 2008). While the 
maintenance of visual acuity is vital, using it as an outcome measure for disease progression 
can be imprecise and influenced by issues that may not directly reflect photoreceptor 
degeneration (Talcott et al., 2011; Ratnam et al., 2013; Foote et al., 2018).  
 
Thus, in order to expedite the process of IRD treatment development and ultimately prevent 
blindness, there is a critical need to use instrumentation that is more precise, objective and 
sensitive to measuring photoreceptor structure and function. Since there is no one imaging 
system that has all the necessary capabilities, a multimodal approach becomes 
indispensable. 
 
To assess structure and function in RP and CHM, high-resolution instrumentation is vital. 
The use of AOSLO systems for capturing both confocal light from wave-guiding 
photoreceptors and nonconfocally wave-guided light to visualize cone inner segments is 
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fundamental for photoreceptor structure assessment, and AOMP provides high-resolution 
functional assessment. Although AOSLO and AOMP are not yet widely available, they provide 
valuable insight into understanding the structure and function of photoreceptors in IRD, and 
could have potential to provide sensitive outcome measures for clinical trials for patients 
with IRD (Talcott et al., 2011).   
 
Standard, widely available clinical systems such as optical coherence tomography (OCT) and 
swept-source OCT (SS-OCT) are also vital for study of IRDs. These systems provide in-vivo, 
noninvasive, objective structural evaluation of the retina (Figure 1.4) including the internal 
limiting membrane (ILM), retinal nerve fiber layer (RNFL), ganglion cell layer (GCL), inner 
plexiform layer (IPL), inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear 
layer (ONL), external limiting membrane (ELM), inner segment/outer segment (IS/OS) 
junction or interdigitation zone (IZ) / ellipsoid zone (EZ), retinal pigment epithelium (RPE), 
Bruch’s membrane (BM), choriocapillaris (CC), and choroidal vessels (CV). With greater 
penetration depth, SS-OCT facilitates angiography imaging (OCTA) (Gao et al., 2016), which 
could prove invaluable in research into how the retinal and choroidal vasculature are 
affected in IRDs, particularly CHM where choroidal irregularities are prevalent features 
(Duncan et al., 2018). Previous work has described the correlation between visual field and 
structural OCT abnormalities (Birch et al., 2013; Birch et al., 2011; Hood et al., 2009; Hood et 
al., 2011), indicating OCT may provide an objective measure of photoreceptor degeneration. 
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Figure 1.4 Retinal layers as shown from an OCT B-scan image, including schematic of the 
corresponding retinal cells. © 2019 Heidelberg Engineering, all rights reserved. Image 
available from: https://www.heidelbergengineering.com/int/news/retinal-layers-
interactive-learning-module-20226231/   
 
Fundus autofluorescence (FAF), is a non-invasive, in vivo imaging method to image 
bisretinoid constituents present in photoreceptor outer segments and RPE cells which can 
be excited from an external light source and then imaged (Sparrow et al., 2012). FAF images 
can be acquired using in vivo confocal scanning laser ophthalmoscopy (SLO) with short-
wavelength (SW-AF) excitation. FAF has the capacity to expose lipofuscin fluorophores that 
accumulate in normal and diseased RPE cells from lysosomes filled with lipid residues 
(Sparrow 2018). When lipofuscin accumulates in RPE cells as a result of aging or disease, 
RPE cells appear hyperfluorescent on FAF images (Schmitz-Valckenberg 2008), and reduced 
FAF indicates RPE cell death. FAF imaging has been shown to be vital in studies concerned 
with IRD, and CHM especially (Jolly et al., 2016). 
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Visual acuity (VA) will always be a gold standard measure of vision (Ferris et al., 1982), and 
was used as a functional measure in Chapter 2. This dissertation also describes the use of 
AOSLO to deliver visual stimuli to the fovea after correcting for optical aberrations, and 
AOSLO-mediated VA was correlated with VA measured using standard clinical methods. 
 
Systems that can measure retinal sensitivity with high accuracy and precision outside the 
fovea are also vital to study IRDs. AOMP ensures that a stimulus is delivered onto the desired 
retinal location through use of AOSLO eye-tracking which is high speed and image based 
(Wang et al., 2015). Functional results from a custom-built AOSLO/AOMP system were 
compared with data from a standard clinical fundus-guided microperimeter. In Chapter 3, 
use of the clinical microperimeter (MP1, Nidek Technologies, Fremont, CA, USA) is discussed. 
In more recent years, a new more modern, and easier to operate microperimeter, the fundus-
guided Scotopic – Macular Integrity Assessment (S-MAIA, Centervue Inc., Fremont, CA) has 
come to the market, and in Chapters 4 and 5 this methodology was deployed.  
 
1.5 Summary 
 
To test macular cone structure and function in patients with IRD, structural measures using 
systems such as AOSLO, SD-OCT and FAF, combined with functional measures including VA, 
AOMP, and clinical fundus-guided microperimetry using either the MP1 or S-MAIA system, 
can provide information about photoreceptor health in IRD patients. Such structural and 
functional research in patients with IRD is vital because unfortunately, there are currently 
no cures for the majority of patients (Boughman et al., 1980; Bunker et al., 1984; Hartong et 
al., 2006), and development of novel treatments remains challenging. This dissertation 
discusses the use of multimodal imaging modalities for inherited retinal degenerations.  
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CHAPTER 2: Relationship between foveal cone structure and visual acuity measured 
with Adaptive Optics Scanning Laser Ophthalmoscopy in retinal degeneration 
 
2.1 Abstract 
 
Purpose: To evaluate foveal function in patients with inherited retinal degenerations (IRD) 
by measuring visual acuity (VA) after correction of higher-order aberrations. 
 
Methods: Adaptive Optics Scanning Laser Ophthalmoscopy (AOSLO) was used to image 
cones in 4 normal subjects and 15 patients with IRD. The 840 nm scanning laser delivered 
an “E” optotype to measure AOSLO-mediated VA (AOSLO-VA). Cone spacing was measured 
at the preferred retinal locus by 2 independent graders and the percentage of cones below 
the average density of 47 age-similar normal subjects was computed. Cone spacing was 
correlated with best-corrected VA measured with the Early Treatment of Diabetic 
Retinopathy Study protocol (ETDRS-VA), AOSLO-VA and foveal sensitivity.  
 
Results: ETDRS-VA significantly correlated with AOSLO-VA (ρ = 0.79, 95% CI: 0.5 to 0.9). 
Cone spacing correlated with AOSLO-VA (ρ = 0.54, 95% CI: 0.02 to 0.7), and negatively 
correlated with ETDRS letters read (ρ = -0.64, 95% CI: -0.8 to -0.2). AOSLO-VA remained ≥ 
20/20 until cones decreased to 40.2% (95% CI: 31.1 to 45.5) below normal. Similarly, 
ETDRS-VA remained ≥ 20/20 until cones were 42.0% (95% CI: 36.5 to 46.1) below normal. 
Cone spacing Z-scores negatively correlated with foveal sensitivity (ρ = -0.79, 95% CI: -0.9 
to -0.4) and foveal sensitivity was ≥ 35 dB until cones were 43.1% (95% CI: 39.3 to 46.6) 
below average.  
 
Conclusion: VA and foveal cone spacing were weakly correlated until cones were reduced by 
40-43% below normal. The relationship suggests that VA is an insensitive measure of foveal 
cone survival; cone spacing may be a more sensitive measure of cone loss. 
 
2.2 Introduction 
 
The fovea is the most important retinal region for human vision, yet its structure and 
function remain difficult to evaluate clinically. Cone photoreceptors at the fovea are difficult 
to resolve, even with adaptive optics, owing to their tight packing (Curcio et al., 1990) and 
the limits in resolution imposed by diffraction (Rossi and Roorda 2010). Decline in visual 
performance at the fovea (measured as visual acuity (VA) and foveal sensitivity) may remain 
undetected even after extensive cone loss (Geller et al., 1992; Ratnam et al., 2013). Our 
previous study of patients with inherited retinal degenerations (IRD) showed that, despite a 
significant correlation between VA and foveal sensitivity with foveal cone spacing, the 
relationship was both noisy and non-linear (Ratnam et al., 2013). As such, standardized 
ETDRS Snellen acuity measures did not drop below normal levels (<20/25) and foveal 
sensitivities remained normal (≥35 dB) until, on average, foveal cone density was 62% and 
52% below normal, respectively (Ratnam et al., 2013). While preservation of foveal function 
is a beneficial adaptation for human vision, it limits the prospects for using subjective 
functional tests like ETDRS to gauge foveal health. Functional deficits may only manifest after 
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irreversible structural changes have already occurred. Consequently, these same subjective 
functional tests cannot serve as sensitive methods to monitor the effects of treatments that 
aim to slow, stop or reverse retinal degeneration (Fishman et al., 2005).  
 
Structural indicators of foveal retinal health are also fraught with problems, even those that 
use adaptive optics. The small size of foveal cones makes them difficult to count, especially 
in images of patients who present additional challenges to imaging, including disease-
associated cataracts, age-related cataracts, fixation instability, and lack of experience as a 
subject in advanced imaging systems. Even if foveal cones can be counted and tracked over 
time, not all visible cones may be functional. Finally, the lack of visible cones in an image does 
not necessarily imply a lack of function (Bruce et al., 2015; Tu et al., 2017).  
 
The need for improved tests of retinal function is widely recognized, not only for improved 
measures of VA (Arditi and Cagenello 1993; Fishman et al., 1994; Grover et al., 1997; Vanden 
Bosch and Wall 1997) but also perimetry (Kim et al., 2007; Ross et al., 1984; Seiple et al., 
2004), cone directionality (Stiles-Crawford effect) (Bailey et al., 1991; Birch et al., 1982), 
foveal thresholds (Alexander et al., 1986), and contrast sensitivity (Akeo et al., 2002; 
Lindberg et al., 1981; Wolkstein et al., 1980).  In our previous report (Ratnam et al., 2013), 
we proposed several reasons why VA was not a sensitive indicator of early cone loss. First, 
because foveal cones generally over-sample the retinal image, VA may be limited by a ceiling 
effect imposed by the eye’s optics and higher-level neural factors (Rossi et al., 2007). Second, 
fixational eye movements have been shown to improve acuity, even at the finest level 
(Ratnam et al., 2017; Rucci et al., 2007).  
 
To address the optical limitations described above, we have developed Adaptive Optics 
Scanning Laser Ophthalmoscopy (AOSLO) mediated functional testing capabilities. Adaptive 
optics removes blur in the retinal image caused by the eye’s aberrations (Liang and Williams 
1997).  
 
If the lack of sensitivity to early cone loss that we reported in the previous study is due to an 
optical ceiling effect, then AOSLO-mediated acuity ought to yield a stronger correlation. 
Indeed, visual performance, including VA, is improved in young, healthy individuals using 
adaptive optics (Rossi et al., 2007; Marcos et al., 2008; Yoon and Williams 2002), although 
the benefit is less evident in myopic subjects (Rossi et al., 2007) and is improved with 
practice (Rossi and Roorda 2010). In the current study, we used AOSLO-mediated acuity 
(without eye-motion correction) to test VA as a function of cone spacing in a cohort of 
patients with IRD. We included additional structural (OCT measures of cone outer segment 
length) and functional (foveal sensitivity) tests. If correcting the eye’s aberrations improves 
the correlation between VA and cone spacing, then the addition of AOSLO-mediated acuity 
to AOSLO imaging could enhance our ability to evaluate the fovea in health and disease.  
 
2.3 Methods 
 
2.3.1 Study design 
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Research procedures followed the tenets of the Declaration of Helsinki. Informed consent 
was obtained from all subjects. The study protocol was approved by the institutional review 
boards of the University of California, San Francisco and the University of California, 
Berkeley. 
 
2.3.2 Subjects 
 
Seven eyes of 4 normal healthy subjects with normal eye examinations from unrelated 
families (1 female, 3 male) with an average age of 50.25 years (SD 7.85) were used as 
controls; normal subjects did not undergo genetic testing. Twenty two eyes from 15 patients 
(5 female and 10 male) with an average age of 40.73 years (SD 11.39) with IRD from 15 
unrelated families were clinically characterized (Table 2.1). Patients were excluded if they 
had conditions that could affect visual acuity, including cataract, amblyopia, and cystoid 
macular edema involving the fovea. Seven participants were enrolled in a clinical trial of an 
experimental treatment that was administered to only one eye; with the fellow eye receiving 
a sham treatment. Sham treated eyes from these seven patients were used as the study eyes 
for this manuscript. For one subject (40037) with autosomal recessive RP (ARRP) the eye 
with better visual acuity was chosen as the study eye. All eyes selected for this study had 
unambiguous cones within 0.5 degrees of the preferred retinal locus (PRL) and steady 
fixation. Genetic testing was performed on patients with X-linked RP, autosomal dominant 
RP and Usher syndrome type 2 through the eyeGENE research consortium (Sullivan et al., 
2013), on patients with autosomal recessive RP through a research protocol (Biswas et al., 
2017) or using a next-generation sequencing panel on a fee-for-service basis (retinal 
dystrophy panel of 181 genes, Blueprint Genetics, San Francisco, CA, USA), and Usher 
syndrome type 3 on a fee-for-service basis by the Carver nonprofit genetic testing laboratory 
(Ratnam et al., 2013).  
 
Table 2.1. Clinical characteristics of healthy normal subjects and patients with IRD. dB, 
decibels; ETDRS, early treatment of diabetic retinopathy study (Ferris et al., 1982); AOSLO, 
adaptive optics scanning laser ophthalmoscopy; OS, outer segment; ROI, region of interest; 
M, male; F, female; RE, right eye; LE, left eye; SE, study eye; DS, diopter sphere; SD, standard 
deviation; RP, retinitis pigmentosa; AR, autosomal recessive; AD, autosomal dominant; XL, 
X-linked; for AOSLO and ETDRS acuity, mean angle of resolution (MAR) was converted to a 
fraction in Table 2.1 for easier comparison between the acuity measures. 
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2.3.3 Clinical examination 
 
A standard illuminated eye chart was used to measure best-corrected visual acuity (BCVA) 
according to the Early Treatment of Diabetic Retinopathy Study (ETDRS) protocol (Ferris et 
al., 1982). Although VA can be specified using different scales, a common measure is the 
minimal angle of resolution (MAR) (Ferris et al., 1982; Bailey et al., 1976), and in this study, 
measures of ETDRS were specified in MAR, computed into decimal form by dividing the 
denominator by the numerator of the VA fraction. We also displayed this data as the number 
of letters read on the ETDRS chart to retain consistency and comparability with the previous 
study (Ratnam et al., 2014).  
 

AOSLO 
ID

Sex Age Diagnosis/Mutation Eye Refractive Error
Axial 

Length, 
mm

Foveal 
Threshold, 

dB

ETDRS, 
letters 
read

ETDRS 
Acuity

AOSLO 
Acuity

OS 
Thickness, 

μm

Cone 
Spacing, 
arcmin

ROI 
Eccentricity, 

degrees

Cone 
Spacing, 
Z-score

RE +0.75+0.25x135 23.96 34 95 20/13 20/14 44.74 0.83 0.21 1.07
LE +0.25+0.50x165 24.07 36 95 20/13 20/18 51.45 0.80 0.08 1.34

40051 M 50 Normal RE +0.25+0.50x180 23.74 37 94 20/13 20/20 53.95 0.85 0.12 1.67
RE -0.75+0.25x165 23.74 37 89 20/16 20/16 58.71 0.78 0.16 0.86
LE plano+0.25x165 24.03 37 92 20/13 20/17 57.76 0.79 0.24 0.64
RE -0.25DS 23.93 36 96 20/13 20/16 64.20 0.80 0.21 0.83
LE -0.75DS 23.84 35 91 20/16 20/16 64.27 0.81 0.17 1.06

Mean 50.25 23.90 36 93.14 20/13.86 20/16.71 56.44 0.81 0.17 1.07
SD 7.85 0.13 1.15 2.54 1.08 1.10 7.03 0.02 0.06 0.35

30007 F 30
Usher syndrome type 3: homozygous 

CLRN1 mutations c.144T>G, 
p.Asn48Lys (pathogenic)

SE -0.75+0.50x025 22.68 34 86 20/20 20/20 42.04 0.91 0.12 2.15

30015 M 43
Simplex RP/PRPH2 c.634A>G, 
p.Ser212Gly (likely pathogenic)

SE -2.75DS 23.95 38 84 20/20 20/21 38.72 0.81 0.05 1.58

40031 M 49 RP simplex SE -1.00+0.75x045 24.83 34 80 20/25 20/39 35.53 0.95 0.21 2.14

40032 M 33

ARRP: compound heterozygous RPE65 
mutations (c.1451G>A, p.Gly484Asp 

and c.746A>G, p.Tyr249Cys) and 
homozygous ABCA4 mutations 

(c.5882G>A, p.Gly1961Glu)

SE -3.00+4.00x090 23.65 35 83 20/25 20/32 22.20 0.90 0.09 2.25

40037 M 38

ARRP: compound heterozygous 
mutations in CNGA1  c.94C>T, 

p.Arg32* (pathogenic) c.1511A>G, 
p.Asp504Gly (VUS)

RE -0.25+0.25x090 23.06 35 90 20/16 20/14 58.65 0.88 0.16 1.75

RE -0.50+0.50x175 23.31 41 91 20/20 20/11 46.63 0.82 0.21 1.01

LE plano+0.50x165 23.25 38 89 20/16 20/12 55.22 0.84 0.19 1.24

RE -11.25DS 26.73 40 84 20/20 20/22 49.18 0.84 0.23 1.08

LE -11.00+0.25x120 26.31 35 84 20/20 20/26 54.04 0.82 0.25 0.82

40064 M 21
XLRP: RPGR hemizygous 

c.1243_1244delAG, p.Arg415Glyfs*27 
(pathogenic)

SE -9.50+2.50x137 26.71 37 84 20/25 20/24 51.09 0.88 0.17 1.73

40067 M 44
XLRP: hemizygous mutation in RPGR 

c.2360_2362del, p.Gly787del 
SE -1.00+0.50x180 23.23 36 91 20/16 20/22 47.05 0.84 0.21 1.18

40070 F 41

Simplex RP, IFT140 c.634G>A, 
p.Gly212Arg (pathogenic) and 

c.1390G>T, p.Val464Leu (likely 
pathogenic); one inherited from each 

parent

SE -1.75+0.50x085 24.59 36 87 20/20 20/10 42.36 0.85 0.14 1.55

RE -4.25+0.75x090 24.54 37 90 20/16 20/9 49.53 0.86 0.13 1.72
LE -4.25+0.75x090 24.83 38 93 20/16 20/12 46.21 0.86 0.12 1.71
RE -2.00DS 23.86 29 69 20/40 20/32 50.28 0.95 0.12 2.55
LE -0.25+0.50x010 23.73 33 72 20/40 20/30 42.75 0.93 0.07 2.57
RE -8.25+1.00x180 25.70 33 78 20/32 20/28 11.01 0.96 0.13 2.61
LE -8.25+1.25x180 25.57 32 76 20/32 20/29 24.30 0.92 0.18 2.02

RE -2.00+0.75x120 23.36 38 85 20/20 20/17 51.13 0.82 0.22 0.95

LE -2.00+0.75x090 23.38 36 89 20/16 20/14 60.65 0.78 0.06 1.32

RE -2.50+0.50x090 23.01 32 81 20/25 20/23 25.75 1.00 0.07 3.19

LE -2.75DS 23.03 31 77 20/32 20/23 26.55 0.92 0.11 2.27

Mean 40.73 24.24 35.36 83.77 20/23.27 20/21.36 42.31 0.88 0.15 1.79
SD 11.39 1.26 2.97 6.39 1.60 1.71 13.04 0.06 0.06 0.63

64 RP Simplex

Healthy controls

F 43

ARRP: compound heterozygous 
mutations in USH2A : c.2276G>T, 

p.Cys759Phe and c.8682-3T>G, splice 
site mutation

34

Inherited retinal degenerations

Normal

Normal

Normal40055

40053

10033

ARRP: USH2A: c.2276G>T, 
p.Cys759Phe and c.2296T>C, 

p.Cys766Arg (pathogenic)
M 45

ADRP due to PRPF31 mutation 
PRPF31  c.239-1 del

40094 M

M

Usher syndrome type 2A with USH2A 
homozygous c.2299delG, p. Glu 767 Ser 

fs X 21
F 3140097

40095

61 RP Simplex

34 ADRP: RHO  c. 810C>A, p. Ser270Arg

40093

M 59

F 40

M 52

40073

40041

40039

M

F
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2.3.4 Perimetry measurements 
 
Automated perimetry (Humphrey Visual Field Analyzer HFA II 750-6116-12.6; Carl Zeiss 
Meditec, Inc., Dublin, CA) using a 10-2 Swedish interactive threshold algorithm (SITA) was 
used to measure foveal thresholds. A Goldmann III stimulus was presented on a white 
background (10.03 cd/m2) with exposure duration of 200 ms. Foveal sensitivity was 
displayed in decibel scale (dB). 
 
2.3.5 Cross sectional thickness measurements 
 
Cross sectional measures of retinal thickness at the fovea were acquired from 20 degree 
horizontal and vertical spectral domain optical coherence tomography (SD-OCT; Spectralis 
HRA+OCT system [Heidelberg Engineering, Vista, CA, USA]) B-scans through the fovea. SD-
OCT B-scans were segmented using custom software as previously described (Bailey et al., 
2011; Hood et al., 2011; Hood et al., 2009; Wen et al., 2012; Wen et al., 2011) to calculate 
inner and outer segment thickness (Igor Pro 7, WaveMetrics, Lake Oswego, OR) at 0.1 degree 
locations along the scans (Aizawa et al., 2009).  
 
2.3.6 AOSLO mediated visual acuity 
 
Prior to AOSLO imaging, eyes were dilated with 1% tropicamide and 2.5% phenylephrine. 
High-resolution images of the cone mosaic within 0.5 degree of the PRL were obtained using 
AOSLO (“ROI Eccentricity”, Table 2.1). The “E” optotype was introduced onto the retina by 
modulating the 840 nm scanning laser to project sharp, black letters against a red 
background (Rossi and Roorda 2010). The letter E was presented for 1 second (30 frames) 
during each trial oriented in one of four directions: left, right, up, or down. The subjects 
reported the orientation of the E using a keyboard. Two correct responses in succession 
elicited an E of decreased size (reduced by 1.4 times), whereas one incorrect response 
prompted the appearance of an E that increased in size (increased by 1.4 times) in the next 
trial. Following seven complete reversals, the experiment terminated. The value of the final 
threshold was calculated by averaging the stimulus size of the last four reversals. Each 
subject repeated the experiment 6 times and the average threshold per experiment was 
converted to generate a standard MAR acuity value. This one-up/two-down procedure 
usually converged to 70.7% correct performance (Garcia-Perez 1998). AOSLO-VA measures 
required an additional 15-20 minutes per eye to complete these repetitions. 
 
2.3.7 AOSLO image procurement and cone spacing and density analysis 
 
Montages of the macular region of the AOSLO images were created as described (Duncan et 
al., 2007). To identify the PRL, a 10-15 second video was recorded as the subject observed a 
small circular fixation target delivered through modulation of the AOSLO scanning raster, 
the location of which was directly recorded in the AOSLO video. Using custom image analysis 
tools created with MATLAB (The MathWorks, Inc., Natick, MA), the mean and standard 
deviation (SD) of locations of fixation points in both horizontal and vertical directions were 
documented. To quantify cone spacing measures, a density recovery profile method 
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(Rodieck 1991) was used as described previously (Duncan et al., 2007). We chose this 
method to estimate cone spacing because it allows for reliable estimates of cone spacing in 
mosaics where not every cone is visible and it remains a meaningful and robust metric even 
when the cones are no longer close-packed into a hexagonal lattice. Other measures of cone 
spacing, such as nearest neighbor distance or row-to-row spacing, are linearly related and 
so whatever correlations are found with one metric will be essentially the same for the 
others. Cone locations were measured as eccentricity in degrees from the PRL. Cone spacing 
was measured as close as possible to the PRL center by 2 independent graders within a 
standardized 0.1 degree² (42×42 pixel) box (Figure 2.1); the interclass correlation 
coefficient (ICC) for the 2 graders was 0.49 (95% CI 0.3 to 0.7). Given the small number of 
subjects, the mean absolute deviation was compared to the mean of all cone spacing 
measures. The overall mean absolute difference was 0.05 with a corresponding overall mean 
measurement cone spacing value of 0.87. The mean absolute difference divided by the mean 
measurement value was about 6% of the average cone spacing value. The measure calculated 
by each grader was averaged to derive the mean cone spacing at each ROI for correlation 
analyses.  
 
Due to the increase in photoreceptor density approaching the foveal center (mean 
eccentricity, 0.16 degree; maximum eccentricity, 0.24 degree), where abrupt changes in cone 
spacing would impact the results, cone spacing measures were converted to Z-scores 
(standard deviations from normal spacing), which are expected to be more uniform across 
the foveal region. Z-scores were based on mean cone spacing at the measured eccentricity 
calculated from a larger normal data set (Zayit-Soudry et al., 2015) composed of 10 controls 
(4 male, 6 female) between ages 25-58 (average 45.2 years, SD 10.3 years); normal Z-scores 
were between -2 and 2. 
 
2.3.8 Data analysis and statistics  
 
All cone spacing measurements were correlated with ETDRS VA, AOSLO-mediated VA, and 
foveal sensitivity. Correlations between parameters were assessed using the Spearman rank 
correlation coefficient ρ, and a bootstrap analysis clustered by patient to account for the fact 
that one eye was used in some subjects and both eyes were used in others was used to derive 
the 95% confidence interval (CI) values. Statistical significance was determined using the 
95% CIs. The percentage of cones below average was computed to indicate the difference in 
cone density from the average of 47 normal subjects, as described in our previous study 
(Ratnam et al., 2013) The percentage of cone loss needed to reach performance scores below 
specified thresholds for example, below a MAR of 1.0 (20/20 VA) are indicated by the red 
and blue lines on Figures 2.4B, 2.5B, 2.6B and were computed from a quadratic curve fitting 
which was then bootstrapped to obtain the 95% bias-corrected/accelerated confidence 
intervals.  
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Figure 2.1: AOSLO image of 43 year old male with retinitis pigmentosa simplex (30015). The 
blue crosses indicate the fixation locus and its centroid was used to determine the preferred 
retinal locus (PRL) for fixation. The green box outlines the region of interest (ROI) selected 
for cone spacing analysis. Inset: Magnified view of the ROI with red dots indicating the 
selected cone locations.  
 
2.4 Results 
 
ETDRS-VA was not significantly correlated with AOSLO-VA in normal subjects (ρ = -0.33, 
95% CI: -1.0 to 0.3), but it was significantly correlated in IRD patients (ρ = 0.79, 95% CI: 0.5 
to 0.9) (Figure 2.2). Similarly, ETDRS Letters Read correlated negatively with AOSLO-VA 
(Figure 2.3); the correlation was not significant in normal subjects (ρ = -0.02, 95% CI: -0.9 to 
1.0), but was significant in IRD patients (ρ = -0.84, 95% CI: -0.9 to -0.6). 
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The cone spacing Z-scores and AOSLO-VA relationship was significant in IRD patients (ρ = 
0.54, 95% CI: 0.02 to 0.7), but not in normal subjects (ρ = 0.37, 95% CI: -0.8 to 1.0). Cone 
spacing Z-scores were also significantly correlated with ETDRS Letters Read in IRD patients 
(ρ = -0.64, 95% CI: -0.8 to -0.2), but not in normal subjects (ρ = 0.16, 95% CI: -1.0 to 0.8). The 
similarity in correlation of AOSLO-VA and ETDRS with Z-scores suggests that correcting the 
optical aberrations in this cohort of subjects did not give rise to improved structure/function 
relationships.  
 
Figure 2.4B plots AOSLO-VA vs. percentage of cones below average. The analysis shows that 
cone density decreased to 40.2% below normal (95% CI: 31.1 to 45.5) before AOSLO-VA 
dropped below 20/20, and decreased to 48.9% fewer cones than normal (95% CI: 44.5 to 
58.6) before AOSLO-VA dropped below 20/25. Figure 2.5B plots are similar to 2.4B but with 
ETDRS-VA rather than AOSLO-VA. The cone density thresholds associated with acuity below 
20/20 and 20/25 were 42.0% (95% CI: 36.5 to 46.1) and 49.5% fewer than normal (95% CI: 
46.2 to 59.7), respectively.  
 
Cone spacing Z-scores were significantly correlated with foveal sensitivity in IRD patients (ρ 
= -0.79, 95% CI: -0.9 to -0.4), but not in normal subjects (ρ = -0.19, 95% CI: -0.8 to 1.0). A 
percent of cones below average of 43.1% (95% CI: 39.3 to 46.6) or more would be needed to 
detect a drop in foveal sensitivity below 35 dB (Figure 2.6B).  
 
Finally, when cone spacing Z-scores were analyzed with cross-sectional measures of  
OS thickness, a significant correlation was seen in IRD patients alone (ρ = -0.61, 95% CI: -0.8 
to -0.2), but not in normal subjects (ρ = -0.54, 95% CI: -0.9 to 1.0). 
 
 

 
 
Figure 2.2. Visual acuity measured after 
correction with AOSLO is significantly 
correlated with visual acuity measured using 
ETDRS charts. Correlation of ETDRS MAR 
acuity and AOSLO acuity, normal subjects: ρ = 
-0.33, 95% CI: -1.0 to 0.3; IRD patients: ρ = 
0.79, 95% CI: 0.5 to 0.9. 

Figure 2.3. Visual acuity measured after 
correction with AOSLO is significantly 
correlated with visual acuity measured with 
numbers of letters read using ETDRS charts. 
Correlation of ETDRS Letters Read acuity 
and AOSLO acuity, normal subjects: ρ = -
0.02, 95% CI: -0.9 to 1.0; IRD patients: ρ = -
0.84, 95% CI: -0.9 to -0.6. 
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A. 

 
B. 

 
Figure 2.4. Visual acuity measured after 
correction with AOSLO is significantly 
correlated with cone loss measured as increased 
cone spacing Z-score. A. Correlation of cone 
spacing Z-scores and AOSLO acuity, normal 
subjects: ρ = 0.37, 95% CI: -0.8 to 1.0; IRD 
patients: ρ = 0.54, 95% CI: 0.02 to 0.7. B. 
Correlation of % cones below average and 
AOSLO acuity; red line: threshold percent cone 
loss where vision drops below normal MAR 
>1.00 (20/20 VA): 40.2%, red shading: 95% CI: 
31.1 to 45.5; blue line: threshold percent cone 
loss where vision drops below normal MAR 
>1.25 (20/25 VA): 48.9%, blue shading: 95% CI: 
44.5 to 58.6. 

A. 

 
B. 

 
Figure 2.5. Visual acuity measured using 
standardized eye charts according to the 
ETDRS protocol is significantly correlated 
with cone loss measured as increased cone 
spacing Z-score. A. Correlation of cone 
spacing Z-scores and  ETDRS acuity, normal 
subjects: ρ = 0.16, 95% CI: -1.0 to 0.8; IRD 
patients: ρ = -0.64, 95% CI: -0.8 to -0.2. B. 
Correlation of % cones below average and 
ETDRS acuity, red line: threshold percent 
cone loss where vision drops below normal 
<85 letters (20/20 VA): 42.0%, red shading: 
95% CI: 36.5 to 46.1; blue line: threshold 
percent cone loss where vision drops below 
normal <80 Letters (20/25 VA): 49.5%, blue 
shading: 95% CI: 46.2 to 59.7. 
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A. 

 
B. 

 
Figure 2.6. Foveal sensitivity is significantly 
correlated with cone loss measured as increased 
cone spacing Z-score. A. Correlation of cone 
spacing Z-scores and foveal sensitivity, normal 
subjects: ρ = -0.19, 95% CI: -0.8 to 1.0; IRD 
patients ρ = -0.79, 95% CI: -0.9 to -0.4. B. 
Correlation of % cones below average and foveal 
sensitivity; red line: threshold percent cone 
where vision drops below normal foveal 
sensitivity (<35dB): 43.1%, red shading: 95% 
CI: 39.3 to 46.6. 

 

 
Figure 2.7. OS thickness is significantly 
correlated with cone loss measured as 
increased cone spacing Z-score. Correlation 
of cone spacing Z-scores and OS thickness, 
normal subjects: ρ = -0.54, 95% CI: -0.9 to 
1.0; IRD patients: ρ = -0.61, 95% CI: -0.8 to -
0.2. 
  
 

 
2.5 Discussion 
 
The present study revealed significant correlations between measures of cone structure with 
measures of visual function at or near the fovea. As cone spacing increased, there was a 
significant decline in VA. Additionally, ETDRS-VA and AOSLO-VA were similarly correlated 
with cone spacing Z-scores measured near the foveal center. In both cases, the relationship 
was noisy and nonlinear. Furthermore, a similar reduction in cone density of about 40% 
below normal was required before clinically measurable changes in either measure of acuity 
were observed. Despite correcting for optical imperfections, AOSLO-VA did not result in 
significant improvement in this structure/function relationship.  
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One notable finding was that for all normal subjects, and just under half of the IRD subjects, 
AOSLO-VA was worse than ETDRS-VA. We offer four possible explanations for this. 
 
First, ETDRS-VA and AOSLO-VA not only employed different methods (letters read on an 
acuity chart vs. a 4-alternative-forced-choice tumbling E staircase procedure) but also 
converged to different thresholds (82% (Ferris et al., 1982) vs. 70.7% (Garcia-Perez 1998) 
correct). This is an unlikely explanation because, if anything, the lower threshold for the 
AOSLO-VA ought to have yielded slightly better performance, but it did not.  
 
Second, AOSLO-VA was administered using 840 nm light with more than 20 times lower 
luminance (~ 4 cd/m2) than the standard light box used to measure ETDRS-VA (85 cd/m2). 
AOSLO-VA measures better than clinical measures of VA were achieved using nearly 
identical measurement conditions and a similar system in earlier reports (Rossi and Roorda 
2010). The subjects in the earlier reports, however, were healthy, younger, emmetropic, and 
had extensive experience using the AOSLO system.  
 
Third, a possible interpretation for the lack of improvements in VA with aberration 
correction could be that the receptive fields in our subjects (both normals and IRD subjects) 
comprise more than single cones. Eliminating the aberrations would confer little benefit if 
this were the case - which is what we found - and a random loss of cones within larger 
receptive field would only have minimal effects on the sampling resolution until many cones 
were lost - which is also what we found. However, we have every reason to believe that there 
are at least two midget ganglion cells per foveal cone in our healthy normals and that cone 
spacing imposes the retinal limit on foveal visual acuity. Measurement of the limits of human 
spatial vision at the fovea in young healthy eyes confirms this (Rossi and Roorda 2010). It is 
very unlikely that this ratio would be any different in the slightly older normals we used for 
this study (average age of 50 years) and the comparable acuity of the less-advanced IRD 
patients suggests that this is true for them as well.  
 
The most likely explanation arises from the facts that subjects in this study (i) were older, 
perhaps with subclinical lens opacities, (ii) were unfamiliar with the AOSLO-VA task, (iii) 
were not emmetropic (see Table 2.1), and (iv) had little or no experience being imaged in an 
AOSLO. Collectively, these facts probably explain why AOSLO-VA measures were slightly 
worse than ETDRS-VA. This final explanation is important because, until AOSLO-mediated 
functional tests become more widely available, robust and efficient, subjects will often have 
limited experience with the test.  
 
IRD subjects seemed to benefit more from AO-correction than normal subjects, perhaps 
because the IRD subjects’ aberrations were, on average, greater. Greater aberrations in 
retinitis pigmentosa patients have been reported (Rajagopalan et al., 2005) but the 
aberration of the eyes in our study was not recorded or analyzed before AO-correction.  
 
2.5.1 Cone spacing compared with ETDRS and AOSLO acuities 
In patients with IRD, both ETDRS and AOSLO-mediated acuities were correlated with cone 
spacing Z-scores. The significant correlations demonstrated that greater cone spacing - 
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indicating cone loss - corresponded to worse acuity performance. Normal subjects, however, 
did not demonstrate a statistically significant correlation between acuity and cone spacing. 
It is clear that factors outside of cone spacing and optics (see earlier discussion) govern 
acuity performance in the normal healthy eyes that were part of this study. There are no 
obvious advantages of AOSLO-mediated acuity over conventional measures for assessing 
foveal structure. 
 
We consistently found that VA did not decrease until cone densities were about 40% lower 
than the average for normal eyes. The thresholds for ETDRS acuity were similar to a previous 
study, and the present study demonstrated a similar threshold for AOSLO-mediated VA 
(Ratnam et al., 2013). Despite differences in the actual reported thresholds, the 95% 
confidence intervals between studies overlap (compare Figures 2.4B, 2.5B in the present 
paper with figure 4 from Ratnam et al., 2013).  
 
2.5.2 Cone spacing compared with foveal sensitivity  
 
As with acuity, there was a significant relationship between foveal sensitivity and cone 
spacing Z-scores, but the data were noisy and nonlinear, and significant declines in foveal 
sensitivity were not observed reliably until cones were well below the normal average. The 
cone density threshold to detect foveal sensitivities below 35dB was similar between the 
current and our previous report (Ratnam et al., 2013). Although the thresholds were 
different (43% vs. 52% (Ratnam et al., 2013)), the 95% confidence intervals overlapped. 
However, the range of percent cone loss associated with reduced visual acuity and foveal 
sensitivity was narrower in the present study, refining the threshold to near 40-50% cone 
loss for all abnormal measures of foveal function. As reported in previous studies based on 
computer modeling (Geller et al., 1992), visual (grating) acuity is not directly associated to 
the mean density or spacing of photoreceptors at the fovea. 
 
2.5.3 Cone spacing compared with outer segment thickness 
 
For IRD, cone spacing Z-scores correlated negatively with OS thickness. As cones degenerate, 
the OS becomes thinner, due to decreased length of outer segments, which likely precedes 
cone loss with increased cone spacing during degeneration (Lazow et al., 2011; Milam et al., 
1998). However, no correlation was observed in normal subjects, due to the absence of 
photoreceptor degeneration.  
 
2.6 Summary 
 
In conclusion, even after correcting high-order aberrations, the relationship between VA and 
foveal cone spacing was weak until cone densities were 40-50% lower than the normal 
average. The non-linear relationship and variability suggest that VA, whether measured by 
conventional methods or with optical correction through the AOSLO, remains an ineffective 
way to gauge early changes in foveal cone spacing or density, and that cone spacing may be 
a more sensitive measure of cone loss in early stages of degeneration. On a positive note, the 
fact that AOSLO imaging can detect structural changes in the cones well in advance of the 
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acuity loss means that there is a therapeutic window within which one can treat and monitor 
effectiveness in advance of any visual impact for the patient.  
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CHAPTER 3: Cone spacing correlates with retinal thickness and microperimetry in 
patients with inherited retinal degenerations 
 
3.1 Abstract 
 
Purpose: To determine whether high-resolution retinal imaging measures of macular 
structure correlate with visual function over 36 months in retinal degeneration (RD) patients 
and normal subjects.  
 
Methods: Twenty-six eyes of 16 RD patients and 16 eyes of 8 normal subjects were studied 
at baseline; 15 eyes (14 RD) and 11 eyes (6 normal) were studied 36 months later. Adaptive 
Optics Scanning Laser Ophthalmoscopy (AOSLO) was used to identify regions of interest 
(ROIs) with unambiguous cones at baseline to measure cone spacing. AOSLO images were 
aligned with spectral-domain optical coherence tomography (SD-OCT) and fundus-guided 
microperimetry results to correlate structure and function at the ROIs. SD-OCT images were 
segmented to measure inner segment (IS) and outer segment (OS) thickness. Correlations 
between cone spacing, IS and OS thickness and sensitivity were assessed using Spearman 
correlation coefficient ρ with bootstrap analyses clustered by person.  
 
Results: Cone spacing (ρ=0.57, P<0.001) was significantly correlated with eccentricity in 
patients. Controlling for eccentricity, cone spacing Z-scores were inversely correlated with 
IS (ρ=-0.29, P=0.002) and OS thickness (ρ=-0.39, P<0.001) in RD patients only, and with 
sensitivity in normal subjects (ρ=-0.22, P<0.001) and RD patients (ρ<-0.38, P<0.001). After 
36 months, cone spacing increased (P<0.001) and macular sensitivity decreased (P=0.007) 
compared to baseline in RD patients.  
 
Conclusions: Cone spacing increased and macular sensitivity declined significantly in RD 
patients over 36 months. High resolution images of cone structure correlated with retinal 
sensitivity, and may be appropriate outcome measures for clinical trials in RD. 
 
3.2 Introduction 
 
Retinitis pigmentosa (RP) refers to a diverse group of hereditary retinal degenerative 
disorders that all cause progressive, diffuse, and relentless loss of photoreceptors, resulting 
in vision loss and, ultimately, blindness. RP is a leading cause of hereditary blindness in 
developed countries and affects 1 in 3,500 people worldwide (Hartong et al., 2006). RP 
manifests with nyctalopia, progressive visual field constriction, and eventual decline in 
visual acuity. Loss of visual function accompanies fundus findings including retinal pigment 
epithelium (RPE) changes, arteriolar attenuation, waxy optic disc pallor, and variable bone 
spicule pigmentation (Robson et al., 2008).  RP can occur in isolation or as part of a syndrome 
that involves other organs, such as Usher syndrome, which is characterized by sensorineural 
hearing loss in addition to retinal degeneration (RD) (Hartong et al., 2006). Although RP is 
characterized clinically by degeneration and death first of rod, followed by cone, 
photoreceptors, RP is genetically heterogeneous and has been associated with mutations in 
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over 87 genes (https://www.omim.org/phenotypicSeries/PS268000), each of which may 
affect rod and cone survival differently.  
 
Because photoreceptor death is slowly progressive over many years, it has been challenging 
to demonstrate that treatments and cures are safe and effective. Specific, reliable, precise, 
objective, and sensitive measures of photoreceptor health and survival are urgently needed 
to expedite development of treatments to prevent blindness, monitor disease progression 
and measure response to therapies. 
 
Previous studies have shown that measures of visual function in RP correlate with the 
integrity of the photoreceptor layers imaged using spectral domain optical coherence 
tomography (SD-OCT) (Birch et al., 2015; Birch et al., 2013; Hood et al., 2011). However, 
current SD-OCT techniques lack sufficient resolution for examination of individual 
photoreceptors, raising the possibility that subtle changes in photoreceptor structure may 
be missed. In contrast, adaptive optics scanning laser ophthalmoscopy (AOSLO) has been 
used to visualize the retina with lateral resolution at the single cell level (Roorda and Duncan 
2015; Roorda et al., 2002) to enable imaging of the cone mosaic and measurement of cone 
spacing and density, and has been used to study eyes with inherited retinal degenerations 
(Duncan et al., 2007; Sun et al., 2016; Wolfing et al., 2006). Cone density and spacing 
correlate with clinical measures of visual function including visual acuity and foveal 
sensitivity in RD (Chen et al., 2011; Ratnam et al., 2013) suggesting that the high-resolution 
measures of cone structure obtained with AOSLO may be useful in tracking disease 
progression (Talcott et al., 2011; Litts et al., 2017).  
 
However, in eyes with RD, cone spacing and density have not always been found to correlate 
with cross-sectional measures of photoreceptor layer thickness obtained with SD-OCT 
(Battu et al., 2015; Chui et al., 2012; Menghini et al., 2014) possibly because rods contribute 
to measures of outer nuclear layer thickness outside the fovea, and some cones have 
diminished reflectivity (Bruce et al., 2015; Tu et al., 2017; Wang  2015), accounting for 
decreased cone density measures in regions with normal cross-sectional thickness. Confocal 
AOSLO images of photoreceptors are generated by light reflected at the photoreceptor inner 
segment/outer segment (IS/OS) and OS/RPE junctions (Miller et al., 1996), while the cell 
bodies of degenerating photoreceptors may persist in the outer nuclear layer (ONL) even 
after the IS and OS have degenerated (Milam et al., 1998). Thus, it is possible that areas with 
intact photoreceptor cell bodies but degenerating IS and OS with reduced visual function 
show no correlation between cone spacing or density and cross-sectional measures of ONL 
thickness from OCT scans.  
 
Prior studies have demonstrated a correlation between cone spacing measures with AOSLO 
and visual function at the fovea in patients with retinal degenerations (Ratnam et al., 2013), 
and parafoveal cone density has been correlated with spatial contrast sensitivity (Hirota et 
al., 2017) and multifocal electroretinography (Choi et al., 2006) but the relationship between 
retinal structure and visual sensitivity measured using microperimetry to assess function at 
macular locations outside the central fovea has not been previously reported on a cellular 
level in RP. 
 



 

27 
 

The current study was designed to test the hypothesis that cone spacing measures from 
confocal AOSLO images correlate with typical clinical structural and functional measures, 
including spectral domain OCT and fundus-guided microperimetry. High-resolution 
measures of macular structure and function were analyzed in eyes imaged at baseline and 
again 36 months later in patients with RD and age-similar, visually normal subjects. 
Structural measures of outer retinal health, including cone spacing from en face high-
resolution images acquired with AOSLO and thickness of the IS and OS layers on SD-OCT 
scans, were compared with functional measures of visual sensitivity from fundus-guided 
microperimetry at identical retinal locations in normal eyes and in eyes with RD. The results 
may help improve current measures of detection and progression of RD to monitor the 
outcome of therapeutic interventions over 36 months.  
 
3.3 Methods 
 
3.3.1 Study design 
 
This study was approved by the Institutional Review Boards of the University of California, 
San Francisco and the University of California, Berkeley, and adhered to the tenets of the 
Declaration of Helsinki. All subjects provided written informed consent.  
 
3.3.2 Clinical examination 
 
Best-corrected visual acuity (BCVA) and refractive error were measured according to the 
Early Treatment of Diabetic Retinopathy (ETDRS) study protocol (Ferris et al., 1982). Axial 
length was measured using partial coherence interferometry (IOL Master, Carl Zeiss Meditec, 
Dublin, CA, USA). Genetic testing was performed in 2 patients (40032 and 30007, 
respectively) as previously described (Biswas et al., 2017; Ratnam et al., 2013). Twelve 
patients (30015, 40023, 40030, 40039, 40043, 40046, 40064, 40067, 40070, 40079, 40080 
and 40082) were tested using next-generation sequencing of 181 genes in a retinal 
dystrophy panel that included copy number analysis (Blueprint Genetics, San Francisco, CA) 
through the genetic testing study of the Foundation Fighting Blindness My Retina Tracker® 
registry for inherited retinal degenerative diseases (NCT 0245940).  
 
3.3.3 SD-OCT data collection and cross-sectional thickness measurements 
 
Spectral-domain optical coherence tomography (SD-OCT; Spectralis HRA+OCT system, 
Heidelberg Engineering, Vista, CA, USA) images analyzed included 20° or 30° horizontal and 
vertical cross section B-scans through the fovea. SD-OCT images were segmented manually 
to measure inner and outer segment (IS and OS) length at locations corresponding to regions 
of interest (ROIs) using custom software to measure inner and outer segment thickness at 
locations 0.1 degree apart (Hood et al., 2011; Birch et al., 2011; Hood et al., 2009; Wen et al., 
2012; Wen et al., 2011; Aizawa et al., 2009). Examples of segmented horizontal OCT B-scans 
for an RD patient (40039) are shown in Figure 3.5. 
 



 

28 
 

3.3.4 Microperimetry analysis 
 
Fundus-guided microperimetry was obtained as formerly described (Birch et al., 2011) 
(Nidek MP1, NAVIS software, ver. 1.7; Nidek Technologies, Fremont, CA, USA) under light-
adapted conditions (32 cd/m²) with spot size V (104 arcmin diameter, 1.73 degrees) 
delivered for 200ms under a 4-2-1 threshold strategy. With this staircase algorithm, 
threshold estimates are measured such that if the subject responds affirmatively that they 
can see the stimulus, the subsequent stimulus appears 4 dB dimmer, until a reversal occurs 
(where the patient responds negatively that they cannot see the stimulus) and then the 
stimulus appears 2 dB brighter until a second reversal occurs. Following the second reversal, 
the stimulus is adjusted by 1 dB until the third reversal at which point the threshold estimate 
is produced. A 3 degree diameter red ring was used as fixation target and patients were 
instructed to look in the center of the red ring after correcting for refractive error and 
presbyopia to focus the stimuli on the retina for each patient (Microperimeter MP1 
Operator’s Manual, Nidek Technologies Srl 2003-2016, page 23). Fundus-guided perimetric 
sensitivity was determined at locations spaced 2 degrees apart along the horizontal and 
vertical meridians through the fovea in the central 10 degrees surrounding fixation. To 
ensure the light-adapted measurement isolated cone function, sensitivity was determined 
with a long-pass dichroic filter (605 nm; NT30-634; Edmund Optics, Barrington, NJ, USA).  
 
3.3.5 AOSLO image acquisition and cone spacing analysis 
 
High-resolution images were acquired with Adaptive Optics Scanning Laser 
Ophthalmoscopy (AOSLO) and processed as described previously (Duncan et al., 2007; 
Ratnam et al., 2013; Talcott et al., 2011). Regions of interest (ROIs) were selected at locations 
within 5.7 degrees of the fovea at which unambiguous cones were visualized in AOSLO 
images acquired at baseline to improve the likelihood that the cones could be monitored 
longitudinally. For each subject AOSLO images were aligned with the near-infrared (NIR) 
SLO fundus images acquired with the SD-OCT and the microperimeter (Adobe Illustrator, 
Adobe, Inc., San Jose, CA, USA) to permit direct comparisons between measures of retinal 
structure and function (figure 3.1). Eight to twelve ROIs that aligned with the horizontal and 
vertical SD-OCT scans acquired through the fovea were selected from each AOSLO montage. 
For the present study, a subset of ROIs that corresponded to regions tested using MP1 
stimuli, located within 1 degree of the center of a given MP1 location, were chosen for 
analysis in the present study. The average distance from the center of the ROI to the center 
of the region stimulated with the MP1 stimulus was 0.37 degrees (standard deviation 0.29, 
range: 0 - 1 degree), so most of the ROIs were well within the size of the MP1 stimulus. Cone 
spacing, or average nearest neighbor distance, was measured by 1-5 graders using a density 
recovery profile method (Rodieck 1991) with custom-written software, as previously 
described (Duncan et al., 2007; Menghini et al., 2014). The distance from the foveal center to 
the center of each ROI was measured in degrees. Cone spacing was measured in arcminutes 
and converted into Z-scores representing the number of standard deviations from the mean 
of 27 normal subjects (Chen et al., 2011) to control for eccentricity. For subjects imaged more 
than once, precise alignment of follow up images with baseline images ensured the same 
locations were measured and images were analyzed in random order.  
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A  B C 

 
 
Figure 3.1. Adaptive optics scanning laser ophthalmoscopy (AOSLO) image, spectral domain-
optical coherence tomography (SD-OCT) horizontal and vertical scans, and fundus-guided 
microperimetry map superimposed in patient 30015 OD. (A) Macular sensitivity values in 
color coded circles are shaded from green (normal) to red (stimulus not seen) based on the 
sensitivity measured at each location; color scale bar at top of panel; scale bar, 300µm. (B) 
Magnified view of (A); the regions of interest (ROIs) are outlined in white boxes; small white 
pixels indicate the patient’s preferred retinal locus of fixation; scale bar, 300µm. (C) 
Magnified view of ROI N1. Red crosses indicate positions of cones used to assess cone 
spacing; scale bar, 10μm. 
 
3.3.6 Comparisons for statistical analysis 
 
For each patient, macular sensitivity and average IS and OS thickness at each ROI were 
compared to cone spacing Z-scores, controlling for visit year, using a Spearman correlation 
with bootstrap clustered by person to account for the fact that data from both eyes of some 
subjects were included. In addition, IS thickness and OS thickness were compared to 
sensitivity.  
 
3.4  Results 
 
3.4.1 Study subjects 
 
Twenty-six eyes of 16 patients with RD and 16 eyes from 8 normal control subjects were 
studied at baseline (Table 3.1). Of those, 15 eyes of 14 patients with RD and 11 eyes from 6 
visually-normal control subjects were studied longitudinally 36 months later (Table 3.2). 
Patient 40023 developed cystoid macular edema at 36 months which precluded reliable 
cone spacing measures at ROIs that were visible at baseline. RD patients 10048, 30007, 
30015, 40030, 40032, 40043, 40046, 40064, 40067, 40070, 40079, 40080, 40082 
participated in a clinical trial of an experimental treatment for RP which was administered 
to only one eye selected randomly for each subject after the baseline visit; treated eyes were 
excluded from analysis at 36 months and only the sham-treated eye was analyzed at the 36 



 

30 
 

month visit (labeled “study eye” in Table 3.1). One RD patient (40026) and 2 normal controls 
(10017 and 40048) left the study after completing the baseline visit but before completing 
the 36-month visit. The control subjects were age-similar (mean + standard deviation = 46 + 
11.2 years) to, but slightly older than, the patients (mean + standard deviation = 38 + 10.5 
years, t-test P = 0.07). The mean BCVA was better in the normal group (20/16) than in the 
patient group (20/20) (t-test P < 0.0001). 
 
Table 3.1: Summary of clinical information for patients and normal control subjects in this 
study. AOSLO, adaptive optics scanning laser ophthalmoscopy; M, male; F, female; RP, 
retinitis pigmentosa; AD, autosomal dominant; AR, autosomal recessive; XL, X-linked; OD, 
right eye; OS, left eye; NGS, next generation sequencing genetic testing of 181 genes in retinal 
dystrophy panel; N/A, not available; * asterisk indicates study eye used (eye not specified to 
keep readers masked to the treated eye). 
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Table 3.2: Summary of clinical measures acquired on patients and normal subjects used in 
the current study. BL, baseline visit; 36mo, 36-month visit; OCT, optical coherence 
tomography; AOSLO, adaptive optics scanning laser ophthalmoscopy; MP1, fundus-guided 
microperimetry. 
 

AOSLO ID Sex Age (years) Diagnosis/Mutation Eye Baseline 
acuity

36 month 
acuity

Refractive error

OD 20/25 -1.25+1.25x080
OS 20/20 -1.25+1.25x120
OD 20/20 -1.50+0.75x170
OS 20/20 -0.75+0.50x030
OD 20/20 -2.75DS
OS 20/20 -2.50DS
OD 20/25 +0.50+1.25x118

OS 20/25 plano+1.25x075

OD 20/25 -1.25+0.25x075
OS 20/20 -1.25+0.50x100
OD 20/16 -3.75DS

OS 20/16 -3.75DS

OD 20/25 -3.75+4.00x092

OS 20/20 5.00+4.25x080

OD 20/20 -1.75+1.00x090

OS 20/20 -2.25+1.00x075

OD 20/20 plano+0.50x082

OS 20/25 plano+0.75x100

OD 20/20 20/20 -8.75+2.50x137

OS 20/16 20/16 -7.25+1.25x040

OD 20/16 -0.25DS
OS 20/16 -0.50DS
OD 20/10 20/16 -1.00+1.00x025
OS 20/13 N/A -1.50+1.25x135
OD 20/16 20/13 +0.25+0.50x135
OS 20/16 20/13 +0.50+0.00x000
OD 20/13 -0.50+0.50x075
OS 20/16 -0.50+0.50x140
OD 20/20 20/16 -0.75+0.25x168
OS 20/13 20/16 -0.25+0.25x015
OD 20/16 20/16 -0.25+0.00x000
OS 20/16 20/16 -0.25+0.25x105
OD 20/13 20/13 -0.25+0.00x000
OS 20/16 20/13 -0.75+0.00x000
OD 20/16 20/16 -1.50-1.75x015
OS 20/16 20/13 -1.00+1.25x165

N/A

40

M

M

M

M

M

F

18

42

39

53

30

ADRP: PRPF31 c.1273 C>T, p.Gln425* (likely pathogenic)

XLRP: RPGR  hemizygous c.28+5 G>A, splice donor site mutation 5bp from 
exon-intron boundary (likely pathogenic) 

ARRP: USH2A c. 8522G>A, p.W2841 and c.11266 G>A, p.G3756S, (likely 
pathogenic);one inherited from each parent

N/A Normal

Normal

M 57

study eye 20/20 20/16

40055 M 50

40061 M 50

40079

40082

40067

40070

40080

40048 M 51

40053 F 37

40054 F 24

10023 M 57

10033

40046 M 62

40039 M 45

10017 F 31

40064

40030 F 40 Simplex RP/negative NGS

40032 M 30

40043 F 30

ARRP: compound heterozygous RPE65  mutations (c.1451G>A, p.Gly484Asp 
and c.746A>G, p.Tyr249Cys) and homozygous ABCA4 mutations (c.5882G>A, 

p.Gly1961Glu)

ARRP: compound heterozygous mutations in USH2A  (c.2276G>T, 
p.Cys759Phe and deletion exons 12-16, c.(1971+1_1972-1)_(3316+1_3317-

1)del) (pathogenic)

Multiplex RP/Unknown

Usher syndrome type 3: homozygous CLRN1 mutations c.144T>G, 
p.Asn48Lys (pathogenic)

Simplex RP/PRPH2  c.634A>G, p.Ser212Gly (likely pathogenic)

Simplex RP/NGS: PDE6B:  c.1624C>T, p.Arg542Trp and c.2140A>T, 
p.Met714Leu (both variants of uncertain significance)

Simplex RP/no genetic testing

10048 F 40

30007 F 27

30015 M 40

40023 M 34

40026 F 28

Normal

Normal

Normal

Normal

Normal

Normal

Simplex RP/negative NGS

ARRP: USH2A : c.2276G>T, p.Cys759Phe and c.2296T>C, p.Cys766Arg 
(pathogenic)

XLRP: RPGR  hemizygous c.1243_1244delAG, p.Arg415Glyfs*27 (pathogenic)

Simplex RP, negative NGS

Simplex RP, IFT140 c.634G>A, p.Gly212Arg (pathogenic) and c.1390G>T, 
p.Val464Leu (likely pathogenic); one inherited from each parent

-4.25+0.50x090

study eye -4.75+0.25x09020/2520/25

study eye 20/16 20/20 -1.50+0.50x090

study eye 20/16 20/20 -0.75+1.00x010

20/32*

20/20*

20/20*

N/A

N/A

-8.75+2.50x137

study eye 20/20 20/16 -0.50+0.00x000

20/13*

20/20*

20/20*

20/25*

study eye 20/25 20/25
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Due to a variety of causes, including patient drop out, relocation, or participation in a clinical 
treatment trial, not all eyes of all subjects studied with SD-OCT, AOSLO and MP1 at baseline 
were also imaged with these measures 36 months later. Similarly, not all subjects 
participated in the MP1 experiments, or the MP1 data was unreliable at both baseline and 
36-month visits based on unstable fixation. Numbers of values for each of the analyzed 
measures are listed in Table 3.2. 
 

 
 
Figure 3.2. Cone spacing measures correlated with eccentricity as measured by distance 
from the fovea. The small black filled circles represent a normal data set composed of 27 
controls (Chen et al., 2011). The dashed curved lines represent the 95% CI of this normal 
dataset, and the solid black line represents the mean. Normal subjects: blue; patients with 
RD: orange; circles: baseline measures; triangles: 36-month follow up measures. 
 
Figure 3. 2 presents eccentricity and cone spacing for all patients and normal subjects. Cone 
spacing measures and eccentricity were significantly correlated for patients (ρ = 0.57, 95% 

8 8

10

Normals
# subjects 8 6 4 4

# eyes 16 11

Patients
# patients 16 14 9 9

# eyes 26 15 13

OCT & AOSLO MP1

BL 36mo BL 36mo
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confidence interval (CI): 0.37 to 0.79, P < 0.001) and normal subjects (ρ = 0.90, 95% CI: 0.87 
to 0.92, P < 0.001). The average eccentricity of measurements was lower in patients (1.46 
degrees) compared to normal subjects (1.87 degrees) (t-test P < 0.0001; figure 3.2). This is 
expected because retinal degeneration precluded measurement at greater eccentricities in 
some patients where cone loss extended within the region imaged using AOSLO.  
 
3.4.2 Structural and functional correlations  
 
Table 3.3: Summary of statistical analyses from this study. CI, confidence interval; Sig, 
statistical significance; Fig, figure; IS, inner segment; OS, outer segment; µm, microns; dB, 
decibels. 
 

A. OCT thickness correlated with cone spacing 

 
 
B.  OS and IS thickness correlated with sensitivity in normal eyes, but not RD patients 

 
 

C. Cone spacing correlated with sensitivity 

 
 
The correlations described below are summarized in Table 3.3. Cone spacing was 
significantly and negatively correlated with IS and OS thickness in patients and normal 
subjects (figures 3.3A-B, Table 3.3A). However, when cone spacing Z-scores were used to 
control for eccentricity, cone spacing Z-scores were not significantly correlated with IS or OS 
thickness in normal eyes, but cone spacing Z-scores were significantly and negatively 
correlated with IS and OS thickness in RD patients (Figure 3.3C-D, Table 3.3A).  
 
 
 
 
 
 

Spearman's correlation ρ 95% CI P-value Fig. Spearman's correlation ρ 95% CI P-value Fig.
Cone spacing (arcmin) Cone spacing (Z-scores)

Normal subjects -0.45 -0.56 to -0.32 <0.001 -0.17 -0.31 to 0.011 0.068
Patients -0.50 -0.65 to -0.40 <0.001 -0.29 -0.61 to -0.090 0.002

Normal subjects -0.52 -0.67 to -0.36 <0.001 -0.1 -0.30 to 0.12 0.36
Patients -0.59 -0.75 to -0.46 <0.001 -0.39 -0.81 to -0.19 <0.001

3C3A

3DOS thickness (µm)

IS thickness (µm)

3B

Spearman's correlation ρ 95% CI P-value Fig.
Sensitivity (dB)

Normal subjects 0.18 0.006 to 0.43 0.047
Patients 0.11 -0.25 to 0.38 0.60

Normal subjects 0.36 0.27 to 0.61 <0.001
Patients 0.30 -0.09 to 0.70 0.14

OS thickness (µm)

IS thickness (µm)

4B

4A

Spearman's correlation ρ 95% CI P-value Fig.
Cone spacing (Z-scores)

Normal subjects -0.22 -0.49 to -0.07 <0.001
Patients -0.38 -0.67 to -0.08 <0.001

Sensitivity (dB) 4C
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A.           B. 

 
      C.          D. 

 
Figure 3.3: Outer retinal layer thickness correlated with cone spacing measures. (A) Inner 
segment (IS) thickness was significantly correlated with cone spacing in normal subjects and 
patients. (B) Outer segment (OS) thickness was significantly correlated with cone spacing in 
normal subjects and patients. (C) IS thickness was correlated with cone spacing Z-scores in 
patients, but not normal subjects. (D) OS thickness was correlated with cone spacing Z-
scores in patients, but not normal subjects. Normal subjects: blue; patients with RD: orange; 
circles: baseline measures; triangles: 36-month follow up measures. The gray bands on graphs 
C and D indicate the ±2 Z-score limits of normal subjects. 
 
3.4.3 Functional correlations 
 
Photoreceptor IS thickness and OS thickness were not significantly correlated with macular 
sensitivity in patients, but both were significantly correlated in normal subjects (figure 3.4A-
B, table 3.3B); the correlation was positive, where reduced sensitivity correlated with 
decreased IS and OS thickness. Patients showed a trend in which reduced IS and OS thickness 
and sensitivity were observed; the small sample size and variability in sensitivity at regions 
with normal IS and OS thickness may have reduced the power to detect a significant 
correlation in patients. However, cone spacing Z-scores were significantly and negatively 
correlated with macular sensitivity in both normal subjects and patients (figure 3.4C, Table 
3.3C), such that increased cone spacing Z-scores correlated with reduced sensitivity for both 
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normal subjects and patients. When cone spacing was greater than 2 standard deviations 
above the normal mean (Z-scores ±2), sensitivity was reduced (Figure 3.4C). 
 
  

A.            B. 

 
      C.         

 
 
Figure 3.4: Correlation between outer retinal structure and macular function, measured as 
retinal sensitivity. (A) Retinal sensitivity was correlated with inner segment (IS) thickness 
in normal eyes, but not patients. (B) Retinal sensitivity was correlated with outer segment 
(OS) thickness in normal eyes, but not patients. (C) Retinal sensitivity was significantly 
correlated with cone spacing Z-scores in normal and patient eyes. Normal subjects: blue; 
patients with RD: orange; circles: baseline measures; triangles: 36-month follow up measures; 
dB: decibels; the gray band in panel C indicates the ±2 Z-score limits of normal subjects. 
 
3.4.4 Change from baseline to 36 months 
 
Table 3.4: Summary of baseline vs. 36-month changes. The P-values for the comparisons 
were considered significant if less than 0.05. 
 

 
 

Mean difference 95% CI P-value Mean difference 95% CI P-value Mean difference 95% CI P-value
IS thickness (µm) Cone spacing (arcminutes) Sensitivity (dB)

Normal subjects 0.78 -0.35 to 1.89 NA 0.014 -0.009 to 0.030 0.19 -1.4 -3.78 to 0.93 0.18
Patients 0.81 -0.36 to 2.04 0.17 0.1 0.059 to 0.14 <0.001 -3.74 -5.56 to -0.81 0.007

OS thickness (µm) Cone spacing (Z-scores)
Normal subjects 0.66 -0.34 to 2.09 0.22 0.14 -0.06 to 0.27 0.14

Patients -0.66 -1.72 to 0.45 0.22 0.94 0.52 to 1.31 <0.001
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Comparing measures at baseline to 36 months, cone spacing increased significantly in 
patients by 0.10 arcminutes (95% CI: 0.059 to 0.14, P < 0.001), and cone spacing Z-scores 
increased significantly in patients by 0.94 (95% CI: 0.52 to 1.31, P < 0.001), but cone spacing 
did not change significantly in normal subjects. In addition, although there was no significant 
change in normal subjects, mean macular sensitivity decreased by -3.74 dB over 36 months 
(95% CI: -5.56 to -0.81, P = 0.007), indicating loss of macular function in RD patients. There 
was no significant change between baseline and 36 months in IS thickness or OS thickness 
in either patients or normal subjects. Baseline comparisons to measures at 36 months are 
summarized in Table 3.4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

37 
 

 
 

 

 

A. B. 

C. 



 

38 
 

Figure 3.5: Spectral Domain Optical Coherence Tomography Segmentation. A) Infrared 
fundus image of 40039, right eye, with light green line showing location of horizontal B-scan 
through fovea. B) Horizontal B-scan extends 20 degrees through the foveal center. C) The 
same scan as shown in (B) with interpolated boundaries based on manual segmentation of 
the retinal pigment epithelium -Bruch’s membrane (RPE-BrM), outer segment-RPE (OS-
RPE), inner segment/outer segment (IS/OS), external limiting membrane (ELM), inner 
nuclear layer-outer plexiform layer (INL/OPL), inner plexiform layer/inner nuclear layer 
(IPL/INL), retinal nerve fiber layer/retinal ganglion cell (RNFL/RGC), and vitreous/RNFL 
borders. IS thickness: black right bracket (]), OS+ thickness, red right bracket (]). The OS+ 
thickness layer includes the thickness of the outer segments and RPE cells. 
 
3.5  Discussion 
 
This study presents further evidence that structural cone measures using AOSLO images 
correlate with cross-sectional thickness measures of the IS and OS layers on SD-OCT 
(Makiyama et al., 2013; Wilk et al., 2014; Wilk et al., 2017). Both the IS and OS thickness were 
correlated with cone spacing measures in the present study of normal eyes and patients with 
RD; patients in the present study all had rod-cone dystrophy (RP or Usher syndrome type 3), 
so the results are most relevant for RP patients. However, the correlation of IS, OS and cone 
spacing with eccentricity from the fovea likely influenced the observed correlation between 
cone spacing and OCT measures, because IS and OS thickness was significantly correlated 
with cone spacing Z-score in patients, but not normal subjects, when eccentricity was 
accounted for using Z-scores. The negative correlation between cone spacing Z-scores and 
both IS and OS thickness indicates that cone spacing Z-scores increase while outer retinal 
layer thickness decreases. The difference in correlation strength between OS thickness and 
cone spacing Z-scores versus IS thickness and cone spacing Z-scores may be related to the 
sequence in which cone photoreceptors degenerate in patients with RP: OS are the earliest 
affected, then IS are lost, and the nuclei of cone photoreceptors in the outer nuclear layer are 
last to degenerate (Milam et al., 1998; Lazow et al., 2011). The variation in OS thickness in 
patients observed in figure 3.3B and 3.3D likely reflects inclusion of patients at different 
stages of degeneration, with some retaining longer photoreceptor OS while having normal 
cone spacing Z-scores, but many with shorter OS showing abnormal cone spacing normal Z-
scores.  
 
The correlation between IS and OS thickness and sensitivity was only significant in normal 
subjects. We anticipated that OS thickness would correlate with sensitivity since the OS 
contain the photoreceptor disc structures that are responsible for phototransduction. 
However, sensitivity in RD patients was variable, likely due at least in part to inclusion of a 
genetically heterogeneous population. Some of the mutations associated with RP in the 
present study such as PRPH2 are associated with long OS (Duncan et al., 2011), while others 
such as PDE6B affect phototransduction (McLaughlin et al., 1993), or the retinoid cycle, such 
as RPE65 (Cai et al., 2009), each of which may affect sensitivity of photoreceptors with 
different OS thickness differently. Analysis of macular function using fundus-guided 
microperimetry in a genetically homogeneous patient population may provide clearer 
insight into the relationship between structure and function in the macula of RD patients. 
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Macular sensitivity using similar experimental conditions to the present study reported 
large variability in sensitivity for both patients and normal subjects (Birch et al., 2011). The 
lack of significant correlations between sensitivity and IS or OS thickness in RD patients is 
likely due to the insensitivity of fundus-guided perimetric stimuli in detecting subtle changes 
in visual loss, due to the variability observed in microperimetric responses and coarse 
resolution of fundus-guided microperimetric visual function tests. In another study using 
fundus-guided microperimetry to study macular function in patients with X-linked RP, with 
a slightly different protocol using white stimuli which might have allowed for a mixed rod-
cone response, variability was seen as well (Acton et al., 2013). In that study, mean 
sensitivity values across visual field spanned from 1-20 dB with a mean value of 13.1 
[standard deviation (SD) 4.5] dB in patients, whereas the age-matched normal subject values 
ranged from 5-20 dB with an average of 14.6 [SD 3.3] dB (Acton et al., 2013). The current 
study used a red filter to deliver red stimuli to optimize cone responses and minimize rod 
activation since rods are relatively insensitive to longer wavelengths (Bowmaker et al., 
1980). However, the use of a red filter might contribute to greater variability in threshold 
responses, because the task is more difficult. Another study using the same light-adapted test 
with red stimuli as used in the present study also reported a wide range of sensitivity values 
spanning across the central visual field (Birch et al., 2011).  
 
The current study provides evidence of a correlation between cone spacing Z-scores and 
macular sensitivity in patients with RD. Although there is a wide range of sensitivity values 
among the ROIs with Z-scores less than 2, ROIs with Z-score greater than 2 show reduced 
sensitivity (figure 3.4C). This provides further evidence that substantial photoreceptor loss 
is required before it is possible to observe significant decreases in visual function. The 
current study is aligned with previous studies which showed that areas of greater 
photoreceptor loss show stronger correlations with functional measures, including contrast 
sensitivity with parafoveal cone density (Huang et al., 2014) and visual acuity with cone 
spacing Z-scores within 1 degree of the foveal center (Ratnam et al., 2013; Foote et al., 2018).  
 
The present study demonstrated significantly increased cone spacing at 36 months 
compared to baseline in RD patients, measured both in arcminutes and as Z-scores to 
account for eccentricity. Cone spacing did not change significantly in normal eyes over this 
36 month study. Although there was no significant change between baseline and 36 months 
in IS or OS length, macular sensitivity decreased significantly in patients, but not in normal 
eyes. Due to cone photoreceptor degeneration, particularly in the patients studied in the 
current manuscript with RP and Usher syndrome type 3, a decrease in sensitivity over a 
period of 36 months is expected and coincides with increased cone spacing or cone loss. 
Nevertheless, the current study was limited in the number of subjects with sensitivity data 
at both baseline and 36 months, and larger, prospective studies incorporating fundus-guided 
microperimetry may demonstrate macular sensitivity to be an even more sensitive outcome 
measure of disease progression (Birch et al., 2011). Some of the variability in sensitivity 
measures may be due to discrepancy in background luminance measurements of the liquid 
crystal display (LCD) used by the fundus-guided microperimetry system used in the present 
study (Springer et al., 2005), which has not been observed using other systems which use a 
super luminescent diode in place of the LCD (MAIA, CenterVue, Inc., Fremont, CA, USA) 
(Wong et al., 2016). In addition, fundus-guided microperimetry with commercially-available 
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systems does not have resolution commensurate with measures of retinal structure from 
SD-OCT or AOSLO images. Microperimetry with single cell resolution may improve 
evaluation of the earliest functional changes in photoreceptor survival. Adaptive Optics 
Microperimetry (AOMP) enables the precise delivery of visual stimuli to individual cone 
photoreceptors with a delivery error of 0.89 arcmin (Tuten et al., 2012) which is less than 
the cone-to-cone spacing Z-scores at all eccentricities beyond 1 degree, and is approximately 
5.5 times better than tracking errors of the system used in the present study (Tuten et al., 
2012). Future studies will use AOMP to investigate the relationship between cone spacing Z-
scores, IS and OS thickness and visual sensitivity with this more precise measure of function. 
 
3.6  Summary 
 
In conclusion, objective measures of photoreceptor structure such as cross-sectional 
measures of IS and OS thickness, and cone spacing Z-scores, were significantly correlated 
with visual function in patients with retinal degeneration. Cone spacing increased and 
microperimetry decreased significantly over 36 months in RD patients. These correlations 
observed suggest that high resolution images of cone structure can be used to assess patients 
with RD longitudinally. Furthermore, these correlations between structural measures and 
visual function prove they may be appropriate outcome measures for clinical trials. 
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CHAPTER 4: Cone structure persists beyond margins of short-wavelength 
autofluorescence in choroideremia 
 
4.1 Abstract 
 
Purpose: To study the relationship between structure and function of the choriocapillaris 
(CC), retinal pigment epithelium (RPE) and photoreceptors in patients with choroideremia 
(CHM). 
 
Methods: 6 CHM patients (12 eyes) and 4 normal subjects (6 eyes) were studied with fundus-
guided microperimetry, confocal and non-confocal adaptive optics scanning laser 
ophthalmoscopy (AOSLO), near-infrared and color fundus photos, short wavelength fundus 
autofluorescence (SW-AF) and swept-source optical coherence tomography (SS-OCT) and 
angiography (SS-OCTA) images. Cone spacing varies with eccentricity and was represented 
using Z-scores (standard deviations from the mean). CC flow voids were defined using a 
threshold of one standard deviation below the mean from a normal database. 
 
Results: Cone spacing, expressed as Z-scores, was not significantly correlated with distance 
from the margin of preserved RPE, determined using either the SS-OCT or SW-AF scans. Cone 
spacing was significantly correlated with CC flow voids and retinal sensitivity. Flow voids 
were greater than normal in regions of preserved RPE and increased progressively from -2° 
inside the edge of the preserved area to +2° beyond the edge. Visual sensitivity decreased as 
CC flow voids increased approaching and beyond the edge of preserved structure. 
 
Conclusions: In CHM, cone spacing correlated with CC flow voids, and was inversely 
correlated with retinal sensitivity, suggesting cone degeneration accompanied reduced CC 
perfusion. Using SS-OCT instead of SW-AF to identify the border of preserved outer retinal 
structure demonstrated functional cones beyond the border defined by SW-AF, which may 
underestimate regions of preserved outer retinal structure with cells that may be amenable 
to treatment. 
 
4.2 Introduction 
 
Choroideremia (CHM) is an X-linked inherited degenerative disease estimated to affect 
1:50,000 and is caused by a mutation in the CHM (REP1) gene on chromosome Xq21 (Aleman 
et al., 2017). Patients present with progressive loss of night vision, peripheral visual field 
loss and eventual central vision loss. Although the pathogenic mechanism underlying 
degeneration in CHM is not clearly understood, it may be due to reduced function of proteins 
that play a role in organelle formation and vesicle trafficking (Coussa and Traboulsi 2012).  
 
CHM leads to degeneration of the choriocapillaris (CC), retinal pigment epithelium (RPE), 
and photoreceptors, but the temporal relationship in which different cell types are affected 
remains unclear. Studies of induced pluripotent stem cells (iPSCs) derived from CHM 
patients and differentiated into RPE cells demonstrate abnormal trafficking of melanosome 
granules to the apical surface and abnormal phagocytosis, which may cause photoreceptor 
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degeneration (Duong et al., 2018). However, RPE cells studied in isolation may not accurately 
reflect cellular function in vivo. The lack of animal models of CHM makes clinical 
characterization of CHM patients especially valuable, and advances in fundus imaging 
modalities permit assessment of photoreceptors, RPE and choroidal structures with high-
resolution (Aleman et al., 2017; Morgan et al., 2014; Syed et al., 2013). Structural studies 
using a combination of SD-OCT, confocal and non-confocal split-detector adaptive optics 
scanning laser ophthalmoscopy (AOSLO) techniques (Sun et al., 2016) and OCT angiography 
(OCTA) imaging (Gao et al., 2017; Jain et al., 2016; Parodi et al., 2019) suggest that RPE cells 
degenerate before the CC, and that the CC does not degenerate independently of RPE loss 
(Parodi et al., 2019). Functional studies using OCT and psychophysical tests have 
demonstrated loss of photoreceptor function first, perhaps independently or in conjunction 
with RPE depigmentation (Aleman et al., 2017; Duncan et al., 2002; Jacobson et al., 2006). To 
date, few published reports have compared retinal function with structure using high-
resolution retinal imaging (Morgan et al., 2018; Tuten et al., 2019). The use of high-resolution 
imaging approaches may provide insight into how cells are affected during retinal 
degeneration in patients with CHM.  
 
Fundus autofluorescence images are commonly used to assess RPE structure in living eyes, 
including patients with CHM (Birtel et al., 2019). Short wavelength autofluorescence (SW-
AF) signals from bisretinoid constituents are naturally exhibited by photoreceptor outer 
segments and RPE cells when excited by an external light source (Sparrow et al., 2012). 
When photoreceptor outer segments incompletely degrade due to disease, excess lipofuscin 
accumulates in RPE cells, which appear hyperfluorescent in AF images (Schmitz-
Valckenberg al., 2008). SW-AF SLO imaging uses a confocal pinhole to image light from a 
single plane, reducing noise from structures other than the retina that may contain 
fluorophores (Sparrow al., 2018). Near-infrared autofluorescence (NIR-AF) images use 787 
nm laser diode for excitation with a barrier filter allowing light >810 nm to pass, and images 
fluorophores that are most likely derived from melanin pigment (Weinberger al., 2006). NIR-
AF imaging is more comfortable for patients and may pose less risk of RPE damage than SW-
AF (Cideciyan al., 2007; Cideciyan et al., 2015). NIR-reflectance (NIR-REF) imaging has been 
shown to be strongly correlated with NIR-AF imaging and uses wavelengths similar to the 
light used to acquire infrared fundus images during OCT scans, which suggests that the 
sources of signals from OCT images may be similar to the sources of NIR-REF and NIR-AF 
images (Weinberger al., 2006).  
 
Recent studies of CC perfusion using OCTA and SW-AF have shown normal CC flow until RPE 
loss occurred (Parodi et al., 2019), and more extensive RPE loss than CC nonperfusion, which 
in turn was larger than the area of retinal vascular nonperfusion (Jia et al., 2015). Recent 
publications have reported differences in NIR-AF with SW-AF images other inherited retinal 
degenerations including Stargardt disease and CHM patients (Duncker et al., 2014; Paavo et 
al., 2018). NIR-AF images demonstrate larger areas of RPE atrophy and correlate more 
closely with the ellipsoid zone (EZ) extent than SW-AF images in Stargardt disease patients 
(Duncker et al., 2014). 
 
Signals from the RPE cell structure monolayer can also be visualized using OCT imaging; OCT 
is a non-invasive imaging technique used to image the fundus layers in cross-section (Huang 
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et al., 2014; Podoleanu et al., 2008). Swept-source OCT (SS-OCT) images use 1050 nm light 
to provide deeper penetration to visualize the RPE and choriocapillaris (Jia et al., 2015; 
Zhang et al., 2017; Zhang et al., 2018). When SS-OCT en face slabs are used to observe the 
RPE layer, the signal comes from RPE melanin (Greenstein et al., 2017). To clarify the 
relationship between outer retinal structure and function and extend prior studies (Morgan 
et al., 2018; Tuten et al., 2019), we compared multimodal high-resolution studies of 
photoreceptor, RPE and choroidal structure with photoreceptor function in patients with 
CHM.  
 
4.3 Methods 
 
4.3.1 Study design 
 
Research procedures followed the tenets of the Declaration of Helsinki. Voluntary informed 
consent was obtained from all subjects. The study protocol was approved by the Institutional 
Review Boards of the University of California, San Francisco and the University of California, 
Berkeley. 
 
4.3.2 Subjects 
 
Twelve eyes of 6 CHM patients with average age of 37 ± 19.2 years and 6 eyes of 4 healthy 
subjects with normal eye examinations with average age of 33 ± 11.6 years were studied; 
there was no significant difference in the ages of patients and normal subjects (t-test, P = 
0.35) (Table 4.1). The patients and subjects were from unrelated families, with the exception 
of patients 30025 and 10040 who were father and daughter (Syed et al., 2013), respectively. 
Patient 30025 was excluded from the cone spacing analyses due to poor image quality and 
retinal sensitivity analyses because the patient could not see the fixation target to perform 
micropermetry reliably. Five patients were male, and one patient (10040) was a 
symptomatic carrier female with 100% X-inactivation, previously described (Syed et al., 
2013). Normal control subjects had no evidence of retinal degeneration on complete eye 
examination or fundus images and did not undergo genetic testing. Patients were excluded 
from the study if they had conditions that would affect imaging including nystagmus, 
cataract, and macular edema. Genetic testing was performed on patients through the Carver 
Nonprofit Genetic Testing Laboratory on a fee-for-service basis (40135), the eyeGENE 
research consortium (EyeGENE 2009; Blain et al., 2013; Brooks et al., 2008; Goetz et al., 
2012) or using a next-generation sequencing panel through the My Retina Tracker® registry 
genetic testing study (NCT 02435940) (retinal dystrophy panel of 181 genes, Blueprint 
Genetics, San Francisco, CA, USA).  
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Table 4.1: Clinical characteristics of healthy normal subjects and patients with CHM; CHM, 
choroideremia; F, female; M, male; BCVA, best corrected visual acuity; OD, right eye; OS, left 
eye.  
 
4.3.3 Fundus-guided microperimetry 
 
Fundus-guided microperimetry using Macular Integrity Assessment software (MAIA, 
Centervue Inc., Fremont, CA) was used in this study to analyze macular sensitivity of patients 
with CHM. This instrument uses scanning laser ophthalmoscopy (SLO) with real-time fundus 
tracking at a rate of 25 frames/second using fundus landmarks as a reference for perimetry 
and has good repeatability (Chen et al., 2009). The MAIA uses a superluminescent diode of 
850 nm and scans with 1024 x 1024 pixel sampling resolution over a 36 x 36 degree field of 
view. Goldman III (26 arcmin, 0.43°) stimuli were presented for 200 ms on a 1.27 cd/m2 

background with a dynamic range of 36 dB (Crossland et al., 2012; Dimopoulos et al., 2012). 
A standard 4-2 strategy with a custom grid pattern extending every 1° from the central 
fixation out to 10° in the 4 cardinal directions was used. In addition, the grid pattern covered 
every 1° within the central 6°. 
 
4.3.4 Confocal and split detector AOSLO 
 
We used a simultaneous confocal and non-confocal split detector imaging AOSLO system. 
Confocal imaging is an in vivo, non-invasive technique that records light emerging from the 
cone waveguide, comprised of scattered light from the IS/OS junction and the posterior tip 
of the outer segment (Miller et al., 1996; Roorda and Duncan 2015). Non-confocal split 

ID Sex Age Diagnosis/Mutation Eye BCVA Refractive Error
OD 20/25 -2.00
OS 20/25 -2.95
OD 20/80 -1.50+0.25x180
OS 20/80 -2.00+0.25x040
OD 20/25 -2.25+1.75x180
OS 20/25 -1.25+1.50x170
OD 20/30 -3.25
OS 20/30 -3.25
OD 20/25 -1.00+.025x005
OS 20/20 -1.50+0.25x160
OD 20/32 -6.00+4.00x095
OS 20/32 -6.00+4.00x080

OD 20/16 plano
OS 20/16 plano
OD 20/16 +2.50
OS 20/20 +1.50+0.05x152

10040 F 36 CHM  c.49+1G>A, splice site mutation, exon 1

30025 M 75 CHM  c.49+1G>A, splice site mutation, exon 1

40028 M 22 CHM  c.316 C>T, p.Gln106Stop

40104 M 26 Normal

40135 M 45 CHM  IVS2+1 G>A, aberrant mRNA splicing

40147 M 26 CHM  c.1770+2T>A, splice donor variant

10003 M 52 Normal

40166 M 18 CHM  c.715 C>T, p.Arg239Stop

40179 F 31 Normal

40154 F 22 Normal

OS 20/16 0.00+0.50x180

OD 20/20 +0.25+1.00x20
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detector AOSLO (Scoles et al., 2014) uses a reflective mask with an annulus in the image 
plane in place of a regular pinhole typically used for confocal detection. This method allows 
the confocal signal to be reflected into one detector, and then directs the multiply scattered, 
non-confocal light from opposing sides of the annular aperture into two separate detectors. 
The split detector signal is calculated as the difference between the two non-confocal 
detectors divided by their sum (Scoles et al., 2014). Non-confocal split detector AOSLO is a 
type of phase-contrast imaging and can be especially useful in distinguishing areas where 
cone inner segments remain but outer segments are not waveguiding (Scoles et al., 2014).  
 
4.3.5 Cone spacing 
 
Montages of AOSLO images were created as previously described (Duncan et al., 2007) and 
with automontaging software (Chen et al., 2016). To identify the preferred retinal locus 
(PRL), a 10 second video was recorded as the patient observed a small circular fixation target 
delivered through modulation of the AOSLO scanning raster, whose location was recorded 
in the AOSLO video (Poonja et al., 2005). The mean and standard deviation (SD) of locations 
of fixation points in both horizontal and vertical directions were registered using custom 
image analysis tools made using MATLAB (The MathWorks, Inc., Natick, MA). The PRL was 
used to define the foveal center for measures of eccentricity. Cone spacing measures were 
quantified using a density recovery profile method (Rodieck 1991) as described previously 
(Duncan et al., 2007). This method was chosen to estimate cone spacing since it allows for 
reliable estimates of cone spacing in mosaics where not all cones are clearly visible, and 
where cones are not closely packed into a hexagonal array. While other measures of cone 
spacing exist (like nearest neighbor distance or row-to-row spacing) (Cooper et al., 2016) 
we chose to use cone spacing as a conservative measure of cone preservation, albeit perhaps 
an insensitive measure of cone loss.  
 
Cone spacing was measured by 2 independent graders within a standardized 0.1 degree² 
(42×42 pixel) box as described previously (Foote et al., 2018, Chapter 2.3 of this document). 
Cone spacing measures were made in regions with the clearest cone images that were as 
close as possible to the retinal locations where functional measures were acquired using the 
MAIA microperimetry, which were manually superimposed on AOSLO images (Adobe 
Illustrator; Adobe, Inc., San Jose, CA, USA). Average intraclass correlation coefficient ICC 
value for both patients and normal subjects between the 2 graders was 0.91. Because cone 
spacing varies predictably with eccentricity from the fovea (Chui et al., 2008; Curcio et al., 
1990), Z-scores, or standard deviations from the normal mean at the location where the cone 
spacing was measured, were used to describe cone spacing and control for the effect of 
eccentricity on cone spacing measures. 
 
4.3.6 Fundus Autofluorescence (FAF) 
 
In this study, SW-AF images (i.e. FAF) were acquired using in vivo confocal scanning laser 
ophthalmoscopy (SLO) (Spectralis HRA+OCT; Heidelberg Engineering, Vista, CA) with 488 
nm excitation and a 500 nm barrier filter to block reflected light and permit autofluorescent 
light from the fundus to pass through (Schmitz-Valckenberg al. 2008). Hyperfluorescent 
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areas representing areas of preserved RPE cells on SW-AF images were manually outlined 
using Photoshop CC (Adobe, San Jose, CA). The current study compared boundaries of 
preserved outer retina and RPE using SW-AF, and en face SS-OCT slab analyses (figure 4.1). 
 
4.3.7 Swept-Source Optical Coherence Tomography and Angiography 
 
A SS-OCT (PLEX Elite 9000, Carl Zeiss Meditec Inc., Dublin, CA) was used to visualize and 
semi-automatically identify borders of preserved RPE from en face slabs extending from the 
outer boundary of the outer plexiform layer (outer retina) to 8 μm beneath Bruch's 
membrane (Zhang et al., 2017). The SS-OCT has a swept source tunable laser centered 
between 1040-1060 nm which can scan up to 100,000 A-scans/second with an optical axial 
resolution of 6.3 μm (PLEX Elite 9000 User Manual 2016; Akman 2018). 
 
SS-OCTA was used to visualize the CC in vivo from an en face slab extending from the outer 
boundary of Bruch’s membrane to 20 μm beneath Bruch's membrane (Zhang et al., 2018). 
CC perfusion can be measured as flow voids (FV), defined as a percentage of the imaged 
region representing CC flow void with a reduction of pixel intensity (figure 4.2), one standard 
deviation below the mean CC flow from a normative database of 20 normal subjects aged 20-
39 years old (Zhang et al., 2018). In figure 4.2, the black or blue contour represents the 
boundary of the preserved region (as defined by SW-AF or SS-OCT respectively) and the 
white contours indicate regions at 1 degree and two degrees inside and outside the boundary, 
respectively. In the innermost region 1 (delimited by the white contour 2 degrees inside the 
boundary) the flow void pixels are green; in the outermost region 6 (outside the outer white 
contour), the flow void pixels are black. In the other regions 2-5 delimited by the white contours 
and black boundary, the flow void pixels are colored in blue, yellow, red, and purple, respectively. 
 A C 

B D 
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Figure 4.1. Outer retinal/retinal pigment epithelial (RPE) borders from the right eye of 
patient 40028. (A) Short-wavelength autofluorescence (SW-AF) image with the edge of 
preserved RPE manually outlined in white; (B) Swept source optical coherence tomography 
(SS-OCT) en face image of outer retina-RPE-choriocapillaris (CC) slab extending from the 
outer plexiform layer to 8 um beneath Bruch’s membrane with the edge of the preserved 
RPE outlined in blue; (C) Outlines from (A) and (B) superimposed; the yellow horizontal line 
shows the area from which the B-scan shown in panel (D) is taken, white vertical lines 
correspond to the areas of preserved RPE based on SW-AF scans, while vertical blue lines 
show the area of preserved outer retina-RPE-choriocapillaris based on SS-OCT scans; (D) B-
scan that corresponds to en face image in (C). Scale bar: 1mm (as estimated by PLEX Elite 
9000, Carl Zeiss Meditec Inc.).  
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Figure 4.2. Multimodal images of structure and function from the right eye of patient 40028. 
(A) Swept source optical coherence tomography (SS-OCTA) choriocapillaris (CC) slab with 
percent flow void (% FV) shown in regions (R) 1-6 with SW-AF border outlined in black; (B) 
SS-OCTA CC slab with % FV shown in regions (R) 1-6 with SS-OCT border outlined in blue; 
(C) fundus-guided microperimetry retinal sensitivity image with SW-AF border in black and 
SS-OCT border in blue; the color coded bar shows the dynamic range, white box represents 
area in (D) and (E); (D) Confocal AOSLO image shows waveguiding cones with blue SS-OCT 
and black SW-AF borders superimposed; (E) Split detector AOSLO image shows cone inner 
segments, same lines superimposed as in (D). (D) and (E) show cones beyond the margin 
defined by short-wavelength autofluorescence (SW-AF). For (D) and (E) red boxes indicate 
select regions of interest (ROIs) where cone spacing is measured. Scale bar for (A)-(C): 1mm 
(as estimated by PLEX Elite 9000, Carl Zeiss Meditec Inc.).  
 
4.3.8 Statistical methods 
 
Descriptive statistics were calculated with means and standard deviations. Spearman correlation 
coefficients were calculated, with 95% confidence intervals (CIs) derived from bootstrap 
resampling at the patient level. 
 
4.4 Results 
 
Histological studies have demonstrated a strong relationship between eccentricity from the 
fovea and cone spacing (Chui et al., 2008; Curcio et al., 1990). In the present study, cone 
spacing was significantly correlated with eccentricity for patients (ρ = 0.89, 95% CI: 0.79 to 
0.95) and normal subjects (ρ = 0.97, 95% CI: 0.95 to 0.99); figure 4.3A. To evaluate the 
relationship between cone spacing and visual function at the same locations where cones 
were measured, we compared cone spacing with retinal sensitivity and found a significant, 
negative correlation for patients (ρ = -0.29, 95% CI: -0.40 to -0.07) and normal subjects (ρ = 
-0.15, 95% CI: -0.44 to -0.009); figure 4.3B.  

  
A.       B. 

 
 
Figure 4.3. Relationship between cone spacing, eccentricity and retinal sensitivity. (A) Cone 
spacing measures were negatively correlated with eccentricity from the fovea. The small 
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black filled circles represent a normative dataset composed of 27 healthy controls (Chen et 
al., 2011). The dotted curved lines represent the 95% confidence interval of this normative 
dataset; the solid black line represents the mean. Normal subjects are shown as black 
crosses; patients as orange circles. (B) Cone spacing was negatively correlated with retinal 
sensitivity. Normal subjects are shown as black crosses, patients are circles. Measures that 
are more than 2 degrees (R1 on figure 4.1B) within the border of the preserved region as 
defined by the SS-OCT border are indicated by green circles; measures from -2° to -1° within 
the border are indicated by blue circles; measures from -1° to 0° within the border are 
indicated by orange circles. 
 
We hypothesized that reduced CC perfusion was correlated with outer retinal atrophy. In 
this study, mean CC flow void was significantly increased within the region of preserved 
retinal structure at locations approaching and extending beyond the RPE margin, measured 
using both SS-OCT and SW-AF (SS-OCT: ρ = 0.87, 95% CI: 0.84 to 0.89; SW-AF: ρ = 0.85, 95% 
CI: 0.80 to 0.89; figure 4.4A). To control for the strong correlation between cone spacing and 
eccentricity, cone spacing was expressed as Z-scores, the number of standard deviations 
from the normal mean cone spacing at a given eccentricity. Normal cone spacing at each 
location was within -2 to +2 SD of the normal mean, with a Z-score between -2 and +2. Cone 
spacing expressed as Z-scores was not correlated with distance from the border of preserved 
outer retina (SS-OCT: ρ = -0.06, 95% CI: -0.51 to 0.17; SW-AF: ρ = -0.04, 95% CI: -0.38 to 0.17; 
figure 4.4B).  
 
There were regions with visible cone inner and outer segments where cone spacing was 
measurable that extended beyond the RPE border as measured by SW-AF (figure 4.4B, blue 
box at +1°, and figure 4.2D-E), but no cones were evident beyond the border as measured 
from the SS-OCT slab. Retinal sensitivity was measurable, but reduced, 1-2 degrees beyond 
the margin of preserved outer retina/RPE/CC structure measured using both SW-AF and SS-
OCT en face scans (figure 4.4C). Retinal sensitivity and distance to the RPE border were 
significantly, negatively correlated for patients as measured by SW-AF (ρ = -0.89, 95% CI: -
0.91 to -0.87) and by SS-OCT (ρ = -0.91, 95% CI: -0.94 to -0.86; figure 4.4C). Retinal sensitivity 
was significantly, negatively correlated with percent CC flow void in eyes when either the SS-
OCT or SW-AF borders were used to indicate RPE structure in patients (SS-OCT border: ρ = 
-0.81, 95% CI: -0.91 to -0.76; SW-AF: ρ = -0.79, 95% CI: -0.92 to -0.71; figure 4.4D) but not in 
normal subjects (ρ = 0.37, 95% CI: -0.86 to 1.00).  
 
To examine the relationship between CC perfusion and cone survival, we compared CC flow 
voids with cone spacing expressed as Z-scores and retinal sensitivity at the region cone 
spacing was measured. Cone spacing was significantly, negatively correlated with percent 
CC flow voids for patients (ρ = -0.29, 95% CI: -0.60 to -0.11, figure 4.4E) but not normal 
subjects (ρ = -0.19, 95% CI: -0.50 to 3.5). Cone spacing expressed as Z-score was negatively 
correlated with retinal sensitivity for patients (ρ = -0.35, 95% CI: -0.54 to -0.18, figure 4.4F) 
and normal subjects (ρ = -0.29, 95% CI: -0.41 to -0.27). 
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A.      B. 

 
 
C.                                          D. 

      
E.      F.    
 

 
 
Figure 4.4. Relationship between function relative to the edge of preserved outer retina/RPE 
as well as function and percentage flow void. Mean choriocapillaris (CC) flow void (FV) 
percentages (A), cone spacing Z-score (B), and mean retinal sensitivity values (C) versus 
eccentricity from the edge of the preserved structure defined by the swept source optical 
coherence tomography (SS-OCT) outer retina-retinal pigment epithelium-choriocapillaris 
border (red boxes) and the short wavelength autofluorescence (SW-AF) border (blue boxes). 
The vertical solid black line demarcates the border measured by both SW-AF and SS-OCT 
slab. Horizontal dashed blue lines indicate normal mean % FV (A) and retinal sensitivity (C). 
Box plots indicate the middle 50% of the data, which is the middle two quartiles of the 
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distribution, the remaining 50% is represented by whiskers displaying all points within 1.5 
times the interquartile range. The gray band shows the area within which cone spacing 
measures are normal (B). (D) Retinal sensitivity vs. % Flow void; (E) Cone spacing expressed 
as Z-score vs. % flow void; (F) Cone spacing expressed as Z-score vs. retinal sensitivity. Z-
scores were used to describe cone spacing and control for the relationship between cone 
spacing and eccentricity (figure 3A). Normal subjects are shown as black crosses, patients as 
circles. Measures within 2 degrees of the border are indicated by green circles; measures 
from -2 to -1° inside the border are indicated by blue circles; measures from -1° to 0° inside 
to the border are indicated by orange circles; measures from 0° to +1° are indicated by red 
circles; measures from +1° to +2° are indicated by purple circles; measures from +2° to +3° 
are indicated by black circles. 
 
Cone outer segment length might be affected by reduced CC perfusion, but no correlation 
was found between OS thickness and percent CC flow void in patients (ρ = -0.15, 95% CI: -
0.42 to 0.22) or normal subjects (ρ = 0.52, 95% CI: -0.69 to 0.82) (figure 4.5A). OS thickness 
has been shown in prior work to correlate with retinal sensitivity in normal subjects and 
patients with retinitis pigmentosa (Rangaswamy et al., 2010); in the present study, OS 
thickness was not significantly correlated with retinal sensitivity in CHM patients (ρ = 0.22, 
95% CI: -0.13 to 0.48) or normal subjects (ρ = 0.17, 95% CI: -0.02 to 0.37) (figure 4.5B). OS 
thickness was also not correlated with cone spacing expressed as Z-scores in CHM patients 
(ρ = 0.12, 95% CI: -0.45 to 0.28, figure 4.5C) but did show a significant, negative correlation 
for normal subjects (ρ = -0.39, 95% CI: -0.83 to -0.27). 
 
A.                                                                         B. 

 
    C. 
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Figure 4.5. Relationship between outer segment (OS) thickness, percent flow void (FV), 
retinal sensitivity, and cone spacing. OS thickness and (A) % CC FV; (B) retinal sensitivity; 
(C) cone spacing Z-score. Normal subjects are shown as black crosses, patients as circles. All 
graphs show measures using the SS-OCT-derived outer retina-retinal pigment epithelial-
choriocapillaris slab border. Measures within 2 degrees of the border are indicated by green 
circles; measures from -2° to -1° inside the border are indicated by blue circles; and 
measures from -1° inside to the border are indicated by orange circles. The gray band shows 
the Z-score range within which cone spacing measures are normal. 
 
CC perfusion supplies the RPE and photoreceptor OS and IS with oxygen and nutrients; we 
studied the relationship between CC flow void and IS thickness, and found no significant 
correlation for patients (ρ = -0.08, 95% CI: -0.22 to 0.15) or normal subjects (ρ = 0.05, 95% 
CI: -0.31 to 0.19) (figure 4.6A). No correlation was seen for IS thickness vs. retinal sensitivity 
in patients (ρ = 0.08, 95% CI: -0.16 to 0.24) but showed a significant positive correlation for 
normal subjects (ρ = 0.13, 95% CI: 0.03 to 0.15) (figure 4.6B). IS thickness was not 
significantly correlated with cone spacing expressed as Z-scores in patients (ρ = -0.11, 95% 
CI: -0.36 to 0.12) but there was a significant, negative correlation among normal subjects (ρ 
= -0.42, 95% CI: -0.70 to -0.20) (figure 4.6C). 
 
 
A. B. 

 
C. 

 
Figure 4.6. Relationship between inner segment (IS) thickness, percent flow void (FV), 
retinal sensitivity, and cone spacing. IS thickness and (A) % CC FV; (B) retinal sensitivity; (C) 
cone spacing Z-scores. Normal subjects are shown as black crosses, patients as circles. All 
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graphs show measures using the OCT outer retina-retinal pigment epithelial-choriocapillaris 
slab border. Measures within 2 degrees of the border are indicated by green circles; 
measures from -2° to -1° inside the border are indicated by blue circles; and measures from 
-1° inside to the border are indicated by orange circles. The gray band shows the area within 
which cone spacing measures are normal. 
 
4.5 Discussion 

 
Multimodal imaging demonstrated several findings that shed light on the mechanism of 
degeneration in patients with CHM. First, functional cones were observed beyond the border 
of remaining outer retinal and RPE as defined by SW-AF (figure 4.2D and E). There were 
regions where cone inner and outer segments were measurable beyond the RPE border as 
measured by SW-AF (figure 4.4B), but cone mosaics were never evident and cone spacing 
was not measurable beyond the margin defined by the SS-OCT slab. Cone spacing was not 
correlated with distance from the edge of the preserved RPE, indicating cone structure was 
preserved extending to the edge of atrophy (Figure 4.4B). The stimulus used to assess retinal 
function with fundus-guided microperimetry (Goldmann III, 26 arcmin, ~0.43 degrees) was 
large with respect to the size of individual photoreceptors, and it may overlap healthy 
photoreceptors that retain function. The use of fundus-guided microperimetry using high-
speed fundus tracking and correction of stimulus delivery using AOSLO may refine the 
precision of stimulus delivery and provide additional insight into the function of cells that 
persist beyond the margin of SW-AF RPE borders (Morgan et al., 2018; Tuten et al., 2019). 
The persisting functional photoreceptors beyond the edge of SW-AF may affect clinical trials 
and treatments that are targeting preserved retinal structures based on SW-AF images. 
Photoreceptors may persist and be amenable to therapy in regions beyond the edge of 
preserved RPE defined by SW-AF and microperimetry, and could potentially show improved 
sensitivity in response to treatments since the inner segments and outer nuclear layer 
containing the nuclei persist in some areas. 
 
The two modalities of SW-AF and SS-OCT reveal different features of degeneration in eyes 
with CHM which support other studies that found differences comparing separate RPE 
imaging methods (Paavo et al., 2018). A separate study showed that RPE preservation was 
greater when measured using the ellipsoid zone than using SW-AF in CHM patients (Hariri 
et al., 2017).  Discrepancy between NIR-AF and SW-AF has also been reported in patients 
with Stargardt disease, in which the area of atrophy measured from NIR-AF images was 
greater than when imaged using SW-AF (Duncker et al., 2014). The cone structures seen 
extending beyond the SW-AF border suggest cones persist beyond areas with bisretinoid 
constituents in the outer segments and RPE cells. Cone structures beyond the edge of SW-AF 
included cone inner segments on split detector images, and outer segments seen on confocal 
AOSLO images (Figure 4.2D-E), and retinal sensitivity was measurable, although reduced, for 
+1° to +2° beyond the SW-AF border (figures 4.2C, 4.4C). The results may indicate that the 
outer segments extending beyond the SW-AF border do not contain bisretinoid constituents 
that normally exhibit SW-AF signal, but they may be capable of visual function. The 
measurable retinal sensitivity extending beyond the SW-AF margin (figures 4.2C, 4.4C) 
indicates there are outer segments and RPE cells in regions beyond the SW-AF margin, 
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although they may not exhibit normal SW-AF and demonstrate reduced sensitivity compared 
to regions located within the SW-AF margin.  
 
Second, patients with CHM showed abnormal choriocapillaris perfusion, measured as flow 
voids, even within regions of preserved outer retinal and RPE structure (Figure 4.4A). The 
results suggest that the choriocapillaris is unhealthy before the RPE and outer retina 
degenerates. A range of alterations in CC has been reported in CHM patients (Gao et al., 2017; 
Jain et al., 2016; Kato et al., 2017) and CC perfusion decreases in conjunction with RPE loss 
measured by SW-AF (Jain et al., 2016). It is possible that cones are more dependent on the 
choriocapillaris than the RPE due to the putative contribution that Muller cells have on the 
cone visual cycle, requiring less support from the RPE (Wolf 2004). In patients with CHM, 
both cone spacing and retinal sensitivity correlated with CC flow void, and cone spacing 
significantly correlated with retinal sensitivity. The correlation between cone spacing, 
sensitivity and flow void suggests that sensitivity was abnormal in areas of reduced CC 
perfusion. The lack of a strong correlation between cone spacing and retinal sensitivity may 
indicate that cones are present but show reduced function. This is consistent with prior 
reports suggesting abnormal photoreceptor function precedes RPE loss (Aleman et al., 2017; 
Duncan et al., 2002), and also with the observation of visible cone inner and outer segments 
with reduced sensitivity extending beyond the margin of RPE as measured by SW-AF in the 
present study. Another explanation for the lack of correlation could be variability in 
subjective sensitivity measures in patients with CHM.  

 
Third, OS thickness was not correlated with CC flow void (figure 4.5A), retinal sensitivity 
(figure 4.5B), or cone spacing (figure 4.5C) in CHM patients. This differs from prior reports 
demonstrating a correlation between OS thickness and retinal sensitivity in patients with 
retinitis pigmentosa (Hariri et al., 2017), perhaps because retinitis pigmentosa is often 
caused by mutations that are expressed primarily in photoreceptors and degeneration 
occurs first in the OS, then IS, then ONL (Milam et al., 1998). Unlike retinitis pigmentosa, CHM 
shows early thinning of RPE cells in regions with normal OS thickness (Lazow et al., 2011), 
and cone spacing was not correlated with distance from the margin of atrophy in the present 
study, suggesting OS length may be preserved despite reduced retinal sensitivity in patients 
with CHM. In normal subjects OS thickness, IS thickness and cone spacing were negatively 
correlated (figure 4.6C), and IS thickness correlated positively with retinal sensitivity (figure 
4.6B), likely reflecting greater sensitivities near the fovea where inner segments are longest 
and cone spacing is least in normal eyes. Patients did not show a similar correlation perhaps 
because in some patients with inherited retinal degeneration cones have abnormal function 
before they degenerate and lose the inner segments, indicating that retinal sensitivity may 
be a more sensitive measure than cone spacing. 

 
The present study is limited by the small number of patients and the cross-sectional nature 
of the report. Larger numbers of patients may reveal clearer correlations between 
photoreceptor, RPE and CC structure and function. To more clearly understand the 
mechanism of disease progression, patients will need to be monitored with high resolution 
retinal imaging approaches such as those described in the present study longitudinally over 
several years.  
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4.6 Summary 
 
The use of multimodal, non-invasive imaging may provide better understanding of the 
sequence of degeneration in eyes with CHM. Future studies are necessary to examine 
longitudinal data and degeneration using multimodal techniques, including those used here. 
While microperimetry can provide a measure of macular sensitivity, AOSLO can visualize 
photoreceptor morphology. SW-AF as well as SS-OCT can provide signals from RPE 
structure, and SS-OCTA can display CC perfusion. Greater understanding of degeneration and 
disease progression is crucial to advance the development of novel therapies for this 
relentless, sight-threatening disease.  
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CHAPTER 5: Structure and function in retinitis pigmentosa patients with mutations 
in RHO vs. RPGR 
 
5.1 Abstract 
 
Purpose: To study differences in cone structure and function in patients with retinitis 
pigmentosa (RP) due to mutations in rhodopsin (RHO), expressed in rod outer segments, and 
patients with mutations in RPGR, expressed in the connecting cilium of rods and cones.  
 
Methods: 4 eyes with RHO mutations, 5 with RPGR mutations, and 4 normal eyes were 
studied. Cone structure was studied with confocal and split detector adaptive optics 
scanning laser ophthalmoscopy (AOSLO) and spectral domain optical coherence 
tomography (OCT). Sensitivity was measured using AOSLO microperimetry (AOMP) and 
two-color fundus-guided scotopic-Macular Integrity Assessment (S-MAIA) microperimetry. 
Cone density was measured as close as possible to each test location. The ratio of macular 
sensitivity/density was compared between groups using Wilcoxon rank sum tests.  
 
Results: Macular sensitivity per cone density in patients with RPGR mutations, measured as 
AOMP sensitivity/density ratio, was significantly lower than normal (P<0.001) and lower 
than patients with RHO mutations (P<0.015), while patients with RHO mutations were 
similar to normal (P>0.9). Similarly, S-MAIA sensitivity/density in RPGR patients was 
significantly lower than normal (P<0.001) and lower than RHO patients (P=0.017), but RHO 
patients were not different from normal (P=0.10).  
 
Conclusions: Retinal sensitivity per cone density was lower in patients with RPGR mutations 
than normal and lower than patients with RHO mutations, perhaps because cones express 
RPGR and degenerate primarily, while cones in eyes with RHO mutations die secondarily. 
High-resolution microperimetry can provide insight into mechanisms of cone degeneration 
in patients with different forms of RP. 
 
5.2 Introduction 
 
Retinitis pigmentosa (RP) refers to a heterogeneous group of inherited diseases caused by 
mutations in at least 87 genes (https://www.omim.org/phenotypicSeries/PS268000) 
causing progressive, relentless vision loss due to retinal degeneration. Some of the first 
symptoms patients with RP notice are night blindness and peripheral visual field loss. As the 
disease progresses, patients also experience reduced visual acuity and eventual blindness 
because not only rod, but also cone, photoreceptor cells die. RP is the leading cause of 
hereditary blindness in developed countries, and its worldwide prevalence is 1:4,000, 
although this may be an underestimation for individual populations (Zhang 2016). 
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RP is most commonly inherited three ways; autosomal dominant (30%–40% cases), 
autosomal recessive (50%–60% cases), or X-linked (5%–15% cases), although 
mitochondrial inheritance also occurs (Zhang 2016). Mutations in the genes most commonly 
associated with RP include RP GTPase regulator (RPGR; 10–20% of cases), rhodopsin (RHO; 
8–10% of cases) and usherin (USH2A; ∼3% of cases) (Wright et al., 2010; Hartong et al., 
2006; Breuer et al., 2002; Briscoe et al., 2004). Mutations in these genes typically cause rod, 
then cone, photoreceptor loss. For patients with RHO mutations, night blindness occurs 
around 10 years of age, onset of visual field loss is about age 20, and patients are severely 
visually impaired around age 50-60 (Tee et al., 2016). For patients with RPGR mutations, 
there is a similar onset of night blindness, but visual field loss onset is evident earlier, at 
around age 10, and significant visual impairment occurs around age 30-40 (Wright et al., 
2010). 
 
The mechanism of degeneration responsible for these 2 forms of RP is different. Rhodopsin 
localizes to the outer segments of rods and RHO mutations often cause protein misfolding 
and retention in the endoplasmic reticulum, leading to cellular stress and eventual cell death 
(Wright et al., 2010). In patients with RHO mutations, even though rhodopsin is expressed in 
rods only, the cones eventually also die, perhaps due to intercellular connections (Ripps 
2002) or loss of neurotrophic factors produced by rods such as rod-derived cone viability 
factor (Leveillard et al., 2004). RPGR is localized to the connecting cilium of both rods and 
cones. The connecting cilium is crucial for regulating the flow of proteins from the inner to 
the outer segments, and RPGR mutations affect intracellular protein trafficking which 
compromises photoreceptor function and survival (Wright et al., 2010). 
 
The current study tests the hypothesis that macular cone structure and function are 
significantly different in patients with mutations in RHO compared to patients with 
mutations in RPGR at similar stages of disease progression evaluated with OCT imaging. The 
goal of this study was to compare cone structure and function in patients with RHO 
mutations and patients with RPGR mutations using high-resolution measures of 
photoreceptor structure and function. 
 
5.3 Methods 
 
5.3.1 Study design 
 
Research procedures followed the tenets of the Declaration of Helsinki. Informed consent 
was obtained from all subjects. The study protocol was approved by the institutional review 
boards of the University of California, San Francisco and the University of California, 
Berkeley. 
 
Patients with RP due to mutations in RHO or RPGR were compared to age-similar normal 
subjects. Subjects were excluded if they had conditions that could affect imaging including 
unsteady fixation, cataract, amblyopia, and foveal cystoid macular edema. Genetic testing 
was performed on patients with X-linked RP and autosomal dominant RP through the 
eyeGENE research consortium (Sullivan et al., 2013) or using a next-generation sequencing 

https://www.nature.com/articles/nrg2717#df5
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panel testing between 181-266 genes associated with retinal dystrophy through the genetic 
testing study of My Retina Tracker ®, an online registry for patients with inherited retinal 
degenerations (NCT02435940).  
 
Table 5.1. Clinical characteristics of healthy normal subjects and patients with retinitis 
pigmentosa (RP). RHO, Rhodopsin; RPGR, RP GTPase regulator; OD, right eye; OS, left eye; M, 
male; F, female; BCVA, best corrected visual acuity; DS, diopter sphere. 
 

 
 
5.3.2 Clinical examination 
Refractive error and best-corrected visual acuity (BCVA) were measured according to the 
Early Treatment of Diabetic Retinopathy Study (ETDRS) protocol (Ferris et al., 1982) using 
a standard illuminated eye chart. Axial length was measured using partial coherence 
interferometry (IOL Master; Carl Zeiss Meditec, Dublin, CA, USA). 
 
5.3.3 Structural measures 
 
5.3.3.1 Spectral Domain Optical Coherence Tomography 
Spectral-domain optical coherence tomography (SD-OCT, Spectralis HRA+OCT system; 
Heidelberg Engineering, Vista, CA, USA) images were acquired including 15, 20 or 30 degree 
horizontal and vertical cross section B-scans through the fovea. Manual segmentation was 
performed using custom software to measure outer segment and inner segment (OS and IS) 
thickness lengths  (Hood et al., 2011; Birch et al., 2011; Hood et al., 2009; Wen et al., 2012; 
Wen et al., 2011; Aizawa et al., 2009). The OS thickness was measured from the OS-RPE band 

Diagnosis ID Eye Sex Age Mutation Effect on Protein
Axial 

Length 
(mm)

BCVA Refractive Error

Normal 10003 OS M 52 None None 23.28 20/16 0.00+0.50x180
Normal 40104 OS M 26 None None 24.23 20/16 plano
Normal 40154 OS F 23 None None 22.19 20/20 +1.50+0.05x152
Normal 40179 OD F 31 None None 27.72 20/20 +0.25+1.00x20
RHO 30019 OD F 46 RHO c.152G>T p.Gly51Val 25.17 20/20 -1.00+0.75x180
RHO 40095 OS M 36 RHO c.810C>A p.Ser270Arg 23.13 20/16 -1.50+0.75x095
RHO 40167 OD F 41 RHO c.512C>G p.Pro171Arg 26.46 20/25 -8.50+1.75x087
RHO 40183 OS M 42 RHO c.68C>A p.Pro23His 23.42 20/16 -0.25 DS

RPGR 40015 OD M 25
RPGR ORF15 

frameshift 
c.2426_2427del

p.Glu809GlyfsX25 24.58 20/40 -5.50+1.75x132

RPGR 40049 OS M 26 RPGR  c.1245+2T>C exon 10 splice donor 
site mutation

24.26 20/40 1.75+1.50x140

RPGR 40064 OS M 24 RPGR 
c.1243_1244delAG

p.Arg415Glyfs*37 22.69 20/16 -7.50+1.50x050

RPGR 40080 OS M 35 RPGR c.28+5G>A
splice donor site 

mutation 5bp from 
exon-intron boundary

23.4 20/16 -3.50+0.25x130

RPGR 40159 OD M 27
RPGR  ORF15 
c.2442_2445del p.Gly817Lysfs*2 23.95 20/25 -5.50 DS
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to the IS/OS junction, and the IS thickness was between the IS/OS band and the external 
limiting membrane. An example of a segmented OCT B-scan using this method for a patient 
eye with retinal degeneration can be found in previous work (Foote et al., 2019, figure 3.5 in 
this document). 
 
5.3.3.2 Adaptive optics scanning laser ophthalmoscopy (AOSLO) 
A non-invasive, high resolution AOSLO imaging system (Scoles et al., 2014) was used to 
acquire simultaneous confocal and non-confocal images. The confocal (Duncan et al., 2007; 
Talcott et al., 2011; Foote et al., 2019) and also non-confocal system design has been 
described previously (Scoles et al., 2014). The benefit of a combined confocal and non-
confocal AOSLO system is that it allows for imaging and recording confocal light reflected 
from both the waveguiding cones from light scatter originating in the IS/OS and OS/RPE 
junction (Miller et al., 1996; Roorda et al., 2015) and non-confocal multiply scattered light 
from inner segments (Scoles et al., 2014) at the same location simultaneously. Non-confocal 
split detection capacity allows the scattered light from cone inner segments to be observed 
even in cones where the outer segments are not waveguiding (Scoles et al., 2014). 
 
5.3.3.3 Cone density analysis 
 
Regions of interest (ROIs) were identified using AOSLO images and selected based on areas 
with unambiguous cones closest to the locations tested with fundus-guided microperimetry 
as possible. Cone density was measured using custom software as previously described 
(Cooper et al., 2016). Specifically, the software computed bound cone density using Voronoi 
tessellation analysis for metric calculations at each ROI. Density was thereby defined as a 
ratio of number of bound Voronoi cells to the total area of the bound Voronoi cells (Cooper 
et al., 2016). This method has previously been used to characterize cones in RP patients (Sun 
et al., 2016). ROI locations were measured as eccentricity in degrees from the preferred 
retinal locus (PRL). The PRL was identified with a recorded 10 second video of the patient 
observing a target created by modulating the scanning raster of the AOSLO as described 
previously (Foote et al., 2018, section 2.3 in this document). Correlations between cone 
density, IS and OS thickness, and AOMP and S-MAIA sensitivity were assessed with Spearman 
correlation coefficients using bootstrap analyses clustered by person. 
 
5.3.4 Functional measures 
 
5.3.5.1 Adaptive optics microperimetry 
 
To assess cone function, stimuli were delivered via AOSLO by modulating the scanning light 
source in a technique called adaptive optics microperimetry (AOMP) (figure 5.1). A 
combination of high speed fundus tracking with an infrared beam and stimulus delivery in 
real time was used to measure sensitivity at select locations with the AOSLO system. This 
approach allowed for imaging and delivering light stimuli to small groups of cone 
photoreceptors in order to test localized regions in the retina and measure sensitivity 
thresholds. AOMP has a delivery error of 0.89 arcmin; this is less than the cone-to-cone 
spacing at all eccentricities beyond 1 degree and is approximately 5.5 times better than 
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tracking errors of standard fundus-guided microperimeters (Tuten et al., 2012). A 
wavelength of 543 nm was chosen to measure cone photoreceptor sensitivity thresholds 
since it was equally sensed by both long- and medium-wavelength-sensitive cones 
(Harmening et al., 2014). The tests were made against a background light comprised of  the 
AOSLO imaging wavelength of 840 nm, the wavefront sensing wavelength of 910 nm, and a 
small amount of 543 nm light which leaked through the acousto-optic modulator that was 
used to modulate the stimulus power. Stimuli were presented over a dynamic range of 0 – 1 
arbitrary units (au) on a 1000-step linear scale (30 dB dynamic range) above a fixed 
background. Stimuli were presented over 6 frames for an approximate duration of 200 msec. 
The highest intensity for the 543 nm stimulus was 1 au = ~3.5 log Trolands (Td), and the 
total background luminance was ~1.65 log Td. The background intensity was greater than 
rod saturation which ensured that the sensitivity tests were mediated by only cones. A 
stimulus 0.5 times as large as a Goldmann I (3.45 arcmin, ~0.05°) stimulus was used, with 
30 trials tested twice at each test location using a yes-no adaptive (QUEST) staircase 
algorithm thresholding procedure (Watson et al., 1983). The retina was tested at 
approximately 2° intervals and the temporal meridian was chosen to minimize blood vessel 
interaction.  
 
5.3.5.2 Clinical microperimetry 
 
A fundus-guided, two-color scotopic-macular integrity assessment microperimeter (S-MAIA, 
Centervue Inc., Fremont, CA) was used to analyze macular sensitivity of patients with RP. 
The S-MAIA used a 627 nm red stimulus to assess cone function, and a 505 nm cyan stimulus 
to assess rod function (Pfau et al., 2017). This technique has been established to be reliable 
at testing cone and rod function in patients with retinal degeneration (Pfau et al., 2017). The 
MAIA system performs real-time fundus tracking at 25 frames/second with a scanning laser 
ophthalmoscope (SLO) that images with an 850nm superluminescent diode scanned over a 
36 x 36 degree field of view and sampled with 1024 x 1024 pixel resolution. The pupils were 
dilated and the patient was dark adapted for at least 30 minutes prior to microperimetry. A 
Goldman III (26 arcmin, 0.43°) stimulus using a standard 4-2 threshold strategy was 
presented for a duration of 200 ms on a 0 cd/m2 luminance background with a dynamic 
range of 36 dB (Crossland, 2012, Dimopoulos, 2016). A custom grid pattern was made with 
stimuli every 1° from the central fixation to 10° in the four cardinal directions and also 
included a 1° grid over the central 6°. The central stimulus at 0° eccentricity was excluded 
from analysis for all conditions and all subjects and patients due to interference with the 
fixation target (645 nm ring with 1° diameter), which patients reported partially obscured 
the central stimulus and whose bleaching effects resulted in exclusion of the central stimulus 
in other studies as well (Pfau et al., 2017). The range of sensitivity was represented by a 
decibel (dB) scale; 0 dB representing the brightest stimulus, hence, a score of 0 indicates that 
the patient did not see it and the location had poor sensitivity. Conversely, a response of a 36 
dB stimulus indicates the patient saw the dimmest stimulus and therefore that area of the 
retina had excellent sensitivity. A retinal sensitivity map was registered to an infrared image 
of the retina. The spectral sensitivity difference (cyan-red) was calculated at each point; 
sensitivity was rod-mediated function at locations where cyan-red was ≥ 0.  
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Figure 5.1. AOSLO split detector and confocal images showing AOMP test locations overlaid 
and OCT B-scans beneath each AOSLO/AOMP image. Images are from a normal (40154) 
subject (A), a patient (40095) with a RHO mutation (B), and a patient (40064) with a RPGR 
mutation (C). Retinal sensitivity values in color-coded circles are shaded from green 
(normal) to red (stimulus not seen) based on the sensitivity measured at each location; color 
scale bar at left of panel; scale bar: 200µm. The inner black circle represents the actual 
stimulus size, and the bigger colored circle is 10 times larger to increase visibility for 
demonstration. 
 
5.3.5 Statistical analysis 
 
Wilcoxon rank sum tests were used to compare the ratio of AOMP and MAIA sensitivity/cone 
density between normal, RHO and RPGR patients. P values reflect clustering by patient. 
Spearman correlations were calculated to determine the correlation of difference between 
cyan and red sensitivities and eccentricity for each group (figure 5.5A). 
 
5.4 Results 
 
One eye from each of four patients with mutations in RHO (2 female, 2 male; mean age 41.3 
± 3.8 years), five patients with mutations in RPGR (all male; mean age 27.3 ± 4.5 years), and 
four healthy subjects with normal eye examinations (2 female, 2 male; mean age 32.9 ± 13.2 
years), all from unrelated families, were recruited for the study. Normal subjects and 
patients with RHO mutations were not significantly different in age (P=0.27), and normal 
subjects were not significantly different in age from patients with RPGR mutations (P=0.40), 
but patients with RHO mutations were slightly, but significantly, older than patients with 
RPGR mutations (P=0.002). Characteristics of the patients are shown in Table 5.1. 
 
Figure 5.1 showcases AOSLO split detector and confocal images detailing AOMP test 
locations overlaid and OCT B-scans below each image. Three examples from each group are 
presented in Figure 5.1; (A) a normal subject, (B) a patient with a RHO mutation, and (C) a 
patient with a RPGR mutation. The normal subject presents with normal sensitivity values as 
indicated by the green color-coded circles, while the patients both display decreasing 
sensitivity, indicated by warmer color-coded circles, as their outer and inner segment bands 
decrease farther away from the fovea. 
 
Figure 5.2 shows an example of split detector AOSLO images at similar locations in a patient 
with a RHO mutation (left panel) and a patient with a mutation in the RPGR gene (right 
panel). The region tested using AOMP is shown with a small black circle near the region of 
interest where cones were counted. At eccentricities where these 2 patients showed similar 
cone densities, with slightly higher density values and at a location 2.5 degrees closer to the 
PRL in the patient with a mutation in RPGR, the threshold was higher (indicating lower 
sensitivity) in the eye from the patient with the RPGR mutation. The results suggest that at a 
given cone density, the cones were less sensitive in patients with mutations in RPGR 
compared to patients with mutations in RHO. 
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 A.                       B. 

   
 
Figure 5.2. Adaptive optics scanning laser ophthalmoscopy (AOSLO) split detection image 
with AO microperimetry (AOMP) overlaid. AOMP sensitivity-threshold values superimposed 
as color-coded circle, black circle indicating actual size of stimulus, region of interest (ROI) 
outlined with black box, and magnified view of ROI with red marks indicating positions of 
cones used to assess cone density. (A) image from patient 40095 with RHO mutation, ROI at 
3.6 degrees eccentricity; (B) image from patient 40159 with RPGR mutation, ROI at 1.1 
degrees eccentricity. Retinal sensitivity-threshold values in color-coded circles are shaded 
from green (normal) to red (stimulus not seen) based on the thresholds measured at each 
location; color scale bar at left of panel; scale bar: 0.17 degrees.  
  
We analyzed the sensitivity per cone by dividing the sensitivity measured with AOMP or 
MAIA by cone density at each ROI where sensitivity was tested and cones could be 
unambiguously identified and quantified. Figure 5.3A shows AOMP sensitivity divided by 
density at each location for normal controls, patients with RHO mutations and patients with 
RPGR mutations. If cone sensitivity was simply proportional to cone density, then the ratio 
of sensitivity to density would be constant at all locations and also between the three groups. 
However, if the cone dysfunction preceded structural evidence of cone loss in some patients, 
sensitivity would be lower at a given density.  
 
Figure 5.3 shows lower cone sensitivity per cone in the patients with RPGR mutations 
compared to both normal subjects and compared to patients with RHO mutations. Sensitivity 
of cones in patients with RHO mutations was not significantly lower than normal eyes when 
measured using AOMP (P>0.9) or S-MAIA (P>0.10). However, sensitivity of RPGR cones was 
significantly lower than normal when measured using both AOMP (P<0.001) and S-MAIA 
(P<0.001), and was also lower than in cones in patients with RHO mutations when measured 
using AOMP (P=0.0015) and S-MAIA (P=0.017). 
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A.       B. 

 
Figure 5.3. Ratio of retinal cone sensitivity to cone density. (A) AOMP/cone density ratio; (B) 
S-MAIA red/cone density ratio. Normal subjects are shown with green bars, patients with 
RHO mutations are shown with blue bars, patients with RPGR mutations are shown with 
orange bars. Error bars indicate the standard error of the mean. The number of 
measurements represented by each bar depended on the number of locations at which it was 
possible to compute density and perform AOMP, thus for (A), 20 measurements comprise 
normal, 13 comprise RHO, and 11 comprise RPGR and for (B), 32 measurements comprise 
normal, 20 comprise RHO, and 12 comprise RPGR. 
 
To determine if patients with RPGR mutations showed lower sensitivity/density ratios 
because the cone outer segments were shorter than patients with RHO mutations, sensitivity 
per OS and IS thicknesses were examined. AOMP:OS thickness was not significantly different 
from normal in patients with RHO mutations (P=0.39) or RPGR mutations (P=0.79), and there 
was no difference between patients with RHO and RPGR mutations (P=0.47), but AOMP:IS 
thickness was significantly different from normal in patients with RHO mutations (P=0.04) 
and RPGR mutations (P=0.0024), and patients with RHO mutations were significantly 
different from those with RPGR mutations (P=0.0004). Sensitivity/IS thickness and OS 
thickness was slightly greater in the patients with RHO mutations than normal subjects 
(Figure 5.4), and significantly lower in the patients with RPGR mutations than both patients 
with RHO mutations and normal subjects for IS thickness. However, sensitivity/IS was 
significantly greater for patients with RHO mutations than normal, and significantly lower 
for patients with RPGR mutations than RHO mutations. 

 
A.          B. 

 

0.000
0.002
0.004
0.006
0.008

1

AO
M

P/
De

ns
ity

 
AOMP/Density ratio

Normal

RHO

RPGR 0.000

0.010

0.020

1

S-
M

AI
A 

Re
d/

De
ns

ity
 

S-MAIA Red/Density ratio

Normal

RHO

RPGR

0.0

0.2

0.4

0.6

1

AO
M

P/
O

S 
th

ic
kn

es
s

AOMP/OS thickness ratio

Normal

RHO

RPGR
0.0

0.2

0.4

0.6

1

AO
M

P/
IS

 th
ic

kn
es

s

AOMP/IS thickness ratio

Normal

RHO

RPGR



 

68 
 

Figure 5.4. Ratio of retinal sensitivity to outer retinal thickness. (A) AOMP / OS thickness; 
(B) AOMP / IS thickness. Normal subjects are shown as green bars, patients with RHO 
mutations are blue, patients with RPGR mutations are orange. 
 
How did cone spacing correlate with macular rod function? Scotopic MAIA was performed 
with both cyan and red stimuli, and the difference in sensitivity between the cyan and red 
stimuli was calculated to determine which cell type mediated sensitivity at different 
locations. Studies using other dark-adapted perimetry systems comparing responses to cyan 
– red stimuli have suggested rod mediation with spectral sensitivity difference values 
greater than approximately 5 dB (Bennett et al., 2017; Jacobson et al., 1986). While prior 
studies using the S-MAIA (Pfau et al., 2017) do not specify an exact dB value that 
demonstrates sensitivity is mediated by rod or cone function, the maximum measurable cyan 
– red difference with MAIA microperimetry is lower than predicted; this could be due to a 
small dynamic range (Pfau et al., 2017). Negative values of the cyan – red difference suggest 
that rods are more dysfunctional than cones, whereas positive values suggest cone 
dysfunction (Pfau et al., 2017).   
 
The ratio of rod sensitivity to cone density in patients with RHO mutations was significantly 
lower than normal eyes (P=0.004); rod sensitivity/cone density of RPGR cones was also 
significantly lower than normal (P<0.001), but was not statistically significantly lower than 
in patients with RHO mutations (P=0.15) (Figure 5.5A). Figure 5.5B shows the correlation 
between the difference in sensitivity between the cyan and red stimuli and retinal 
eccentricity. Normal subjects and patients with RHO mutations showed similar correlations 
(r =0.71 and 0.70, respectively) with eccentricity, while the correlation between rod function 
and eccentricity was significantly lower in patients with RPGR mutations (r = 0.43). Patients 
with RHO mutations showed considerably more negative values throughout, indicating cone 
function mediated sensitivity at most locations tested. Patients with RPGR mutations 
however, showed higher values at most locations, indicating both rod and cone dysfunction 
(Pfau et al., 2017) (Figure 5.5B).  
 
A.        B. 

   
 
Figure 5.5. Ratio of retinal sensitivity to a cyan stimulus over cone density, and comparison 
of cyan vs. red sensitivity. (A) S-MAIA cyan/cone density ratio; (B) S-MAIA difference 

0.000

0.005

0.010

0.015

0.020

1

M
AI

A 
S 

Cy
an

/D
en

sit
y 

MAIA S Cyan/Density ratio

Normal

RHO

RPGR

-30

-25

-20

-15

-10

-5

0

5

0 2 4 6 8

M
AI

A 
S 

Di
ffe

re
nc

e

Eccentricity

MAIA S Cyan - Red vs. Eccentricity



 

69 
 

between cyan and red vs. eccentricity. Normal subjects are shown as green bars or circles, 
patients with RHO mutations are blue, patients with RPGR mutations are orange. 
 
We analyzed the relationship between IS and OS thickness and cone density to determine if 
there were some difference in progressive loss of photoreceptor structure in each of the 3 
groups. OS thickness per cone density in patients with RHO mutations was not significantly 
shorter than normal eyes (P=0.48) (Figure 5.6). However, OS thickness per cone density in 
patients with RPGR mutations was significantly lower than normal (P<0.001) and was also 
lower than patients with RHO mutations (P=0.032). IS thickness per cone density was 
significantly lower than normal in both patients with RHO mutations (P=0.013) and RPGR 
mutations (P=0.002), but there was no statistically significant difference between the two 
patient groups (P=0.42).  

A.       B. 

 
Figure 5.6. Ratio of retinal thicknesses to cone density. (A) Outer segment (OS) 
thickness/density ratio; (B) Inner segment (IS) thickness/density ratio. Normal subjects are 
shown as green bars, patients with RHO mutations are blue, patients with RPGR mutations 
are orange. Error bars indicate the standard error of the mean. The number of measurements 
represented by each bar depended on the number of locations at which it was possible to 
compute cone density, thus for both graphs, 36 measurements comprise normal, 23 
comprise RHO, and 14 comprise RPGR. 
 
5.5 Discussion 
 
High-resolution retinal imaging demonstrated significant differences in the structure and 
function of cones and function of rods in patients with RHO mutations as well as patients 
with RPGR mutations. Patients with RHO mutations showed more sensitive cones and rods 
than patients with RPGR mutations. These trends observed are likely a result of the differing 
mechanisms of disease between the two groups. 
 
Patients in the two groups that were included in the study were in stages of disease 
progression which retained well-preserved macular outer retinal structure. For patients 
with RHO mutations, patients included had the Class B phenotype, which progress more 
slowly than patients with the Class A phenotype (Sung et al., 1993; Cideciyan et al., 2005). 
Patients with RPGR mutations, who typically express more severe clinical manifestations 
than the Class B phenotype patients with RHO mutations, were enrolled at earlier stages of 
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disease progression to include patients with preserved macular photoreceptors (Wang et al., 
2005). Thus, in this study, patients with RHO mutations were significantly older than the 
patients with RPGR mutations, which is a result of the increased rate of disease progression 
in RPGR.  
 
Patients with mutations in RHO showed better cone function compared to patients with 
mutations in RPGR and showed greater cone sensitivity in regions with similar cone density 
(Figure 5.3). This suggests that while the cones might appear to show similarly preserved 
structure, function was reduced to a greater extent in eyes with RPGR mutations than 
patients with RHO mutations. Furthermore, in patients with mutations in RPGR, outer 
segments were shorter at a given cone density (Figure 5.6), which likely contributed to 
reduced sensitivities in patients with RPGR mutations. Patients with mutations in RHO had 
better cone sensitivity, likely due to the mechanism of degeneration in RHO-mediated RP, in 
which rods are affected primarily.  
 
Given that MAIA is a readily available system for clinical use, it is encouraging that when 
compared with the custom built, high-resolution cone-targeted AOMP method, results 
showed similar evidence of reduced sensitivity per cone density in eyes with RPGR-related 
RP. Although AOMP showed slightly more statistically significant results in the present 
study, MAIA showed the same trends in the sensitivity to density ratio comparisons (Figure 
5.3). Similarly, in prior studies of patients with retinal degenerations, AOSLO-mediated 
acuity measures were not significantly better than ETDRS acuity in patients with retinal 
degenerations, perhaps because acuity was limited by reduced cone densities near the fovea 
(Pfau et al., 2017). Until AOMP becomes widely available, the MAIA could be considered 
comparable for studies concerned with analyzing function in inherited retinal degeneration. 
However, if precise stimulus localization is required for disease assessment, AOMP can be 
useful to provide exact placement of stimuli on particular retinal areas on interest.  
 
To compare rod with cone function and survival in patients with RHO mutations and patients 
with RPGR mutations, we also assessed ratios of rod sensitivity per cone density (figure 5.5A) 
and saw that normal subjects had significantly higher rod sensitivity/cone density than 
either patients with RHO or RPGR mutations. Patients with RHO mutations had less rod 
sensitivity than normal subjects and greater loss of rod sensitivity with preserved cone 
function, corresponding to greater macular sensitivity/cone density than patients with RPGR 
mutations.  
 
To further elucidate any putative relationships between the two patient groups, we 
compared performance of cone and rod function for each patient and found that the majority 
of patients with RHO mutations had macular sensitivity mediated by cone function at 
locations where rod function was diminished. However, the majority of patients with RPGR 
mutations exhibited reduced cone and rod function with some regions demonstrating rod-
mediated function and other locations showing cone-mediated function in the macula (figure 
5.5B). 
 
Because cones are more densely packed in the fovea, with rod density greatest at 12 degrees 
eccentricity (Curcio et al., 1990), we would expect macular function to be mediated by cones 
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closer to the fovea, and to show mixed mediation or mediation by rods at locations further 
away from the fovea. In this study, normal subjects showed negative spectral sensitivity 
difference values closer to the fovea, where cones mediated sensitivity, and positive values 
at greater distances from the fovea, where sensitivity was mixed (cones perceive red stimuli 
and rods perceive blue stimuli) (Figure 5.5B). Patients with RHO mutations showed 
considerably more negative values throughout the macula, and showed a correlation with 
eccentricity similar to normal subjects, indicating that cones mediated macular function at 
the locations tested in both RHO-mediated RP and normal subjects. Patients with RPGR 
mutations, however, showed a much lower correlation between function and eccentricity 
with higher differences, indicating both rods and cones were abnormal and were 
contributing to perception in the macula, which could reflect the inherent difference in 
degeneration due to expression of RPGR in both rods and cones. 
 
Photoreceptor degeneration in RP patients affects outer segments followed by inner 
segments (Gao et al., 2002), which could explain why the IS thickness/density plot (Figure 
5.6A) shows less drastic differences between patients with RHO mutations and patients with 
RPGR mutations than the OS thickness/density plot (Figure 5.6B). Figure 5.6B also suggests 
that sensitivity is proportional to OS thickness. Patients with RPGR mutations have shorter 
outer segments for a given density (Figure 5.4A) and correspondingly lower sensitivity 
(Figure 5.3A) 
 
5.6 Conclusion 
 
In conclusion, cones in patients with RHO mutations remain more sensitive than cones in 
patients with RPGR mutations (Figures 5.2-5.4). This is likely because cones express RPGR, 
not RHO, and degenerate intrinsically in patients with RPGR mutations, and because outer 
segments are generally shorter in patients with RPGR mutations (Figure 5.6), since 
sensitivity per OS thickness was not significantly different among the 3 groups. The 
observation that RPGR-related RP patients showed lower sensitivity per IS length as well as 
per cone density may reflect the fact that cone spacing is measured from AOSLO images 
where cone inner segments are visible to quantify. Patients with RHO mutations had higher 
measurable cone sensitivity compared to patients with RPGR mutations, probably because 
both rods and cones express RPGR and are affected in patients with RPGR mutations, causing 
earlier degeneration of both rod and cone function. Prior studies have shown enhanced rod 
bipolar function in rat eyes with transgenic P23H RHO mutations that compensate for some 
of the rod loss (Aleman et al., 2008; Chrysostomou et al., 2009). We observed slightly greater 
sensitivity/IS thickness and OS thickness in the RHO patients than normal (Figure 5.4) which 
could in part be explained by this phenomenon whereby patients with RP due to RHO 
mutations demonstrate improved sensitivity which is mediated by increased bipolar cell 
function that produces improved sensitivity per cone density. 
 
The present study has many limitations, including the small number of subjects assessed 
with each genetic form of RP studied. In addition, the study is cross-sectional and inter-
individual variation in cone density near the fovea could contribute to differences in cone 
density observed between the groups. Longitudinal studies with greater numbers of patients 
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who have RP associated with mutations in RHO and RPGR would provide a more 
comprehensive assessment of the relationships reported. In addition, future studies should 
compare structure and function of rods in addition to cones in eyes with RP since this is 
primarily a rod degenerative disease. To test rod function with AOMP, the AOSLO system 
would need to be adapted for rod functional measurement. With a modified scotopic AOSLO, 
one could elucidate pressing research questions such as how rods are affected in the macula 
of RP patients who retain central cones; or the threshold of rod loss before which cone 
spacing becomes abnormal; and, whether rod loss is different in eyes with RP caused by 
mutations expressed only in rods compared to mutations expressed in rods and cones. A 
deeper understanding of rod loss in patients with RP is essential to advance developments 
of therapies for such a relentless, progressive disease affecting all photoreceptors. 
 
AOSLO and AOMP as part of a multimodal approach are vital to understanding relationships 
between structure and function and genotype/phenotype variations. This study provides a 
foundation for investigating RP disease progression as well as a measurement for potential 
treatment reactions using AOSLO imaging techniques. The high resolution measures used 
here to visualize structure and measure function have the capacity to deliver specific, 
precise, objective, and sensitive measures of health and survival of cone photoreceptors. 
Thus, this approach may facilitate improved understanding of disease mechanism in 
different forms of retinal degeneration. Furthermore, the present study highlights 
fundamental differences in retinal structure and function in patients with RP due to different 
genetic mutations. The results support the need for natural history trials of genetically-
characterized patients with RP to identify the most sensitive outcome measures of disease 
progression in patients with different genetic forms of RP.  High resolution measures of 
retinal structure and function may also accelerate development of novel treatments for 
retinal degenerative diseases, which currently have no cure and extremely limited 
treatments due largely to previous low resolution and insensitive clinical instrumentation. 
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