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Abstract 
 
The electroretinogram (ERG) can assess photoreceptor and postreceptoral retinal function. 

Robson and Frishman have suggested that the prevailing model of photoreceptor contributions 

to the a-wave, based only on outer segment contributions, is inadequate, as it does not account 

for the a-wave nose, a recovery of voltage towards baseline prior to rise of the b-wave, which 

reflects On-bipolar cell activity. Instead, they proposed a model in which the nose is shaped 

by capacitive currents in the outer nuclear layer (ONL) during rod hyperpolarization. The 

purpose of this dissertation was to assess clinical application of the new model, focusing on a 

parameter of the model, fractional sensitivity (FS).  

Experiment 1: Dark-adapted (DA) ERG responses to brief achromatic flashes doubling in 

energy from 7.5 to 933 scot cd.s/m2 were recorded in healthy subjects, ages 20-29 years 

(n=20). The cohort’s average FS was 0.86% per R*/rod ± 0.14 and followed model template 

curves from 29 to 212 scot cd.s/m2. A decline in FS with increasing age for these flash energies 

was found for subjects, ages 11 to 72 years (-0.0055 log unit/year, n=80); Vmax did not 

change. FS test-retest values had a bias close to zero (-4.9% ± 15.3, n=20) and repeatability 

coefficient of ± 30%. 

Experiment 2: Rod-isolated a-waves were obtained using a paired flash paradigm in healthy 

subjects (n=8). Rod-isolated FS was greater than FS for mixed rod/cone responses, but mean 

factor of increase was just 13.2% (range=1%-29%, p=0.011). Mean rod-isolated a-wave 

implicit time (IT) was 3% earlier than mixed IT. Rod-isolated amplitude was 22% lower than 

mixed a-wave amplitude.  

Experiment 3: ISCEV Standard ERGs and responses to a higher energy “DA30” stimulus of 

64 scot cd.s/m2, about 30 phot cd.s/m2, were elicited in subjects with 1-2 ABCA4 mutations 

(n=16). Subjects had at least one ISCEV light-adapted parameter outside normal limits. DA30 
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a-wave IT was impaired more (n=7) than DA3.0 a-wave IT (n=3) or amplitude (n=5). FS was 

impaired more than DA30 IT; 9 vs. 7.  

Conclusions: FS obtained with an achromatic flash, decreased with age and was found to be 

an indicator of rod dysfunction in subjects with known cone dysfunction. FS could provide a 

useful clinical measure. 
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Topic of dissertation 

Vision saving treatments are imminent for inherited retinal dystrophies and this increases the 

need for clinicians and scientists to obtain accurate information about photoreceptor function 

in humans, using non-invasive techniques. Many patients with inherited retinal dystrophies will 

develop, during disease progression, primary or secondary dysfunction of rod photoreceptors. 

Current clinical practice to identify rod dysfunction relies heavily upon the full field 

electroretinogram (ERG).1 The ERG is the summed electric response of the whole retina to a 

light stimulus. The a-wave of the dark-adapted ERG reflects rod photoreceptor responses.  

Models of the a-wave that apply knowledge about the kinetics of rod photoreceptor responses 

have been useful in assessing photoreceptor function noninvasively in normal and diseased 

retinas. In general, the model fits provide parameters that can be used to assess the sensitivity 

and maximum amplitude of the rod-driven response.2-4  Recently, Robson and Frishman 

provided a model for generation of the dark-adapted a-wave that takes greater account of the 

outer retinal physiology than previous models.5  They demonstrated adequate fits of the model 

to a-waves from retinas of several mammalian species, including published human subject 

data that had been acquired under rigorous, ideal conditions.3, 6, 7 This dissertation assesses 

the clinical applicability of using the Robson and Frishman model for assessing the function of 

rod photoreceptors using ERG a-waves in normal human subjects, and in patients within two 

disease categories, achromatopsia and ABCA4 related dystrophies, that occur due to genetic 

mutations known to affect photoreceptor function.  

The following sections of the introduction will review retinal structure and function with an 

emphasis on rod photoreceptors, non-invasive recordings of retinal function using the 

electroretinogram and models of a-wave generation.  The pathophysiology and resulting retinal 
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dysfunction in achromatopsia and ABCA4 related dystrophies also will be reviewed.  Finally, 

the specific aims of the dissertation will be presented. 

Retina overview  

The neural retina is a highly organized structure with six neural cell types arranged in several 

distinct layers as shown in Figure 1-1. Rod and cone photoreceptors, lie in a densely organized 

mosaic and form three layers of the neural outer retina: photoreceptor outer segments lie at 

the most distal portion of the neural retina, opposed to the retina pigment epithelium (RPE), 

and are attached to the inner segments via a cilium. Photoreceptor cell bodies and axons 

reside in the outer nuclear layer and photoreceptor terminals form synapses with second order 

neurons, bipolar and horizontal cells, in the outer plexiform layer. At the outer plexiform layer, 

signals from the long (L) and medium (M) wavelength cone photoreceptors are relayed to On 

and Off cone bipolar cells (midget and diffuse types).  Bipolar cells form the On and Off 

pathways that travel in parallel via the retinal ganglion cells into the brain. On-cone bipolar cells 

depolarize in response to light onset, mediated via metabotropic glutamate receptors on their 

dendrites and Off-bipolar cells hyperpolarize in response to light onset, mediated via ionotropic 

glutamate receptors. Horizontal cell processes are contacted by cones, and provide both 

lateral inhibitory feedback to photoreceptors and some feed forward inhibition to bipolar cells. 

Unlike cones, rods only make direct connections with On- (rod) bipolar cells and horizontal cell 

axon terminals. There is evidence in mice of some rod contacts with cone bipolar cells.8  Short 

wavelength cones (S), like rods, only synapse with On type bipolar cells; in this case, blue 

cone bipolar cells. 

The inner retina consists of the inner nuclear layer, inner plexiform layer, ganglion cell layer 

and retinal nerve fiber layer. Bipolar, horizontal cell, amacrine cell, Mueller glia (and 

interplexiform, not in Figure 1-1) cell bodies reside within the inner nuclear layer.  The inner 

plexiform layer contains bipolar cell axon terminals that form synapses with amacrine cells and 
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retinal ganglion cell (RGC) dendrites. Ganglion cell axons create the retinal nerve fiber layer, 

the striated (typically) reflective layer that also includes astrocytes, and sits distal to the internal 

limiting membrane that faces the vitreous. RGC axons terminate in the dorsal lateral geniculate 

nucleus in the thalamus, which is the major target but also in the superior colliculus, the 

pretectum, and the suprachiasmatic nucleus of the hypothalamus. 
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Figure 1-1. Schematic of the cells in the retina compared to a histology slide. 

The retina is a multicellular tissue consisting of the retinal pigment epithelium (RPE), a 
monolayer of epithelial cells, and the neural retina which includes photoreceptors and several 
additional neural cell types (left) creating seven retinal layers (right). The rod (R) and cone (C) 
photoreceptor structures create the outer segment (OS), inner segment (IS) and outer nuclear 
layer (ONL) where the rod and cone cell bodies and axons reside.  The outer plexiform layer 
is created by synapses between photoreceptor terminals, horizontal cells (H) and bipolar cells 
(B). The inner nuclear layer (INL) includes the cell bodies of horizontal cells, bipolar cells, 
amacrine cells and one glial cell type (Mueller cell). The inner plexiform layer (IPL) includes 
bipolar cell terminals that form synapses with amacrine (A) and retinal ganglion cells (G), as 
well as synapses between amacrine cells. The ganglion cell layer (GCL) includes the cell 
bodies of retinal ganglion cells, and an additional layer, not marked, the retinal nerve fiber layer 
includes the axons of ganglion cell axons. Also shown in the diagram is the choroid and sclera 
behind the RPE.  
©2010 Sung and Chuang. Originally published in J Cell Biol 
https://doi.org/10.1083/jcb.2010060209 
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Photoreceptors  

Form vision starts with the absorption of photons by the rods and cones in the photoreceptor 

layers. The highest density of cones is in the fovea10 with cone density dramatically decreasing 

outside the fovea. Outside the fovea, the human retina is rod dominated. Rod photoreceptors 

outnumber cone photoreceptors 20 to 1 in the human retina.11 As shown in Figure 1-1, the rod 

photoreceptor is an elongated cylindrical cell consisting of an outer and inner segment 

connected by a cilium, a cell body and axon. The rat rod photoreceptor measures 

approximately 98 µm long with an outer segment that is  1.7 microns in diameter.12 In macaque, 

whose retina is similar to human, the rod outer segment is 25 µm long and 2 µm in diameter.13  

The outer segment is densely packed with the photopigment rhodopsin (~25,000 

molecules/um2), a transmembrane protein in the discs that make up the outer segment.  Long 

outer segments and a large amount of rhodopsin increase the chance of photon capture. In 

darkness, capture of one photon by a molecule of rhodopsin is enough for a rod to reliably 

respond with a slightly hyperpolarized graded potential from the -35 mV resting membrane 

potential and results in a decrease in glutamate release at the rod synapse. 

Cone outer segments are shorter than rod outer segments and cone outer segment diameter 

varies from approximately 1.5 microns in the fovea to about 6 microns in the peripheral retina.14, 

15  The outermost nuclei of the outer nuclear layer are cone nuclei and the remainder of the 

nuclei in the outer nuclear layer are from rods. The rod cell body is 6.3 µm in diameter,12 and 

these cell bodies create a densely packed outer nuclear layer.  

Rod dark current and phototransduction cascade  

In darkness, an ion current circulates in the extracellular space from the photoreceptor inner 

segment towards the RPE and back into the rod outer segment. The ion current, termed the 

‘dark current’, is 85% sodium current with the remainder carried by calcium, and to a small 

extent, magnesium.16  This current is able to flow freely into the outer segment through cGMP-
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gated cation channels that are held open by high intracellular cGMP concentration.17  

Simultaneously, calcium is removed from the outer segment by the Na+, Ca2+/K+ exchanger 

(NCKX).  

Phototransduction occurs in the outer segment where discs are densely packed with the 

photopigment rhodopsin.  In its activatable form, rhodopsin is ligand bound to the chromophore 

11-cis-retinaldehyde (RAL).  Absorption of a photon results in isomerization of the 

chromophore to all-trans-RAL and activates rhodopsin. Activated rhodopsin initiates the g-

protein phototransduction cascade by activating the g-protein, transducin. Transducin 

activation releases guanosine diphosphate (GDP) from the transducin alpha subunit in 

exchange for guanosine triphosphate (GTP) (as reviewed in Pugh and Lamb, 199313).  

Activated transducin alpha subunits then dissociate from the rhodopsin-transducin complex 

and bind to the two cGMP phosphodiesterase (PDE) inhibitory Ƴ subunits which fully activates 

PDE.  Activated PDE hydrolyzes cGMP to 5’GMP. Signal amplification of the 

phototransduction cascade is seen in the steps of transducin catalyzation18 and at cGMP 

hydrolysis. The reduction of cGMP within the rod outer segment cytoplasm causes cGMP to 

unbind from the cGMP-gated cation channel resulting in closure of the channel and cessation 

of the influx of ions. Closure of the cGMP-gated cation channel plus the continued calcium 

removal from NCKX activity results in hyperpolarization of the cell. 

Once hyperpolarization occurs, a number of processes take place to inactivate/regenerate the 

molecules of the phototransduction cascade and increase cGMP within the cell. Light activated 

rhodopsin is inactivated by phosphorylation by rhodopsin kinase19 and subsequent arrestin 

binding.20  All-trans retinal released from rhodopsin, is transferred to the RPE where it is 

converted back to 11-cis retinol, and then is shuttled back to the photoreceptors. The 

transducin alpha subunit is inactivated by hydrolysis of GTP to GDP. Guanylate cyclase (GC), 

a membrane bound enzyme, catalyzes formation of cGMP.21  Low intracellular calcium 
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occurring during hyperpolarization leads to acceleration of cGMP production by GC. The rate 

limiting step for the renewal of the light cycle is binding of the regenerated 11-cis retinal to 

rhodopsin. 
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Figure 1-2. The g-protein phototransduction cascade 

Absorption of a photon activates rhodopsin, initiating the cascade. Transducin, the g-protein, 
is activated by rhodopsin resulting in dissociation of its alpha subunit.  The transducin alpha 
subunits bind to the inhibitory Ƴ subunits of PDE, which activates PDE. PDE then hydrolyzes 
cGMP. The fall of cGMP concentration within the membrane causes closure of the cGMP gated 
channels resulting in a more negative membrane potential.  

©2000 Leskov et al. Originally published in Neuron https://doi.org/10.1016/S0896-
6273(00)00063-5.22 
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Single cell recordings  

Changes in current flow around the outer segment during photoreceptor hyperpolarization can 

be measured using suction electrodes for single rods bathed in continuously oxygenated ion 

solutions.23  Baylor el al23, 24 first published current recordings from the rod photoreceptors in 

the late 1970s and 1980s in amphibians and nonhuman primates.  Kraft et al were the first to 

publish recordings from human rods.25 As shown in Figure 1-3 from Kraft et al,25 the rod outer 

segment response to light increases in amplitude with increasing stimulus energy, until 

saturation occurs. Baylor et al reported that stimuli inducing 20 to 50 rhodopsin isomerizations 

(flash durations of 10 and 11 ms) resulted in half saturated response amplitudes. Saturation 

amplitude varied, but was 20 to 50 pA per rod as previously described by Hagins et al based 

on intra-retinal recordings in rat retina.12 When saturating stimuli were used, the responses 

remained saturated for 500 ms or longer, followed by falling to within 2.5 pA of their pre-flash 

baseline amplitude.23 
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Flash energy ranged from 7 photons µm-2 for the smallest response (close to the single photon 
response) to 3060 photons µm-2.25  Recordings show that rod outer segments stay saturated for 
hundreds of milliseconds before returning towards baseline.  
© 1993 Kraft et al. Originally published in J Physiol 
https://doi.org/10.1113/jphysiol.1993.sp019661l25 License number 4845970633660 

 
 
  

Figure 1-3. Single rod outer segment (human) responses to 10 ms flashes of 
increasing energy, superimposed. 



 

11 

Electrical properties of the outer retina  

Landmark studies on the anatomical and electrical properties of the outer retina were 

performed in rat retinal slices by Hagins, Penn and Yoshikami.12  They used microelectrodes 

in the extracellular space of outer retina to record voltage changes at various retinal depths 

when electrical currents of known amplitude were applied across the retina.  From the voltages, 

they then computed resistance and other electrical properties at different depths along the rod 

segments. They also measured responses to light stimuli and did a current source density 

analysis of the rod photocurrent and described its relation to the ERG a-wave.26 The tight 

packing of rows of photoreceptor nuclei create an outer nuclear layer with very little interstitial 

space. When electrical currents were initiated at the level of the outer segments, Hagins et al12 

found that membrane capacitance was relatively low, but it was substantially higher at the 

outer nuclear layer. The high capacitance at the outer nuclear layer creates a high pass filtering 

effect on the a-wave resulting in the a-wave nose.27, 28 

ERG overview  

Einthoven and Jolly29 are credited with the discovery that the retina’s changing response to 

different light stimuli was due to an additive effect of different retinal components.  Recordings 

of the response to light at the cornea showed an initial quick negative voltage followed by a 

longer and larger positive voltage.  Once the voltage peaked, the response slowly drifted down 

and was followed by a long duration slow positive voltage (seen if the eye was stable) before 

returning to baseline. The waves were labelled a-, b-, and c-, respectively, and continue to be 

called by this designation today. Figure 1-4 shows the ERG components of a response to a 

brief high energy, bright flash from a human subject who has been dark-adapted.  Einthoven 

and Jolly also demonstrated a short positive voltage seen at light offset, now termed the d-

wave (not shown). Granit used increasing duration of ether anesthesia to dissect the dark-

adapted ERG components obtained in response to a long duration flash stimulus in the cat  
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Studies have shown that the a-wave is produced by photoreceptors and the major 
component of the b-wave is from On bipolar cells. 

  

Figure 1-4.  Dark-adapted ERG response of a human subject to a high energy flash 
stimulus. 
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demonstrating that ERG components, an early negative (PIII) wave, then a large positive wave 

(PII) and finally a late positive wave, had different retinal origins.30  Granit named the three 

components of the ERG PI, PII, and PIII, in order of their removal from the recording. After 31 

minutes of ether anesthesia, only the initial negative component, PIII, remained, and it was 

prolonged, well below the pre-flash baseline for the duration of the long flash.30  We now know 

the cellular origin of PI is the RPE31, 32 and the cellular origin of PII is the On bipolar cells.  The 

initial fast PIII, seen as the a-wave in the normal ERG, is produced by the photoreceptors, and 

the slow PIII is produced by Mueller cells.33, 34 

As shown in Figure 1-1, photoreceptors, bipolar cells, and ganglion cells lie in a well-organized 

radial orientation. The disruption of dark current initiated by closure of the cGMP gated 

channels at the photoreceptor outer segment subsequently creates a sizable change in 

currents around the photoreceptor inner segment, cell body and axon.27  The flux in currents 

also occurs around bipolar cells then ganglion cells as they polarize in turn in response to 

signals initiated in the photoreceptors, creating a parallel electrical circuit with voltage changes 

that can be measured from the vitreous, cornea, or periocular skin with electrodes.35  

Pharmacological dissection experiments to affect neurotransmitter receptors and ion channels 

have helped to define the cellular origins of the ERG.  Administration of the inhibitory 

neurotransmitter GABA and the voltage-gated sodium channel blocker, tetrodotoxin citrate 

(TTX), have been used to block amacrine and ganglion cell activity,36, 37 isolating PII, i.e. the 

b-wave. Blocking the inner retinal neuronal activity results in a loss of the scotopic negative 

response that occurs when low energy stimuli are used in dark-adapted mammals.  The use 

of TTX also causes a loss of the photopic negative response in light-adapted ERGs.38 The 

glutamate agonist, L-2-amino-4-phosphonobutyric acid (APB) can be used to prevent 

transmission via metabotropic glutamate receptors on depolarizing On-bipolar cells,39 resulting 

in loss of the dark-adapted and light-adapted b-wave. Last, cis-2,3, piperidine- dicarboxylic 
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acid (PDA) can be used to block ionotropic glutamate receptors on Off bipolar cell dendrites, 

horizontal cells, amacrine cells and ganglion cells. 

Pharmacologic dissection in nonhuman primates, specifically in macaque monkeys whose 

retinas are similar to those in humans, confirmed that the dark-adapted a-wave was in fact a 

photoreceptor driven response (Figure 1-5).  Jamison et al40 studied dark-adapted ERGs in 

macaque monkey examining both mixed rod/cone and rod-isolated responses before and after 

administration of APB and PDA to eliminate postreceptoral contributions to the ERG. The 

administration of APB or PDA did not change the stimulus dependent rise of the a-wave. 
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Figure 1-5. Dark-adapted ERG response series elicited from a non-human primate 
before and after pharmacological dissection. 

Before pharmacological dissection (top) the a-wave and b-wave amplitudes rise with 
increasing stimuli energies. Loss of the b-wave is seen after intravitreal injection of glutamate 
agonist, L-2-amino-4-phosphonobutyric acid (APB) that affects metabotropic glutamate 
receptors in On-bipolar cells (middle). The additional administration of cis-2,3, piperidine- 
dicarboxylic acid (PDA) does not alter the response series (bottom). 

 © 2001 Jamison et al. Originally published in Vis Neurosci. https://doi-
org.ezproxy.lib.uh.edu/10.1017/S095252380118311240  License number 4846000108129 

 



 

16 

ISCEV standard ERG  

In 1989, the International Society of Clinical Electrophysiology and Vision (ISCEV) created a 

standard protocol for the full field flash ERG41 suggested for clinical use around the world. The 

protocol included specific recommendations on instrumentation, patient preparation, retinal 

adaptive state and flash energy. The protocol consisted of five responses from which implicit 

times and amplitudes of the dark and light-adapted a- and b- waves were measured to analyze 

the integrity of the photoreceptors and bipolar cells, respectively.42  The initial ISCEV Standard 

in 1989 suggested obtaining dark-adapted responses for flash energies of 0.3 cd s/m2, 3 cd 

s/m2 (dark-adapted maximum response (3 cd s/m2), oscillatory potentials obtained by filtering 

the maximum response to obtain high frequency signals, the light-adapted single flash (3 cd 

s/m2) and 30 Hz flicker response.  Although the Standard is revised every few years, even the 

most recent version (2015)42 continues to include similar standard stimuli and suggested 

parameters, but with an additional higher energy flash (10 cd.s/m2 or in the 2008 version,43 30 

cd.s/m2 was suggested as well). The higher energy flashes would elicit larger responses which 

is useful for patients with rod-driven disease in whom dimmer flashes elicit minimal to no 

responses, which are difficult to differentiate from baseline noise.  

ERG a-wave models of rod function 

There has been continued effort to increase our understanding of the underlying mechanism 

of generation of the a-wave to better characterize alterations of the a-wave due to aging and 

disease. Fulton and Rushton analyzed the a-wave of the dark-adapted ERG after bleach and 

found the a-wave slope changed in proportion to the rate of rhodopsin regeneration.44 They 

also found that the slope of the leading edge of the a-wave (sensitivity) and a-wave amplitude 

(scaling) showed distinct stimulus response curves suggesting the two could reveal different 

aspects of photoreceptor health.  
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Hood and Birch were the first to have the insight that the rise of the rod photocurrent in 

response to a light increment, as described by Baylor et al,23 for photocurrents recorded from 

single isolated rod outer segments of macaque monkey, could predict the rise of the leading 

edge of the rod a-wave over a range of stimulus energies.45  This led to an innovative approach 

to characterization of rod function with fits of quantitative models of the leading edge of the 

rod-isolated a-wave. Initial models were simply the best fits to the rise of the photocurrent 23 or 

the a-wave.45 Soon afterward a new biochemical model for the kinetics of the rise in 

photocurrent was proposed by Lamb and Pugh.18 The Lamb and Pugh model was based on 

the delays that occurred in the phototransduction cascade in amphibian retina and fit to in vitro 

recordings of OS photocurrents in the same species. The model proposed that three stages of 

the cascade that act as integrating steps underlie the time course of the photoresponse. First, 

that rhodopsin was activated in a step fashion by the stimulus, followed by the activation of the 

g-protein (many) transducins by activated rhodopsin. The last stage, the rate of hydrolysis of 

cGMP, was directly proportional to activated PDE.   

The Lamb and Pugh model was later adapted so that the ERG a-wave could be used to assess 

photoreceptor function.2, 3, 46  However, the model, as applied in fits of a-waves, has limitations. 

For example, it only accounts for the activation steps of the phototransduction cascade. 

In 2003, Robson at el published a model using low pass filters that accounted for the entire 

time course of the rod response.47 The 2003 Robson et al model can be described using three 

low pass filters in addition to an instantaneous saturating non-linearity for saturated responses 

to high energy stimuli.  By using the low pass filter with specific time constants, instead of 

integrators, the Robson model accounted for the inactivation of the g-protein cascade in 

addition to the activation.  

Models previously described in this dissertation only accounted for the rod’s outer segment 

contribution on the leading edge of the a-wave. An observation that motivated the subsequent 
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Robson publication in 20145 was that whereas OS photocurrents simply saturate and maintain 

full saturation for hundreds of milliseconds (ms), as seen in Figure 1-3, the ERG a-wave 

recovers toward baseline, forming a “nose” in response to strong stimuli as seen in Figure 1-

5.  Using Spice simulations that took the electrical properties and dimensions of the rat rod 

from Hagins et al and Penn and Hagins12, 26 into account, Robson showed that the a-wave 

recovery from the a-wave trough (also called a-wave nose) could be attributed to the rod 

photoreceptor itself rather than by the intrusion of the b-wave, as commonly thought. Robson 

proposed that the initial recovery of the a-wave, seen even in the absence of the b-wave in 

disease such as complete congenital stationary night blindness (cCSNB), reflects the large 

capacitive currents observed by Hagins et al12 occurring in the outer nuclear layer when strong 

stimuli are used.5 Figure 1-6 shows dark-adapted ERG responses from a subject with 

genetically confirmed cCNSB (Fig. 1-6B) compared to a normal subject (Fig. 1-6A) to 30 

cd.s/m2 stimulus.  The a-wave nose remains in the ERG even when post-receptoral responses 

are absent.  
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Figure 1-6. Dark-adapted ERG response with and without On bipolar cell responses in 
human. 

Dark-adapted ERG responses to a 30 cd.s/m2 flash from (A) a normal human subject and (B) 
a patient with autosomal recessive cCSNB, a disease that disrupts signal transduction in 
bipolar cells. Genetic testing for this patient confirmed a deletion in the gene GRM6. A second 
mutation was not identified. 
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Robson’s a-wave parameters: Vmax and fractional sensitivity   

Robson’s 2014 model took into account the currents surrounding the rod inner segment, nuclei, 

and axon. Robson set forth ERG a-wave parameters for sensitivity, in the form of fractional 

sensitivity, and maximum amplitude (Vmax) defined as the asymptotic  a-wave amplitude.5 The 

term fractional sensitivity was first introduced by Nikonov et al48 as the remaining ability of a 

rod to saturate when the rod was light-adapted to a specific amount normalized to the 

maximum dark-adapted response in a single cell recording. Friedburg et al7 made a related 

measurement of fractional sensitivity which represented the fraction of current suppressed by 

a dim flash normalized to the maximum amplitude of the dark-adapted rod ERG a-wave in 

three carefully studied subjects, and found fractional sensitivity was approximately 0.1 Troland-

1 second-1 (Td-1 s-1). Using the conversion that 1 scot Td s is equal to 8.6 photoisomerizations 

(R*/rod), they found that approximately 1% of the rod’s circulating current at the peak of a dark-

adapted rod-isolated ERG response was suppressed per R*.7 Fractional sensitivity, as 

measured by Friedburg et al,7 and as applied by Robson and Frishman with respect to the a-

wave, represents “the percentage of the maximum current response of a rod at the time of the 

peak produced by isomerization of a single molecule of rhodopsin, 1 R*”,5 and it can be derived 

using Robson and Frishman model predictions for a simple measure of the a-wave leading 

edge: the 10-90% rise (i.e. descent) time to the a-wave trough. 

Previous to the Robson and Frishman 2014 publication, the ERG a-wave recovery was often 

attributed to the overpowering of the a-wave by the positive-going post receptorally generated 

b-wave, as noted above and more recently, by the inward rectifying Ih channels on the rod 

inner segment.49  For this reason, previous model (Lamb and Pugh) fits, models only taking 

account of outer segment photocurrents, generally have extended the a-wave, at the model 

derived Vmax value to times later than its peak, as would occur for outer segment currents 

(Fig. 1-3).  Robson and Frishman suggested that Vmax is reached at slightly higher than twice 
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the stimulus energy to move the photo current out of its linear stimulus-response range into 

saturation.  Vmax would be measured at the a-wave implicit time measures of less than 5 ms 

for such a high energy stimulus, Vmax can also be predicted for a given subject by scaling the 

expected a-wave stimulus-response curve for that subject’s derived fractional sensitivity, to 

match the measured a-wave amplitudes over a range of flash energies that were tested.  

In this dissertation, as described above, fractional sensitivity represents the percent or fraction 

of the maximum rod current response due to isomerization of 1 rhodopsin molecule (1 R*).5 

Fractional sensitivity was obtained by assessing the 10-90% rise time of the a-wave as a 

function of flash energy and comparing values with template model predictions for fractional 

sensitivity. The template curves, published by Robson and Frishman in 2014, could be 

approximated by a polynomial: log10(rise time) = 3.3077 - 0.8817log10(E) + 0.0607 Log10 (E)2 

with flash energy (E) in R*/rod.5  

Rod isolation techniques 

Although rods greatly outnumber cones in humans (~20 to 1), dark-adapted cone responses 

to an achromatic flash do, to some degree, alter the a-wave generated in response to high 

energy stimulation. In-vivo research on rod-driven function has derived rod-isolated responses 

by applying protocols to eliminate the cone-driven portion of the “mixed” rod-cone responses. 

The approach has been to elicit an isolated cone response with a stimulus that produces similar 

cone photon absorption as for the ‘mixed’ rod-cone stimuli and then to subtract the cone 

response from the mixed response.  Protocols that have been employed include photopic 

matching, the paired-flash technique, or the subtraction of light-adapted cone responses in 

which rod responses are suppressed from the dark-adapted mixed responses (new extended 

ISCEV protocol for a-wave,50 for example). Simply subtracting light-adapted cone responses 

from dark-adapted mixed responses2 is not ideal as variation between cone responses in dark 

and light-adapted conditions have been reported.51   
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Photopic matching protocols elicit dark-adapted responses to blue flashes and cone isolated 

responses to red flashes of the same photopic energy.52-55 Dark-adapted responses to short 

wavelength light (~470 nm) heavily favor photon absorption by rods, but includes some photon 

absorption by cones.  Theoretically, matching the photopic energy of the short wavelength light 

with that of a long wavelength (red) light (~ 610 nm), that favors cone responses, should isolate 

a cone response to the red stimulus.  The rod response to the short wavelength stimulus can 

then be obtained by subtracting the isolated cone response from the original mixed response. 

However, photopic matching has reduced applicability at very high flash energies. Friedburg 

et al found that residual scotopic energy for red flashes was 1/83 the scotopic energy of the 

short wavelength flash,7 resulting in residual rod responses in ERG a-wave responses to high 

energy long wavelength flashes.7  

Friedburg et al assessed two variations of a paired-flash technique.7 In the paired-flash 

protocol, the first flash, the ‘test’ flash, elicits a mixed rod and cone response. It is followed by 

a second flash of the same energy and wavelength named the ‘probe’ flash. The probe flash 

is delivered on a dim blue background or after a bright blue flash to isolate cone responses.7  

To assess cone recovery after the blue rod-saturating flash, Friedburg et al presented a series 

of paired flashes with the probe flash at increasing time intervals after the rod-saturating flash.  

Dark-adapted cone responses of consistent amplitude were seen between 300 ms and 1 

minute after the saturating flash. After 1 minute, recovered rod responses began to appear in 

the recording.7 

Rod-isolating protocols have limitations. In the proposed study we will determine whether it is 

feasible to use fractional sensitivity to estimate rod function from the ERG a-wave of clinically 

acquired ERGs.  In an attempt to simplify the procedure, we will establish the cone input in 

response to a stimulus flash of 30 cd s/m2 and examine the possibility that the fractional 
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sensitivity parameter can be approximated from the mixed response without removing cone 

signals.   

Achromatopsia  

Achromatopsia, named from the characteristic disease finding of complete color blindness,56 

is an autosomal recessive disease in which cone function is severely reduced or absent. 

Achromatopsia affects approximately 1 in 30,000 people.57, 58 Patients with achromatopsia 

suffer from cone dysfunction soon after birth resulting in nystagmus by six months of age. 

Clinical features of achromatopsia include loss of color vision, reduced visual acuity ranging 

from 20/70 to 20/200, and severe light sensitivity. ‘Incomplete achromatopsia’ refers to patients 

with residual cone function that are genetically homogeneous to achromatopsia patients. 

Over 90% of achromatopsia cases are attributed to mutations in six genes; CNGA3, CNGB3, 

GNAT, PDE6C, PDE6H, and ATF6. Five of the six genes play a role in the cone 

phototransduction cascade (all but ATF6). 70% to 80% of achromatopsia cases are secondary 

to malformation or loss of the cone photoreceptor cyclic nucleotide gated (CNG) cation channel 

alpha or beta subunit caused by mutations in genes CNGA3 and CNGB3, respectively. A small 

percentage of achromatopsia cases are due to mutations in cone alpha transducin (GNAT) 

and cone phosphodiesterase (PDE6C and PDE6H). Mutations in any of these genes result in 

poor to total loss of cone hyperpolarization in response to light. Recently, mutations in 

transmembrane transcription factor 6, ATF6, have been discovered to also cause 

achromatopsia. Loss of function of ATF6 affects foveal and cone development, but the exact 

mechanism of disease is unclear.59  X-linked blue cone monochromacy (BCM) occurs due to 

genetic alterations adjacent to or within the genes associated with red and green cone opsins.60 

Patients with achromatopsia and BCM have severely reduced or absent cone responses in the 

ISCEV standard ERG.61  
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Subjects with achromatopsia and BCM were studied in this dissertation due to their ‘pure’ or 

nearly pure rod driven dark-adapted ERG. Visual function has been studied in achromatopsia 

subjects for decades, showing normal rod driven vision. Early psychophysical studies in 

achromatopsia patients focused on assessing potential residual cone function in subjects and 

repeatedly found normal scotopic vision within the cohort including normal rod recovery from 

bleach, dark adaptation thresholds, and rod spectral luminosity functions.62, 63 Scotopic spatial 

and temporal contrast sensitivity is similar to that of normal trichromats suggesting normal rod 

driven post-receptoral properties in the achromat.56  

Although psychophysical studies in achromatopsia show normal rod function, the dark-adapted 

ERG could be interpreted to suggest reduced rod function or rod-driven dysfunction. A- and b-

wave amplitudes of dark-adapted high energy flash responses have been reported to have 

smaller amplitudes in achromatopsia and BCM subjects compared to responses obtained with 

rod isolating techniques in normal age-matched controls, even though normal dark adaptation 

was measured in the same subjects.61, 64  Moskowitz et al61 found that Hood and Birch’s a-

wave sensitivity parameter (from their a-wave model) for achromatopsia subjects was within 

normal limits determined by comparing rod-isolated ERGs obtained in normal age-matched 

controls over a 3 log unit range flash energy. However, the a-wave maximum amplitude and 

the b-wave amplitudes in an intensity response function, including b-wave at half saturation, 

were outside (lower than) the normal limits.61 More recently Zobor et al64 reported that 

achromats had decreased a-wave amplitude with normal implicit time and b-waves had normal 

amplitude with delayed implicit time with the ISCEV standard dark-adapted 3.0 cd.s/m2 

stimulus. Assessment of rod function in the CNGA3 knockout mouse model has shown normal 

a-wave amplitudes up to 6 months post-natal of age followed by an approximately 20% decline 

at 9 and 12 months.65  Outer nuclear layer thinning was not seen until 12 months of age. 

Expression levels of rod specific proteins were also reduced at 12 months.  The dark-adapted 
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b-wave amplitude showed a 15% decline at 1 month, prior to evidence of direct rod 

photoreceptor loss.65 The authors concluded that the loss of b-wave amplitude could be due 

to changes in rod synaptic transmission at the OPL in early disease instead of changes to the 

rod phototransduction pathway or rod outer segment.66 

ABCA4 pathophysiology and dystrophies 

Mutations in the adenosine triphosophate (ATP) binding cassette subfamily A member 4 

(ABCA4) gene are the leading cause of inherited vision loss,67-69 encompassing a broad range 

of retinal phenotypes (including Stargardt disease) that range from macular changes without 

alteration of the full field ERG70, 71 to, in rare cases, early onset retinitis pigmentosa.72 ABCA4 

disease onset ranges from childhood to well into the fifth decade of life.70, 73 Clinical features 

of ABCA4 related dystrophies can vary widely. However, early disease onset is typically 

associated with greater severity of vision loss and greater rod dysfunction.72, 74  

Within the phenotype spectrum, mutations in ABCA4 are a leading cause of autosomal 

recessive cone and cone rod dystrophies.75, 76 Cone rod dystrophy typically presents as a 

maculopathy, or cell dysfunction and death in the fovea, progressing to significant wide spread 

cone dysfunction prior to significant rod dysfunction. As the disease progresses, photoreceptor 

loss spreads outward. Longitudinal studies have found that 30% of subjects initially diagnosed 

with cone dystrophy develop rod dysfunction within 10 years.77 

Mutations in ABCA4 are associated with a buildup of all-trans-retinal, a byproduct of the retinol 

cycle in the outer segment disc.78 In order for the retinol cycle to occur, 11-cis-RAL must be 

available at appropriate levels within the rod and cone photoreceptor OS discs for continuous 

capture of photons during light flux, creating a need for constant renewal of all-trans-RAL 

through the retinoid cycle to 11-cis-RAL. In rods, most components of the retinoid cycle take 

place in the retinal pigment epithelium (RPE). Thus the first step in the cycle is to clear all-

trans-RAL from the OS disc.79 After dissociation from rhodopsin, all-trans-RAL binds to 
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phosphatidylethanolamine to form N-retiylidene phosphatidylethanolamine (N-ret-PE) and 

requires a transporter to exit the disc lumen. The disc membrane rim protein ABCA4 

transporter78, 80 is responsible for “flipping” N-ret-PE out of membrane.81 Mutations in ABCA4 

lead to accumulation of all-trans-RAL and PE within the disc lumen80 and, with ongoing 

photoreceptor OS disc renewal,82-84 leads to increased levels of n-retinylidene-N-

retinylethanolamine (A2E) within the RPE. Although ABCA4 resides in the photoreceptor, RPE 

cell death occurs prior to photoreceptor cell death.85   

The majority of clinical publications on ABCA4 degenerations focus on anatomical measures 

of the outer retina, such as outer nuclear layer thickness measured using optical coherence 

tomography (OCT) and RPE changes found in fundus autofluorescence imaging. However, as 

the disease progresses and rod driven function is affected, the dark-adapted b-wave is likely 

to be abnormal prior to changes in the a-wave, possibly due to defects in an alternative, 

secondary rod pathway86 in which signals are carried via gap junctions from the rod to cone 

photoreceptors or other post-synaptic changes.87  

Currently, clinical diagnosis of rod dysfunction relies heavily on abnormal ISCEV standard 

dark-adapted full field ERG parameters. The measure of fractional sensitivity that is the topic 

of this dissertation may be helpful in identifying rod dysfunction in patients with ABCA4 

mutations. 

Goal of the research in this dissertation 

Robson and Frishman have provided greater understanding of the underlying mechanisms 

that generate the dark-adapted a-wave, and this has led to the new model described above.5  

Whereas the prevailing models fit the a-wave’s leading edge with a prediction of the rise of rod 

outer segment photocurrent for a particular stimulus energy, based originally on recordings 

from isolated rod outer segments(OS),2-4, 18Robson and Frishman have argued that such 

models do not entirely account for the rod photoreceptor’s contributions to the a-wave.  
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Until now, the Robson and Frishman parameters for rod signals have only been vetted for 

published “ideal” data sets collected under rigorous experimental conditions by other labs.3, 6, 

7  

In this dissertation, we will evaluate whether the Robson and Frishman model parameter, 

fractional sensitivity, can be estimated for rod function from the ERG a-wave, and will examine 

the possibility that the parameter can be approximated from a mixed rod/cone response for 

clinical applicability.  Our evaluation of fractional sensitivity includes assessment of the model 

fit to responses from mixed rod/cone responses in young healthy subjects, assessment of the 

differences between fractional sensitivity derived from rod-isolated vs mix rod/cone responses, 

and changes to fractional sensitivity with age and in subjects with cone dystrophy and cone-

rod degeneration. 

Specific Aims  

 1.  Determine the feasibility of estimating fractional sensitivity of photoreceptor 

responses in a young healthy human subject population using achromatic xenon flashes. Our 

hypothesis is that young healthy adults will have estimated fractional sensitivity close to the 

expected 1% per each photoisomerization per rod (R*/rod; equivalent to about 8.6% for each 

scot Td s) as suggested by Robson and Frishman.5 Findings for Aim 1 will be reported in 

Chapter 2. 

            2. Determine how fractional sensitivity of the photoreceptor response is affected by 

removal of cone contributions when rod function is expected to be normal. Our hypothesis is 

that fractional sensitivity will not decrease as a consequence of cone contributions to the ERG 

in normal subjects, or as a consequence of reduced or absent cone contributions in inherited 

retinal diseases affecting cones only, such as achromatopsia. Findings for Aim 2 will be 

reported in Chapter 2. 
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 3. Determine the range of normative values and test-retest repeatability for estimated 

fractional sensitivity and maximum amplitude of responses in healthy human subjects over a 

range of ages. Based on previous observations using the prevailing ERG a-wave model, we 

hypothesize that  fractional sensitivity will decrease with increasing age, but maximum a-wave 

amplitudes will remain similar to values found for younger subjects.52 We also hypothesize that 

fractional sensitivity will show good test-retest repeatability. Findings will support the possibility 

of acquiring estimated fractional sensitivity values for rod photoreceptors from ERG recordings 

obtained in the clinic. Findings for Aim 3 will be reported in Chapter 2. 

4. Determine in patients with cone degeneration and suspected rod dysfunction, the ability of 

fractional sensitivity to detect rod dysfunction vs. the ability of the ISCEV standard a-wave 

parameters. Our hypothesis is that fractional sensitivity will decrease as a consequence of the 

presence of rod dysfunction in subjects with documented cone dysfunction (specifically, 

subjects with known ABCA4 mutations). Fractional sensitivity may also be an earlier indicator 

of rod dysfunction in subjects with known cone dysfunction than the ISCEV standard a-wave 

parameters, amplitude and implicit time. Findings for Aim 4 will be reported in Chapter 3. 
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Introduction 

The full-field electroretinogram (ERG) is a non-invasive objective measure of retinal function 

in response to a flash of light. In the clinic, ERGs are widely used to diagnose and follow a 

range of inherited and acquired retinal disorders.  ERGs can be analyzed to provide measures 

of each stage of retinal function. To standardize clinical ERG testing around the world, the 

International Society of Clinical Electrophysiology and Vision (ISCEV) published a full-field 

clinical ERG protocol in 1989 that has been routinely updated as the field advances, as shown 

in the two most recent versions.42, 43 ISCEV standard parameters for quantifying ERG 

responses to briefly flashed stimuli include the peak amplitude and the latency, which is 

expressed as implicit time, for a-waves, that reflect photoreceptor function and b-waves, that 

reflect, primarily, bipolar cell function. 

Quantitative model fits to dark-adapted rod-isolated ERG a-waves provide information about 

rod photoreceptor function beyond the standard ISCEV parameters. The most commonly 

applied a-wave models have been based on a quantitative model for the leading edge of rod 

outer segment photocurrents developed by Lamb and Pugh18 that took account of the kinetics 

of the biochemical events of the phototransduction cascade3, 4, 88 and provided parameters for 

rod sensitivity and maximum amplitude of the response. These a-wave models accounted only 

for the activation steps of the phototransduction cascade in the outer segments. Robson and 

Frishman have proposed a new model that reflects a more detailed understanding of the 

physiological mechanisms involved in generation of the dark-adapted a-wave by the 

photoreceptors.5  Initially, Robson et al47 extended Lamb and Pugh’s model by taking into 

account the recovery kinetics of the transduction cascade in the outer segments. Then, in 

20145 Robson and Frishman presented a more complete model that included, in addition to 

the contribution of the outer segment photocurrent, an electrical model of a-wave generation. 
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The electrical model was based on in vitro measurements in the rat of electrical parameters in 

the outer retinal layers where the photoreceptors reside, that appeared in reports by Hagins et 

al12 and Arden.28 Simulations in Spice using the new model included an additional critical 

aspect of a-wave generation not incorporated previously in a-wave models: contributions from 

capacitive currents in the outer nuclear layer where rod nuclei and axons are located.12, 28 

These capacitive currents were shown to contribute substantially to the production of the 

transient portion, or “nose” of the a-wave that occurs in response to high energy light flashes.  

The model also supported earlier suggestions for cat49 and macaque monkey40 that in 

response to strong stimulation, the transient a-wave nose, itself, recovers towards baseline 

rather than the recovery being due to the initiation of the b-wave.   

Parameters of the Robson and Frishman5 model included, in addition to a short delay (a 

version of which is in other models), two parameters for assessing rod function based on a-

wave recordings: fractional sensitivity, as previously applied by Friedburg et al7 and maximum 

voltage (Vmax).  For rod photoreceptors, fractional sensitivity represents, as stated by Robson 

and Frishman “the percentage of the maximum current response of a rod at the time of the 

peak produced by isomerization of a single molecule of rhodopsin, 1 R*”,5 or in the case of the 

ERG, the percentage of the maximum amplitude of the a-wave trough measured from baseline. 

Robson and Frishman derived fractional sensitivity using model predictions for a straight 

forward measure of the a-wave leading edge, the 10-90% rise time.5 A reduction in fractional 

sensitivity could suggest dysfunction in the outer segment (e.g. in the phototransduction 

cascade) or more proximal portions of the rod (e.g. currents flowing in the outer nuclear layer).  

Vmax is the asymptotic a-wave amplitude for a given subject, a form of which is in all a-wave 

models. The rise of Vmax with stimulus energy would follow a template curve generated for a 

particular fractional sensitivity. Decreased Vmax would suggest shortened outer segments or a 

reduced number of photoreceptors.89, 90 The third model parameter, a short duration 
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transduction and instrument delay (roughly 3 ms), is defined as the time from the flash onset 

to the initial rise of the a-wave and is a constant that can also be affected by the characteristics 

of the particular type of stimulus flash that is used, e.g. Xenon flash vs LED.  

The dark-adapted ERG is dominated by rod-driven activity, but cone-driven activity will 

contribute when high energy flashes are used7, 42, 43 yielding a mixed, rod-cone response.  

Quantitative analysis of rod-isolated a-waves is widely used in research but is less commonly 

applied in routine clinical care. Protocols for rod isolation require multi-step ERG testing and 

offline analysis to subtract cone signal from the dark-adapted a-wave.  Isolation of the rod-

driven response requires the identification and subtraction of cone-driven responses from the 

dark-adapted ‘mixed’ ERG response. Some investigators have derived rod-isolated responses 

simply by subtracting the light-adapted cone-driven response from the dark-adapted mixed 

response to the same stimulus.50, 52  However, differences between dark and light-adapted 

cone responses, including changes in the a-wave88 have been reported.51  Protocols to isolate 

the cone response more typically include either photopic matching protocols that elicit dark-

adapted responses to blue flashes, and then, cone responses to red flashes of the same 

photopic energy52-55 or a three step paired-flash protocol: first, a ‘test’ flash to elicit the ‘mixed’ 

response, then a rod-saturating stimulus or steady background, and finally a ‘probe’ flash of 

the same energy as the test flash to elicit the cone-isolated response.3  Because the rise of 

the leading edge of the  cone a-wave is slower 7, 91 than the rise of the rod-isolated a-wave,5, 7 

it is unclear how much it will affect the fractional sensitivity derived from the mixed response.  

A goal of the present study was to evaluate the use of fractional sensitivity obtained from fits 

of the Robson and Frishman model to the a-wave, to provide an estimate of rod sensitivity, 

obtained in a clinical setting.  Until now the Robson and Frishman parameters for rod signals 

have only been vetted for published “ideal” data sets collected under rigorous experimental 

conditions by other labs.3, 6, 7  We first evaluated, in healthy young adults, whether the Robson 
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and Frishman model parameter, fractional sensitivity, can be estimated for rod function from 

the ERG a-waves recorded in the clinic. We compared fractional sensitivity derived from mixed 

rod-cone and rod-isolated ERGs to investigate the possibility that the parameter, found to be 

between 1 and 2% for the ideal data sets, can be approximated from the mixed rod-cone 

response.  Dark-adapted ERG a-waves of individual subjects with absent or reduced cone 

function, i.e. with complete/incomplete achromatopsia, were also assessed to evaluate the 

effect of the cone contribution to the a-wave on fractional sensitivity. 

Methods  

This study complied with the Declaration of Helsinki and was approved by the University of 

Houston Institutional Review Board. All subjects provided informed consent prior to 

participation. 

Subjects 

Eighty healthy subjects 11 to 72 years of age were recruited; 52 females and 28 males. 

Subjects were required to have undergone a comprehensive eye exam within the previous 

year for which no retinal pathology was seen in at least one eye. Exclusion criteria included 

systemic conditions known to affect the eye, such as diabetes, best corrected visual acuity of 

20/30 or worse, and spherical refractive error greater than negative six diopters. Some subjects 

were invited to return for additional ERG protocols over a 4 year period. Subject availability 

changed during this time frame resulting in datasets with slightly different age ranges.  

Four subjects with achromatopsia and one subject with blue cone monochromatism, ages 12 

to 42 years, were recruited between 2015 and 2018. Subjects in this cohort underwent optical 

coherence tomography and fundus photography. In 2019 one additional subject with 

achromatopsia underwent ERG testing only.  All had photophobia and nystagmus since birth 

and reduced visual acuity. Clinical findings included various amounts of foveal hypoplasia and 

changes to the outer segment ellipsoid band as seen on optical coherence tomography,64 
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findings which are commonly described in achromatopsia. Molecular diagnosis of 

achromatopsia was confirmed in two subjects.   

ERG recordings  

Dark-adapted full-field ERGs were recorded using the Espion E2 (Diagnosys LLC, Lowell MA) 

ERG system with a Colordome stimulator to produce achromatic, broad spectrum white light, 

xenon flashes doubling in energy from 7.5 to 933 scot cd.s/m2, approximately 3 to 405 phot 

cd.s/m2. Responses were digitized at 5 kHz. DTL fiber electrodes92 (Diagnosys LLC, Lowell 

MA) were placed under the lower lid after application of carboxymethyl cellulose 1% and 

corneas were anesthetized with proparacaine, then dilated with 1% tropicamide and 2.5% 

phenylephrine. The DTL fiber was referenced to a skin electrode on the lateral temple. A gold 

cup ground electrode was placed on the forehead. Subjects were dark-adapted for 30 minutes 

prior to recording. A minimum of two traces was obtained for each flash energy. Inter-stimulus 

interval (ISI) was adjusted to avoid light adaptation between flashes. The ISI was 30 seconds 

for the weakest flash and increased by 30 seconds at each increasing flash energy. Pupils 

were dilated right before dark adaptation began and measured at the end of the session.  The 

ERG session was completed within one hour of recording onset, well before pupil size began 

to decrease.93  Recordings were made from both eyes, but were reported for the right eye in 

most cases. Recordings from the left eye were reported when the right eye did not meet 

inclusion criteria or when baseline noise degraded the recording.  

ERG analysis  

Recordings were exported from the Espion and were baseline corrected to minimize effects of 

drift or movement on ERG measurements using times of 2 to 4ms before the stimulus flash 

and then averaged using a dedicated Matlab program. Model parameters, fractional sensitivity 

and maximum amplitude (Vmax) were calculated using SigmaPlot 10.0 (Systat software, Inc, 

San Jose, CA.). Fractional sensitivity was obtained by plotting the 10-90% rise time of the a-
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wave vs. flash energy in R*/rod (Fig. 2-1A&B), and deriving fractional sensitivity for each flash 

energy based on predictions of the Robson and Frishman model. The dashed and solid curves 

in Fig. 2-1B show the model predictions for 0.5, 1 and 2% fractional sensitivity. The Sigmaplot 

program (transform) included an equation, based on results of simulations using Spice, 

predicting the rise time of the a-wave vs. R*/rod for a fractional sensitivity of 1%. The fractional 

sensitivity for the response to a specific stimulus (R*/rod) was then calculated by determining 

the log offset of the rise time from the 1% curve. The 10% to 90% rise time was used rather 

than implicit time because the 10-90% data range was considered to be more robust in a noisy 

recording compared to the use of one point on the a-wave such as implicit time.  

 Vmax was obtained by aligning the a-wave amplitudes for increasing flash energy, to an a-

wave amplitude template, generated using the derived fractional sensitivity, and determining 

the offset of the curve at the a-wave amplitude saturation from the template saturated value of 

one microvolt (Fig. 2-1C&D).  
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(A) Two a-wave responses, the wave designated by the black line was elicited with a flash 
energy of 1845 scot Td s and the red-line wave, with a flash energy of 13487 scot Td s. Circles 
mark the 10% and 90% amplitude of each a-wave. (B) The 10-90% rise time vs. flash energy. 
The model lines in the plot are predictions of the Robson and Frishman model for fractional 
sensitivities of 0.5, 1.0 and 2.0% when flash energy is measured in R*/rod.5 A conversion factor 
of 8.6 R*/rod per Td s was used.3 The 10-90% rise times of the black and red a-wave traces 
are 4.98 ms and 2.8 ms resulting in fractional sensitivities of 0.94% and 0.84% per R*/rod, 
respectively. (C) A-wave amplitudes were measured for flashes ranging from 7.5 to 933 scot 
cd.s/m2 (approximately 477 to 59,354 scot Td s for an  9 mm pupil) (D) Vmax was obtained by 
plotting a-wave amplitudes vs increasing flash energy, aligning the amplitudes to the model 

Figure 2-1. Analysis of fractional sensitivity and Vmax for a normal human subject. 
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template curve generated for a particular fractional sensitivity. Vmax data in the plot were from 
a different subject.   
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Paired flash protocol for rod isolation 

Rod-isolated a-waves were obtained using a paired flash protocol similar to the protocols 

published in Friedburg el at7 and Robson et al.47 In short, a paired flash protocol consists of a 

‘test’ xenon flash to elicit a mixed response followed by a transient rod suppressing background 

and a ‘probe’ xenon flash to elicit dark-adapted cone responses (Fig 2-3A). Robson et al47 

elicited fully dark-adapted cone responses as early as 100 ms in anesthetized macaques after 

a blue 2500 scot Td (approximately 50 scot cd/m2) rod suppressing background with a duration 

of 1 second.47 Prior to collecting rod isolation data for this study, we insured that the probe 

flash elicited fully dark-adapted cone responses without rod intrusion. The probe flash was 

delivered at 100 ms intervals from 200 to 600 ms after offset of a transient rod suppressing 

background (190 cd/m2 or 470 scot cd/m2 for a duration of 200 ms). Dark-adapted cone a-

waves were similar at all interval times tested except the response nearest to the offset of the 

background without evidence of rod intrusion (Fig 2-2). The remaining rod isolation 

experiments were completed with a probe 300 ms after offset of the rod suppressing 

background (600 ms after the test flash).  30 phot cd.s/m2 was chosen for the test and probe 

flash energies. This choice of stimulus was based on experiments in young healthy subjects 

that showed the adherence of fractional sensitivity to model predictions (Fig. 2-1) for this 

stimulus energy. 

The total paired flash protocol duration was approximately 30 minutes with an inter-trial interval 

of 3 minutes. This allowed up to 10 responses to be averaged offline using Matlab.  Rod-

isolated responses were the result of the averaged cone isolated response subtracted from 

the averaged mixed response (Fig. 2-3B). Fractional sensitivity was compared for mixed and 

rod-isolated responses to the achromatic xenon flash that was used for all experiments in this 

chapter. 
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Probe flash timing was varied to determine the range of time after the blue rod-saturating long 
duration flash that the cone response had recovered and the rods remain saturated. (A) A 
series of average responses elicited by the double flash protocol for each probe time. The 
large b-wave shows the response to the test flash and the transient rod suppressing 
background. (B) The cone responses overlaid at flash onset and baseline corrected. Probe 
timing from 200 to 600 ms after the transient rod suppressing background in 100 ms steps 
elicited very similar cone a-waves without evidence of rod intrusion. The probe flash time used 
in the remaining rod isolation experiments, 300 ms, is shown in red.  

Figure 2-2.  Varied probe flash timing to determine the range of time of cone recovery 
and continued rod saturation. 
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(A) Paired flash protocol adapted from Friedburg et al7 and Robson et al.47 consisted of a xenon 
achromatic flash at time zero followed by a blue rod-saturating light (445 nm) presented from 
100 to 300 ms and a second xenon flash of the same energy as the test flash at 600 ms.  (B) 
Example of mixed (black), isolated cone (red) and rod (green) responses from the paired flash 
protocol using 30 phot cd.s/m2 flash energies. 

Figure 2-3. Isolation of rod responses 
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Results  

Fractional sensitivity in health young subjects: range over which fractional 
sensitivity was consistent 

As noted above, Robson and Frishman’s model predictions for fractional sensitivity in humans 

were based on published ERG data from other labs obtained under nearly ideal conditions for 

three subjects.3, 6, 7 For the “ideal” data sets, fractional sensitivity for rod-isolated responses 

ranged from 1.0%  to 2% per R*/rod.5 The model curves for fractional sensitivities of 0.5, 1, 

and 2% are shown in Fig. 2-1B as solid and dashed black model lines. Fractional sensitivity 

was estimated in 20 eyes of 20 normal subjects 20-29 years of age to assess adherence to 

the model curves. This group of young adults was selected to represent healthy subjects. The 

10-90% rise times vs. stimulus energy are shown in Fig. 2-4. 

 Subject data were generally obtainable and followed model curves reasonably well for stimuli 

between 10-100 phot cd.s/m2 for the population (Fig. 2-4, vertical dashed lines). Responses to 

weaker stimuli drifted towards predictions for higher fractional sensitivities, likely due to 

intrusion by the b-wave when the a-wave was small. Responses to higher energy flashes were 

more variable than to those between 10 and 100 phot cd.s/m2, likely due to subject discomfort. 

Given these restrictions, fractional sensitivity for each individual was taken as the average 

fractional sensitivity for the four stimuli between 10-100 phot cd.s/m2. For subjects 20 to 29 

years old the average fractional sensitivity was slightly below 1%: 0.86% per R*/rod ± 0.14.  
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Solid symbols: complete response series (8 flash energies) doubling in energy from 7.5 to 933 
scot cd.s/m2. Open symbols: incomplete response series. Solid lines: Fractional sensitivity 
model lines for 0.5, 1.0 and 2.0%. Dashed vertical lines: Corresponding (photopic) flash 
energies of 10, 30 and 100 phot cd.s/m2; a previous ISCEV standard (2008)43 recommended 
use of flash energies of 10 and 30 phot cd.s/m2   for the dark-adapted ERG in order to elicit 
larger amplitude a-waves, in addition to the standard dark-adapted (DA) 3 cd.s/m2 flash. 
  

Figure 2-4. 10- 90% rise times vs. flash energy for 20 subjects, 20-29 years of age 
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Mixed rod/cone vs rod-isolated responses  

The effect of the presence of cone photocurrents on fractional sensitivity was determined by 

comparing the fractional sensitivity measured using the standard achromatic stimulus for 

mixed rod/cone responses to that obtained for rod-isolated responses.  In order to isolate rod 

responses, cone responses were first isolated, so they could be subtracted from the mixed 

response. 

Mixed rod-cone, and rod-isolated a-waves were analyzed for eight subjects in our normative 

database (23 to 39 years of age) using a stimulus of 30 phot cd.s/m2.  As described in the 

previous section of the Results, this stimulus energy was within the range of energies that 

produced fractional sensitivities for mixed rod-cone responses that conformed with model 

predictions.  Fractional sensitivities derived for the mixed and rod-isolated responses are 

shown in Table 2-1B for the right eye unless the response for the right eye did not meet the 

selection criteria. Rod-isolated fractional sensitivity was found to be greater than mixed 

fractional sensitivity for all subjects without exception (mean factor of increase was 13.2%, 

greater than the mixed response (range= 1%-29% greater, p=0.011). Rod-isolated a-wave 

implicit times were 3% shorter (i.e. earlier) than for mixed responses (Table 2-1A: 9.8 ± 0.57 

vs. 10.1 ± 0.58 respectively, p=0.0007).  The average a-wave amplitude of the rod-isolated 

response, after subtraction of the cone response, was 22% smaller than that of the mixed 

response (289.8 ± 48.6 vs. 370.0 ± 57.5 respectively, p>0.00001 by paired one-tailed t-test). 

The 10% to 90% rise times were shorter for rod-isolated compared to mixed a-waves 

(p=0.0047, Table 2-1B), however statistical significance was not reached between the mixed 

rod-cone and rod-isolated values for either the 10% or 90% time alone (not included in Table 

2-1). The 10% time for the rod-isolated and mixed response was 4.32 ± 0.33 vs. 4.24 ± 0.18 

respectively (p=0.12).  The 90% time for the rod-isolated and mixed responses were 8.26 ± 

0.53 vs. 8.35 ± 0.47 respectively (p=0.07).  
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Table 2-1. ERG a-wave parameters obtained with the paired flash protocol 

 

 

ERG a-wave parameters obtained with the paired flash protocol. (A) ISCEV standard 
parameters amplitude and implicit time for mixed, rod-isolated, and cone ERG a-waves from 8 
subjects. (B) 10% to 90% rise times and fractional sensitivity reported as proportions.  
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For comparison, fractional sensitivity also was measured for a digitized mixed rod/cone and 

rod-isolated a-wave series from Friedburg et al.7  The averaged rod-isolated fractional 

sensitivity was 18% greater than the mixed rod/cone a-wave series fractional sensitivity for 

responses measured over a range of 1200 to 62000 scot Td s (24 to 1233 scotopic cd.s/m2, 

(example, Fig. A-1) for these data. Both rod-isolated and mixed rod/cone datasets followed the 

fractional sensitivity model lines for the range of stimulus energies tested.5  Fractional 

sensitivity of subjects lacking cones (achromatopsia and blue cone monochromatism) are 

presented in a later section. 

The relatively small effect of removing cone signals on fractional sensitivity for normal subjects 

supported the use of the mixed response to the achromatic xenon flash for examining the effect 

of age and achromatopsia on “estimated” fractional sensitivity in the subsequent sections. 

Fractional sensitivity decreases with age 

For examining the effect of age on fractional sensitivity, 80 healthy subjects 11 to 72 years of 

age (n=20 from data in Fig 2-3 in the appropriate stimulus range + 60 additional subjects) were 

recruited. Fractional sensitivity was determined for the mixed rod-cone response elicited by 

four flashes in the approximate 10-100 phot cd.s/m2 range, roughly doubling in energy from 29 

to 212 scot cd.s/m2 (approximately 1845 to 13,486 scot Td s for a 9 mm pupil). As shown in 

Fig. 2-5A, fractional sensitivity was found to decline with increasing age.   Linear regression 

analysis of log fractional sensitivity vs age shows a decrease of -0.0055 log unit per year (-

0.055 per decade).  Birch et al52 reported a similar rate of decline in log sensitivity for rod-

isolated responses with increasing age using the Hood and Birch2 model; 0.006 log unit/year 

or 0.06 log units/decade.  Vmax did not change with age in the present study (as it did not in 

Birch et al) (Fig. 2-5B. log Vmax vs. age, mean = 2.5 log µV ± 0.12 or 323 µV ± 91).  
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Figure 2-5. Fractional sensitivity and Vmax vs. age. 

Normal cohort data are represented by black circles and achromatopsia cohort data, by blue 
circles. (A) Log fractional sensitivity (FS) vs. age Solid line: linear regression of log FS vs. linear 
age (log FS declines -0.0055 log units per year, r2 = 0.48, p <0.0001, n = 80, one eye/subject). 
(B) Maximum amplitude (Vmax) did not change in subjects as a function of increasing age 
(mean ± SD = 2.5 log µV ± 0.12, n = 80). 
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Test-retest repeatability 

Fractional sensitivity test-retest repeatability was evaluated for a subset of 20 subjects. Repeat 

testing was performed within 90 days of the first ERG. The bias between recordings was close 

to zero (a factor of -4.9% ± 15.3 change of the value for fractional sensitivity) and the 

repeatability coefficient of the percent difference was ± 30% of the value for fractional 

sensitivity (Fig 2-6). 

Obtaining fractional sensitivity using a single flash energy 

Assessment of fractional sensitivity would be more practical if reliably obtained for ERG 

responses to one flash energy rather than averaged data from responses to several flash 

energies. Fig. 2-7A shows a plot of fractional sensitivity for responses to 30 cd.s/m2 vs. 

fractional sensitivity averaged over the four flash energies used for all 80 subjects, ages 11 to 

72 years. A strong correlation was found between the two measures and the slope of the 

relationship was close to 1 (slope = 0.88, r2 = 0.87, P<0.0001), indicating that responses to the 

30 cd.s/m2 stimulus alone can give a good estimate of fractional sensitivity seen over a range 

of stimulus energies. A strong correlation was also found between a-wave amplitude elicited 

by the 30 cd.s/m2 flash energy and Vmax obtained for the four flash energies (Fig 2-7B, slope 

= 0.98, r2 = 0.95, p<0.0001). 

  



 

47 

 

 

 

Fractional sensitivity is expressed on the X axis as a proportion, rather than percent. The mean 
factor for difference in fractional sensitivity = -4.9% ± 15.3, 95%, repeatability coefficient was 
± 30%, n=20, ages 19-70.   

Figure 2-6. Test-retest repeatability for fractional sensitivity 
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Figure 2-7. Fractional sensitivity and a-wave amplitude elicited by a 30 cd.s/m2 flash 
compared to mean fractional sensitivity and Vmax 

(A) Fractional sensitivity (FS) for responses to a 30 cd.s/m2 stimulus vs. the mean for the four 
stimuli ranging roughly from 10 to 100 cd.s/m2.   Results of linear regression: slope = 0.88, r2 
= 0.87, p<0.0001.  (B) A-wave amplitude for the response to a 30 cd.s/m2 stimulus vs. Vmax 
derived for four flash energies. Results of linear regression: slope = 0.98, r2 = 0.95, p<0.0001. 
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Achromatopsia/BCM 

Four subjects with achromatopsia, 12 to 42 years of age and one subject with blue cone 

monochromatism (BCM), age 50 years, underwent testing between 2015 - 2017. Subject 

demographics for the 5 subjects, including molecular diagnosis when known, are shown in 

Table A-1. Macular OCT scans showed variable amounts of foveal hypoplasia and changes to 

the outer segment ellipsoid band; findings commonly described in achromatopsia (Fig. A-2).94  

ISCEV standard and high energy flash (30 cd.s/m2) ERGs were elicited from the cohort, and 

an additional achromatopsia subject (15 years of age) who only underwent ERG testing in 

2018 (Fig A-3, Fig A-4.).  Two subjects had severely diminished light-adapted cone-driven 

responses and four subjects, including the subject with BCM, had absent light-adapted cone-

driven responses as expected 61, 64, 95 for subjects with complete achromatopsia and BCM. The 

cohort had a range of dark-adapted ISCEV standard ERG amplitudes from well within the 

normal limits to somewhat below normal limits (Fig A-4.).  The subject with BCM had delayed 

a-wave implicit time for the dark-adapted 3.0 cd.s/m2 (DA3.0) stimulus and all but one subject 

had delayed DA3.0 b-wave implicit time. Fractional sensitivities for all subjects in the cohort 

were well within normal limits for the subjects ages, with most at, or above, the mean normal 

(mixed rod-cone) fractional sensitivity for that age, when derived for the response to the 

achromatic xenon flash energy of 30 cd.s/m2 (Fig 2-5 blue circles).  

Discussion 

Model fits to the a-wave that take account of the activating stages of phototransduction in 

producing outer segment photocurrents have been useful for assessing rod function using the 

ERG.  Robson and Frishman’s model of a-wave generation, that takes account of the electrical 

properties of the outer retina in addition to the outer segment photocurrents, has the potential 

to provide improved information about photoreceptor function from the ERG. Until the current 

study, use of the new model to derive parameters that reflect sensitivity (fractional sensitivity) 
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and maximum amplitude (Vmax) of the response had only been tested using three ideal 

datasets in the literature reporting on rod-isolated a-wave series.3, 6, 7 The studies described in 

this chapter provide necessary groundwork to show that the model parameter, fractional 

sensitivity can be determined for normal subjects over a wide range of ages, raising the 

possibility that the model will have utility as an indicator of rod function for the clinic. 

A-wave models that only take the outer segment photocurrents into account have produced 

values for the amplitude parameter, e.g.Rmp3,24 that are larger than the saturated a-wave 

amplitude, which is problematic.  Vmax determined using the Robson and Frishman model 

gives the asymptotic value for the measured amplitude of the a-wave, based on a template 

curve for a-wave amplitude with increasing flash energy for a particular fractional sensitivity.5   

It may be possible to streamline acquisition of sensitivity and amplitude parameters using the 

new model. Our study showed, that unlike for previous a-wave model parameters, fractional 

sensitivity and Vmax of the Robson and Frishman model can be derived for one flash energy 

(e.g. Fig. 2-7) instead of requiring a stimulus energy series as for previous a-wave models.2  

Further, as addressed below, it may be possible to get a rough estimate of the fractional 

sensitivity of rods from mixed rod-cone responses to achromatic stimuli recorded in the clinic, 

ahead of the more involved process of rod isolation.  

The current study provides some insight about the dark-adapted cone contribution to estimates 

of rod fractional sensitivity in response to achromatic light. It is well known that the isolated rod 

a-wave has smaller recorded amplitude and smaller amplitude parameter (.e.g.Rmp3) than 

dark-adapted mixed rod-cone a-waves, but the effects on sensitivity were less clear. Hood and 

Birch found that a-waves elicited by blue flashes had similar sensitivity as rod-isolated a-waves 

(± 0.1 log unit).89 However, responses to achromatic flashes resulted in a slower a-wave rise 

at lower flash energies and a faster a-wave rise at high flash energies compared to responses 

to blue stimuli, suggesting that the cone signal contributes more to the response at lower flash 
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energies.89 A limitation of our study was that we did not assess for changes in the cone signal 

to a-waves elicited by the four different flash energies that were averaged in many of our 

studies of fractional sensitivity in this chapter, instead focusing on the responses to the 30 

cd/s/m2 stimulus. All subjects tested in our study with achromatic stimulation showed a slight 

increase in fractional sensitivity (quicker a-wave rise) with rod isolation compared to the dark-

adapted achromatic stimuli with the cone signal intact (Table 2-1). On average, the rod-isolated 

fractional sensitivity was only 13.2% higher than that for the mixed rod-cone response. In 

agreement with our findings, other studies have shown the isolated cone a-wave rises more 

slowly7, 91 than the rod-isolated a-wave.5, 7  

Further studies are needed to obtain an understanding of the changes in estimated (i.e. based 

on mixed rod-cone responses) fractional sensitivity that occur due to photoreceptor disease. 

Theoretically, a patient with wide spread cone dysfunction, such as in cone dystrophy, could 

mask early rod dysfunction up to a factor of ~13% from a lack of cone signal. This was not 

obvious in our small achromatopsia cohort, but they did tend to have values for fractional 

sensitivity at the mean or in the upper half of age-matched values. Also, estimated fractional 

sensitivity would not provide an accurate estimate of rod function in cases such as retinitis 

pigmentosa, when rod responses are severely diminished and a large percentage of the a-

wave is driven by cone responses. In such cases, the slow a-wave rise time would result in an 

estimated fractional sensitivity correctly identified as abnormal compared to age-matched 

controls. However, the resulting estimated fractional sensitivity would provide information 

dominated by cone sensitivity rather than providing accurate information on rod function.    

More experiments are also needed to understand the added value fractional sensitivity could 

bring if included in the ISCEV standard protocol. As suggested here, fractional sensitivity could 

provide a more useful measure of rod function than a-wave amplitude in subjects with cone 

disease. A comparison of ability to detect disease between implicit time and fractional 
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sensitivity, (or 10-90% rise time) could be made.  Per the ISCEV standard, a-wave implicit time 

is not adjusted for the effect of pupil diameter on the amount of light reaching the retina (i.e. 

conversion of cd.s/m2 to Td.s. In contrast, fractional sensitivity is based on calibrations that do 

take the pupil area into account possibility decreasing variability currently seen in implicit time. 

In our study, fractional sensitivity was calculated from template curves based on model 

simulations that took the electrical properties and dimensions of the rat rod into account.5  For 

even greater ease in clinic, the utility of implicit time or 10-90% rise time with an adjustment 

for pupil size could be investigated to provide a measure of rod function without the use of 

parameter derivation based on model predictions. 

The studies in this chapter provide the basis for the use of estimated fractional sensitivity as a 

measure of rod function, at least in a healthy population. Existing methods for obtaining rod 

functional parameters from the ERG are not very practical in the clinic, involving laborious rod-

isolating techniques over a range of flash energies and additional offline analysis.  As indicated 

by the rate of change with aging, estimated fractional sensitivity provides similar information 

as previous a-wave sensitivity measures making it potentially an attractive alternative for 

clinical use.   
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Introduction  

Mutations in the ATP binding cassette subfamily A member 4 (ABCA4) gene are a leading 

cause of inherited retinal dystrophy resulting in a spectrum of phenotypes from early onset 

retinitis pigmentosa72, 96 to late onset maculopathies.97, 98 Within this spectrum, ABCA4 

mutations are the known cause of autosomal recessive Stargardt macular dystrophy69, 97 and 

36 - 65% of autosomal recessive cone and cone-rod degenerations.75, 76 Therapies for ABCA4 

dystrophies are on the horizon, increasing the need for sensitive measures of disease 

progression.  

The electroretinogram (ERG) is a tool commonly used to assess retinal function in healthy and 

diseased eyes. The International Society for Clinical Electrophysiology of Vision (ISCEV) 

standard full field ERG protocol is often used to distinguish patterns of photoreceptor 

dystrophy, based on amplitude and timing (implicit time) of the a-wave (to assess 

photoreceptor function) and of b-waves (to assess postreceptoral function).42  In a recent 

longitudinal study of patients with Stargardt disease due to mutations in ABCA4, 16% of 

patients who originally presented with a Stargardt disease progressed to a generalized cone 

dysfunction within 10 years of initial diagnosis and 36% of patients presenting with Stargardt 

disease progressed to a cone-rod degeneration within 20 years of the original diagnosis.73 A 

separate study found that 30% of patients who initially presented with generalized cone 

dysfunction due to mutations in ABCA4 developed rod dysfunction within 10 years of 

diagnosis.77 The time period preceding measurable rod dysfunction could indicate a critical 

period prior to widespread cell death during which treatment would be most advantageous. 

Earlier indicators of rod dysfunction would lead to more homogeneous cohorts for treatment 

studies.  
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Quantitative model fits to dark-adapted ERG a-waves have been used to provide information 

about rod photoreceptor function beyond that provided by ISCEV standard measures, in the 

form of sensitivity and amplitude parameters.  Robson and Frishman have recently provided a 

new model of the dark-adapted ERG a-wave that is based on an improved understanding of 

the underlying retinal mechanisms that generate the response.5  Whereas previous a-wave 

models assumed that the dark-adapted a-wave reflects primarily rod outer segment 

photocurrent,3, 4, 18, 88 the model proposed by Robson and Frishman5 takes into account the 

generation of large capacitive currents flowing in and around the rod photoreceptors in the 

outer nuclear layer during rod hyperpolarization. This increase in capacitance in the outer 

nuclear layer creates a high pass filtering effect forming the transient “nose” of the a-wave. 

Robson and Frishman suggested the use of fractional sensitivity as a model parameter. It has 

previously been applied by Friedburg et al7 as an estimate of photoreceptor sensitivity. 

Fractional sensitivity represents the percent of the peak rod response produced by 

isomerization of one rhodopsin molecule, 1R*, and can be derived from the 10-90 % rise time 

of the a-wave, with faster rise times yielding higher fractional sensitivities. 

Chapter 2 of this dissertation evaluated the utility of an estimate of rod fractional sensitivity 

based on the dark-adapted mixed rod-cone ERG response to a brief high energy flash of light, 

without removing the dark-adapted cone contribution to isolate the rod response. The mixed 

rod-cone response to a 30 cd.s/m2 flash was found to produce an a-wave with a slightly longer 

10-90% rise time and a slightly lower fractional sensitivity than for the rod-isolated response in 

the same individuals. The fractional sensitivity for the rod-isolated response was on average, 

a factor of just 13% greater than for the mixed response. Given the small difference between 

fractional sensitivity based on rod-isolated a-waves, and “estimated” fractional sensitivity 

based on mixed rod-cone a-waves, in the present study, estimated fractional sensitivity was 

used. 
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Theoretically, based on the finding that the isolated rod response had slightly better fractional 

sensitivity than a mixed response, a patient initially diagnosed with a maculopathy and 

progressive loss of cone function over time might have a slight increase in estimated fractional 

sensitivity due to loss of cone function. Then a decrease in estimated fractional sensitivity might 

occur with additional loss of rod function. Subjects with achromatopsia (Chapter 2), lacking 

cone function, had approximately the same fractional sensitivity as age-matched controls. 

However, we cannot know for certain the findings include slight changes in rod function.61 

In general, a decrease in fractional sensitivity when a-wave amplitude is within, but perhaps at 

the low end of, normal limits could suggest changes in the visual transduction cascade 

kinetics99 or alteration of ion movement in and around the photoreceptors in the presence of 

normal quantities of rhodopsin. Alteration of ion movement could occur secondary to altered 

photoreceptor extracellular matrix100-102 or degenerative changes prior to impending rod 

death.103 These cellular changes cannot yet be directly measured in human subjects; instead 

outer nuclear layer thickness is generally used as a measure of photoreceptor viability in both 

animal models104-106 and humans.105   

The aim of this study was to determine whether fractional sensitivity derived from ERG a-

waves could be used to identify rod dysfunction in subjects suspected to have generalized 

cone dysfunction as evidenced in the ISCEV standard ERG and whether fractional sensitivity 

would be clinically useful in conjunction with the ISCEV standard ERG. A previous ISCEV 

standard full field ERG publication had suggested high energy flash stimuli, dark-adapted 10 

or even 30 cd.s/m2 (termed in ISCEV Standard: DA10 or DA30), to elicit larger a-waves than 

the DA3 (3 cd.s/m2) for monitoring patients with advanced rod disease and patients with ocular 

media opacities.43  The ERG a-wave elicited by a high energy flash also rises (i.e. reaches the 

trough) quickly, and is uninterrupted by the positive going b-wave; an advantage for interpreting 

isolated photoreceptor function.5 Although the most recent ISCEV standard no longer 
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recommends the DA30, we assessed the DA30 a-wave amplitude and implicit time in addition 

to fractional sensitivity. Our hypothesis was that fractional sensitivity would be a more sensitive 

direct measure of rod dysfunction than the current dark-adapted ISCEV standard a-wave 

implicit time. 

Methods 

This study complied with the Declaration of Helsinki and was approved by the University of 

Houston Institutional Review Board, and the National Institutes of Health Neuroscience 

Institutional Review Board, and all subjects provided informed consent prior to participation. 

Fractional sensitivity in subjects with ABCA4 mutations 

Sixteen subjects, ages 17 to 69 years, with one or two known mutations in ABCA4 were 

recruited from two sites: the University of Houston College of Optometry (UH) and the National 

Eye Institute (NEI) Ophthalmic Genetics and Visual Function Branch.  All subjects had at least 

one ISCEV standard light-adapted parameter outside normal limits.  

ISCEV standard ERGs were recorded as previously described.42 In short, subjects were dark-

adapted for 30 minutes after instillation of 1% tropicamide and 2.5% phenylephrine for pupil 

dilation. The ERG protocol consisted of the full-field ISCEV standard dark-adapted DA3.0 

ERG, (a 3 cd.s/m2 flash) with an additional dark-adapted high-energy flash (30 cd.s/m2, DA30) 

for assessing fractional sensitivity. Dark-adapted testing was followed by light adaptation and 

the ISCEV standard light-adapted ERG; 3 cd.s/m2 flash on a background of 30 cd/m2 and 30 

Hz flicker. Dark-adapted a-wave and b-wave amplitudes and implicit times and light-adapted 

b-wave and 30 Hz flicker amplitudes and timing were measured.  

Differences between sites for ERG recordings 

At the University of Houston, ERGs were recorded using the Diagnosys Espion E2 (Diagnosys 

LLC, Lowell MA) machine with the Colordome stimulator. DTL electrodes92 were placed under 

the lower lid after application of carboxymethyl cellulose 1% and referenced to a skin electrode 
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on the lateral temple. A gold cup ground electrode was placed on the forehead. The ISCEV 

standard ERGs were obtained using white LED flashes and the dark-adapted high-energy 

flash (DA30) was obtained using a xenon flash.  A minimum of two responses were obtained 

for each flash strength. Pupils were measured at the end of each recording session. 

Recordings were analyzed from the right eye in most cases. ERGs at The National Eye 

Institute were recorded using an LKC system with a Sunburst LED stimulator (LKC 

technologies, Gaithersburg, MD). A bipolar Burian-Allen electrode was placed on the subject’s 

dilated eye after 20 minutes of dark adaptation. 

The ISCEV standard normative database for the NEI study was provided by LKC technologies 

(Table A-2). Abnormal ERG parameters were defined as being outside the lower (one) tail of 

the 95% confidence interval.  UH did not have a normative database provided by the vendor 

for the Espion E2.  Instead the investigators at UH recorded ISCEV standard ERGs for 15 

normal subjects, ages 20-40 years (Table 3-1A). As commonly seen in databases for ERGs 

recorded with DTL electrodes,107 the amplitudes of the dark-adapted a-wave and b-wave 

showed large variability (dark-adapted b-wave standard deviation, SD = 127 µV). With such 

variability found in the healthy younger cohort, it was unlikely that the known decline in the 

ISCEV standard amplitudes with age108, 109 would been seen, except perhaps at the oldest 

subjects.110  

The implicit times measured for the UH healthy cohort were no more variable than published 

datasets for which other types of electrodes were used (LKC database, Birch & Anderson109, 

Martin 108 (a-wave SD  = 0.3 ms, b-wave SD = 3.0 ms). Therefore, for a-wave implicit time and 

30 Hz flicker, we extrapolated the lower limit (i.e. most delayed) of implicit time for subjects 

above 40 years of age by the same factor as the LKC normative database implicit times (0.3 

ms/decade for a-wave implicit time and 0.2 ms/decade for 30 Hz flicker, Table 3-1B). The dark-
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adapted b-wave and light-adapted b-wave did not vary with age in the LKC database. So the 

lower limits of these measures for the UH database were not changed with age (Table 3-1B). 
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Table 3-1. ISCEV standard normal parameters measured at the University of Houston 

 

(A) ISCEV standard dark-adapted 3.0 (a-wave and b-wave) and light-adapted 3.0 (b-wave) 
parameters for a normal healthy cohort (ages 20-40 years) measured at the University of 
Houston (n=15). (B) Implicit times were extrapolated from LKC lower limit trends with age. 
Please note the lower limit refers to a lower amplitude, but a longer implicit time than normal. 
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ERG equipment comparison for the high-energy stimulus (30 cd.s/m2) ERG 

ISCEV standard parameters are not typically compared between different ERG systems, 

electrode types or flash types due to the increased variability.35, 107 However, this was a 

particularly important issue for the measurement of fractional sensitivity, so the results could 

be considered together for the UH and NEI cohorts.  The Robson and Frishman model was 

originally created using ERGs elicited with achromatic Xenon flashes that have short flash 

durations of about 1 ms.5  For measuring fractional sensitivity, both sites used high energy, 

DA30 flashes, but the light sources were different. Specifically, at UH DA30 ERGs were 

recorded using the Espion E2 and a Colordome stimulator flash energy of 64 scot cd.s/m2 

(about 30 phot cd.s/m2) produced by an achromatic Xenon flash. At NEI DA30 ERGs were 

recorded using the LKC with a Sunburst stimulator flash energy of 10 or 11 dB (25 or 31 phot 

cd.s/m2) produced using achromatic (white) LED flashes.  However, our measurements 

showed that flash durations for the two systems were similar. Flash duration for the xenon 

flash was 1 ms, and for the LED flashes of 10 and 11 dB, durations were 1 and 1.5 ms, 

respectively.  

The next step was to test whether the two systems (and different electrodes) would yield similar 

results. ERGs of healthy subjects were compared using Espion and LKC systems that were 

both available at the University of Houston.  Seven healthy subjects, ages 19 to 56 years, four 

of whom participated in previous experiments for this dissertation were recruited.  All subjects 

had a comprehensive eye exam with no remarkable findings within the previous year. 

Additional exclusion criteria included systemic conditions known to affect the eye; such as 

diabetes, best corrected visual acuity of 20/30 or worse, or a refractive error of greater than 

the spherical equivalent of negative six diopters.  

ERGs were recorded in the same manner as the ERGs for ABCA4 subjects from each 

institution.  Specifically, ERG responses to the DA30 stimulus were recorded using the Espion 
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E2 and DTL electrodes, and the LKC and bipolar Burian-Allen electrodes. Subjects underwent 

30 minutes of dark adaptation prior to each recording. Pupils were dilated prior to recording, 

and were measured at the end of the ERG recording.  Fractional sensitivity was determined 

for the right eye from both instruments unless the right eye did not meet the inclusion criteria. 

In those cases, fractional sensitivity was determined for the left eye.  

Calculating fractional sensitivity 

Recordings of DA30 ERGs from the Espion E2 were baseline corrected by subtracting the 

averaged amplitude at times of 2 ms to 4 ms before the stimulus flash for exported data using 

a dedicated Matlab program.  Recordings of the DA30 ERGs using the LKC were averaged on 

the LKC, exported,  and baseline corrected by subtracting the averaged amplitude at times of 

2 ms to 4 ms before the stimulus using Microsoft Excel. A short duration time interval close to 

the time of the stimulus flash was chosen for baseline correction to minimize the effect of drift 

or movement on the 10-90% rise times. Fractional sensitivity was measured by plotting the a-

wave 10-90% rise time vs. flash energy in R*/rod (Fig. 2-1). Fractional sensitivity was derived 

for the stimulus R*/rod  based predictions of the Robson and Frishman model,5 as shown in 

Fig. 2-1B for model lines for 0.5, 1.0 and 2.0% fractional sensitivity using SigmaPlot 10.0 

(Systat software, Inc, San Jose, CA.).  

Fractional sensitivity, flash energies and statistics: Differences between Chapter 2 
and Chapter 3  

In Chapter 2, we found a strong correspondence between fractional sensitivity measured using 

the 30 cd.s/m2 flash and the average fractional sensitivity measured for four flash energies 

between 10-100 cd.s/m2 (Fig. 2-8 B). This indicated that fractional sensitivity for the 30 cd.s/m2 

stimulus alone can provide a good estimate of fractional sensitivity seen over a range of 

stimulus energies. For results from subjects with ABCA4 mutations, in this chapter, we only 

measured the fractional sensitivity for 30 cd.s/m2. For consistency in comparisons to the ISCEV 
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standard normative database lower limit of normal, a one tailed 95% confidence interval was 

used to determine the fractional sensitivity lower limit. 

Results 

ABCA4 cohort demographics   

The demographics of the ABCA4 study subjects are shown in Table 3-2. The mean age of the 

16 ABCA4 subjects at presentation was 42 ± 18 years. Age of disease onset varied from 

childhood to over 45 years of age. Three subjects, who were a set of affected siblings and one 

singleton, had ABCA4 variants of unknown significance (VUS), and are marked with an 

asterisk on Table 3-2.  The set of three siblings, subject numbers 5, 7, 9, were found to have 

one likely pathologic mutation (p.Trp339Gly) and a second variant, p.Asn1868Ile, a variant that 

has been found as the ‘second mutation’ in a number of patients with Stargardt disease and 

late onset maculopathies.111 

The targeted cohort for this study were subjects with abnormal photopic responses but 

normal/near normal scotopic responses for the ISCEV standard ERG.  Effort was taken to 

select subjects with at least one abnormal cone-driven parameter for the light-adapted ISCEV 

standard ERG and dark-adapted 3.0 a-wave parameters within normal limits (Table 3-2). 

However, five subjects had abnormal dark-adapted a-wave amplitude and three subjects had 

delayed a-wave implicit time.  

Comparison of ERGs recorded with two systems  

The differences in fractional sensitivity and a-wave measures due to flash type in the two 

instruments and electrode type were determined at the University of Houston site for the 30 

cd.s/m2 flash energy prior to direct comparison of the estimated fractional sensitivity and a-

wave measures from the two ABCA4 cohorts at different sites.  Fractional sensitivity recorded 

using the two systems at University of Houston varied for the measured value by about the 

same amount that was found for fractional sensitivity test-retest repeatability; 4.2% vs 4.9% 
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respectively (Fig. 3-1), percent difference between machines = -4.2% ± 15.2, n=7, ages 20-65 

years (Fig 3-1B), and test-retest average percent difference = -4.9% ± 15.3, n=20, ages 19-70 

(Fig. 3-1A). The LKC and Espion average 30 cd.s/m2 (DA30) flash a-wave amplitudes elicited 

at the University of Houston were 378 ± 73 µV and 341± 79 µV, respectively and the average 

DA30 a-wave implicit time was 11.0 ± 1.4 ms and 10.9 ± 1.1 ms, respectively. The average 

percent difference between machine/electrode type for the a-wave amplitude was 10 ± 26% 

was comparable to our test-retest a-wave amplitude percent difference of 6.4 ± 22%. The 

average percent difference between machine/electrode type for the a-wave implicit time 

compared to test-retest a-wave implicit time was 0.26% ± 6.3 vs. -3 % ± 5.7, respectively.  
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Figure 3-1.Test-retest repeatability for individuals using the Espion system and 
agreement between ERG systems with different electrode and flash type 

(A) For the Espion system, the average percent difference in the value for fractional sensitivity 
= -4.9% ± 15.3, 95% repeatability coefficient was ± 30%, n=20, ages19-70. (B) Percent 
difference between machines = -4.2% ± 15.2, 95% repeatability coefficient was ± 29.7%, n=7, 
ages 20-65.  
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ABCA4 subjects’ ISCEV standard responses  

Overall, subjects recruited at the NEI showed greater cone dysfunction assessed by ERG than 

the subjects from UH. All subjects from NEI had delayed light-adapted (LA 3.0) b-wave implicit 

time and 30 Hz flicker timing (n=7). Only three of the nine subjects from UH had delayed light-

adapted b-wave implicit time but six subjects had delayed 30 Hz flicker timing. Decreased light-

adapted amplitudes were seen in five subjects from NEI and two subjects from UH.  

Five subjects had abnormal dark-adapted 3.0 a-wave amplitude and three subjects had 

delayed 3.0 a-wave implicit time. Subjects from NEI were more likely to have changes in the 

dark-adapted 3.0 b-wave. All subjects from NEI and four subjects from UH had delayed dark-

adapted 3.0 b-wave implicit time. Only three subjects from NEI (and no subjects from UH) had 

decreased dark-adapted 3.0 b-wave amplitude.  
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Table 3-2. ABCA4 subject demographics and ISCEV standard responses. 

 

Recordings for subjects 1-9 were performed at UH and 10-16 were performed at NEI (specific 
mutations not listed). Variants of uncertain significance are marked with an asterisk. ISCEV 
standard parameters in red are below the lower limit of normal for the database for the 
institution where the ERG was recorded (note: a-wave and b-wave lower limit of normal implicit 
time was different for the two sites). 
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DA30 a-wave parameters and fractional sensitivities  

Estimated fractional sensitivity (Fig. 3-2A, and Table 3-3) identified rod dysfunction in 9 

subjects. By comparison, 7 subjects (including one without decreased fractional sensitivity) 

had delayed DA30 implicit time and 3 subjects had decreased DA30 a-wave amplitude. For 

the age-matched controls, implicit time was moderately correlated with increased age (Fig 3-2 

B). Linear regression analysis of log implicit time vs age showed an increase of 0.0015 log 

ms/year or 0.057 ms/year, r2 = 0.39, p<0.001) and amplitude did not change with age (Fig 3-

2C, 2.41 log µV/year or -257 µV, r2= 0.08, p <0.001). As reported in Chapter 2, linear regression 

analysis of log fractional sensitivity vs age showed a decrease of -0.0055 log unit per year (r2 

= 0.48, p <0.0001). 
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Fractional Sensitivity (A) and a-wave 
parameters implicit time (B) and 
amplitude (C) elicited by a 30 cd.s/m2 
(DA30) flash strength. The ABCA4 
cohort from the University of Houston 
(yellow circles, n=9) and NEI (open blue 
circles n=7) were compared to the UH 
database age-matched controls (black 
circles). The linear regression is shown 
as a black line and the lower limit of 
normal (95% confidence interval) is 
shown as a dashed line.

Table 3-3. ABCA4 responses 
compared to age-related normal 
DA30 responses. 

Figure 3-2. ABCA4 subject 
responses compared to age-related 
normal 30 cd.s/m2 responses 



 

69 

  

ERG response comparisons  

The DA3.0 b-wave implicit time was the most likely ERG parameter to be abnormal in the 

combined cohort with 10 out of 16 subjects showing b-wave delay (Table 3-4) When assessing 

the a-wave for direct photoreceptor integrity, the DA3.0 a-wave amplitude appeared to be more 

susceptible to changes than the DA30 a-wave amplitude. Of the 5 subjects with reduced DA3.0 

a-wave amplitudes, the 3 subjects with the lowest a-wave amplitude also had reduced DA3.0 

b-wave amplitude and were the only subjects with reduced DA30 a-wave amplitude (Table 3-

4).   

All 3 subjects with delayed DA3.0 a-wave implicit times also had delayed DA30 a-wave implicit 

times and decreased fractional sensitivity, however the DA30 implicit time showed rod 

dysfunction in three subjects who had normal DA3.0 a-wave implicit time, suggesting that the 

DA30 implicit time is a more sensitive measure than the DA3.0 implicit time.  Fractional 

sensitivity showed rod dysfunction in slightly more subjects than the DA30 a-wave implicit time 

(9 vs 7 subjects) but was much more likely to show rod dysfunction than the DA3.0 a-wave 

implicit time (9 vs 3 subjects). (Table 3-4)   
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Table 3-4. Dark-adapted ERG summary of abnormal parameters 

 

 

The ability of each ERG parameter to determine abnormalities for the ABCA4 cohort is shown. 
For each subject, parameters that were outside the normal limits are shown as red plus signs 
(+) and parameters that were inside normal limits are shown as black negative signs (-).  
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Discussion 

Maculopathies can progress over time to generalized cone dysfunction followed by loss of rod 

function. The ISCEV standard full field ERG is often used to identify the extent of photoreceptor 

dysfunction. A-wave models of rod-isolated responses elicited by high-energy flashes can 

provide more information about rod function than the ISCEV standard ERG, but are not 

practical in the clinic. The studies in this chapter assessed the use of estimated fractional 

sensitivity (mixed rod/cone response to achromatic stimulation) in subjects with variable 

degrees of cone dysfunction and possible mild generalized rod dysfunction. In this cohort, we 

found that fractional sensitivity, an a-wave parameter used by Friedburg et al7 and adopted by 

Robson and Frishman,5 as a parameter of their model, may, as reported in Chapter 2, be easily 

estimated from clinical tests with the use of a template curve. Estimated fractional sensitivity 

could provide additional information about rod function when added to the ISCEV standard. 

The DA30 a-wave implicit time may also be useful. 

A-wave amplitudes in subjects with cone dysfunction 

Five subjects from the ABCA4 cohort had reduced dark-adapted 3.0 a-wave amplitude. 

However, dark-adapted 3.0 a-wave amplitude may not be a good indicator of rod dysfunction 

in patients with cone disease. Less than 30% (22% in our study in Chapter 2) of the a-wave 

amplitude has been attributed to cone signals in normal subjects, which can be determined by 

isolating rod ERGs.7 Smaller a-waves than normal are also seen in achromatopsia even 

without evidence of otherwise reduced rod function.64 Our study also suggested that a 

reduction of the DA3.0 a-wave amplitude might be a later finding in disease, as three of the 

five subjects with a reduced a-wave also showed abnormalities in most if not all of the all dark-

adapted responses (Table 3-4). 

Post-receptoral responses 

The ABCA4 cohort in our study overwhelmingly showed changes in the dark-adapted ERG 

post-receptoral responses even when the dark-adapted a-wave was within normal limits. Early 
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anatomical changes to the rod and cone photoreceptors, to the photoreceptor-bipolar cell 

synapses and/or the inner retina when disease is primarily cone driven are not well understood. 

In cases of rod-cone degeneration, Shady et al suggested that delayed dark-adapted b-wave 

implicit time was created by mild photoreceptor degeneration; one in which patches of healthy 

and unhealthy rod photoreceptors reside together eliciting a normal a-wave and delayed b-

wave implicit time.90  However, this does not explain the delayed dark-adapted b-wave in 

patients lacking cone signals and no appreciable change from normal in rod-driven 

psychophysical responses, such as is found in achromatopsia.64 Recent papers suggest that 

abnormal post-receptoral responses in patients with cone disease could be due to retinal 

remodeling secondary to loss of cone inputs at the photoreceptor-bipolar cell synapse.105 

Further evidence of inner retinal changes in subjects with known ABCA4 mutations and 

maculopathies is the altered photopic negative response even when the photopic b-wave is 

within normal limits.112  

Recent studies have suggested that decreased post-receptoral ERG amplitude could be 

associated with increased rate of progression. A study by Zahid et al found an association 

between decreased post-receptoral ERG amplitude and a greater rate of central scotoma 

progression in an ABCA4 cohort of almost 200 subjects.113 Subjects with abnormal post-

receptoral responses were also more likely to show RPE atrophy outside the retinal arcades 

with time.113 These findings were not dependent on age of onset or disease state at 

presentation. A recent study by Schroeder and Kjellostrom found similar results when 

reviewing clinical findings of 34 patients with either the Stargardt phenotype or cone-rod 

degeneration and categorized patients based on the size of the scotoma in the Goldmann 

visual field test.114 Subjects with greater defects in the visual field were associated with greater 

delay of b-wave implicit time and 30Hz flicker.114  
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Comparison of the current ISCEV standard to the DA30 flash energy 

Our study showed that the DA30 flash could provide a better indicator of direct dysfunction of 

the rod photoreceptors than the DA3.0 flash strength. Only 3 subjects had delayed DA3.0 a-

wave implicit time but an additional 4 subjects had delayed DA30 implicit time. The additional 

deficits found by the DA30 flash strength could be due to the faster, a-waves, uninterrupted by 

the positive going b-wave in response to higher energy stimuli resulting in improved 

photoreceptor analysis.43 The DA10 and DA30 flash strength was suggested as an addition to 

the ISCEV standard in the 2008 version to obtain larger waveforms in subjects with diminished 

ERGs.43  In 2015, the standard was updated to include the addition of only the DA10.42 Our 

studies in Chapter 2 showed that DA10 responses could be used in a measure of average 

fractional sensitivity (see Fig. 2-3), however, caution should be used if relying on the DA10 

alone to measure fractional sensitivity. Studies have suggested that the cone contribution to 

lower flash energy responses, i.e. those with slower a-waves, is larger88 and slower a-waves 

are more likely to provide incorrect fractional sensitivity measures due to b-wave intrusion.  

Prior to combining data from separate institutions recorded with different ERG equipment 

(Epsion or LKC), estimated fractional sensitivity was compared for the different machines in 

seven healthy subjects at the University of Houston and found to have approximately the same 

variability  as test-retest variability for the Espion. The percent difference between implicit times 

across machines (responses obtained same day, one after another) was near zero with a 

similar percent standard deviation found as in the test-retest implicit time. Differences in DA30 

amplitudes between machines was approximately the same as found for test-retest variability.  

The DA30 a-wave responses collected with the LKC machine were directly compared to the 

normative data collected at the University of Houston to better understand if fractional 

sensitivity could provide additional information beyond the DA30 a-wave parameters.  
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The initial presentation for many subjects with ABCA4 related dystrophies is macular disease 

with variable rates of progression to wide spread dysfunction. Age of onset has been indicated 

as a surrogate marker for disease severity; with earlier disease onset resulting in more severe 

disease.115  “Typical” Stargardt disease initially presents without changes in the full field ERG. 

Once a subject with ABCA4 mutations has defects in ISCEV standard ERG, they are 

reclassified into cone and or cone-rod degeneration depending on photoreceptor involvement.1   

All but one subject, subject 9, age 60 and above reported late onset disease.  Subject 9 

reported disease onset in her twenties but her siblings, subjects 5 and 7, reported disease 

onset in their 50s and 60s. These three subjects had a missense mutation at c.1015T>G; a 

predicted disease causing or probably damaging mutation by two pathogenicity prediction 

programs.116 The second mutation reported in this family was c.5603A>T or p.Asn1868lle, a 

common variant in the general population that has recently been described as a causative 

mutation when in trans with a severe ABCA4 mutation in cases of milder later onset ABCA4 

dystrophies.111, 117  The variation of age of onset, as seen in this family, hasn’t been reported 

as a feature of the p.Asn1868lle to our knowledge.  

Comparison to estimated fractional sensitivity to the DA30 a-wave parameters 

In all, 9 of 16 ABCA4 subjects had reduced fractional sensitivity. One subject (#8), with a pupil 

diameter of 7.5 mm had delayed implicit time, but fractional sensitivity within normal limits.  

This may have been because calculation of fractional sensitivity, obtained from the 10-90% 

rise time vs troland seconds or R*/rod,5 takes pupil size into account, whereas the implicit time 

as suggested by the ISCEV standard currently does not take pupil size into account. Estimated 

fractional sensitivity could be a more accurate estimate of rod function when the pupil diameter 

varies more than 2 mm from the pupil size of the normative database average. For example, 

the average pupil diameter for the cohort was 8.3 mm. The difference between an 8 mm pupil 
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and 10 mm pupil for a DA30 flash is 1508 Td.s vs 2356 Td.s, respectively (see Chapter 4 for 

discussion).   

Estimated fractional sensitivity in older subjects  

Hood and Birch’s sensitivity measure, S, like estimated fractional sensitivity, declines with 

increasing age approximately 0.2 log units between 20 and 70 years of age 109 A conclusion 

of the authors was that the decline in S with age complicated interpretation for diseased retinas. 

Our cohort of ABCA4 related dystrophies had 3 subjects with fractional sensitivities outside the 

lower normal limit of 0.33 R*/rod for subjects 70 years of age using a one tailed 95% confidence 

interval suggesting that fractional sensitivity could be used in diseased retinas as long as it is 

compared against age matched controls.   

Limitations  

A limitation of the studies in this chapter is the lack of an ISCEV standard normative database 

for DTL electrodes and the DA30 flash for the LKC ERG machine. It is well known that a-wave 

parameters decline with age.108, 109 However, our database of subjects ages 20-40 years shows 

a common concern with DTL electrodes; the increased variability causes amplitude measures 

to remain constant with increasing age instead of declining with increasing age as seen in 

contact lens electrodes.110 We expect that even if ISCEV standard responses in subjects older 

than 40 years of age were obtained, a decline of amplitude with age would not be seen and 

accurate identification of photoreceptor dysfunction at increased age would still not have been 

possible. 

Another limitation was that 5 out of 9 subjects from the University of Houston cohort were from, 

two families creating a cohort with very little genetic diversity. To better understand if fractional 

sensitivity could provide an earlier indicator of direct photoreceptor dysfunction, ERGs should 

be performed on a larger cohort with a greater number of ABCA4 variants and/or a cohort that 

expands to cone dystrophies caused by mutations in different genes.  
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Conclusions 

Estimated fractional sensitivity has promise as a direct measure of rod photoreceptor 

dysfunction. Our study is consistent with previous studies that post-receptoral responses are 

likely to be the altered prior to photoreceptor responses in cone dystrophies and that rod 

photoreceptor dysfunction is more likely to be seen in ERG responses to high energy flashes, 

such as the DA30, rather than the ISCEV standard DA3.0. Last, we found that a-wave implicit 

time for responses to high energy stimuli provides similar information as estimated fractional 

sensitivity (DA30 Table 3.3). However the lack of a correction factor for pupil size leads to 

increased variability when compared to estimated fractional sensitivity, for which pupil size and 

its effect the amount of light that reaches the retina is taken into account.   
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General Discussion 

Background summary  

The full field ERG affords non-invasive objective measures of retinal function with the use of 

the ISCEV full field standard and extended protocols. ERGs are heavily relied upon for the 

diagnosis of outer retinal dysfunction in the clinic and the evaluation of treatments in preclinical 

research and clinical trials. Quantitative model fits to ERG a-waves based on biochemical and 

physiological studies of photoreceptor outer segment kinetics, nominally Lamb and Pugh18 and 

Hood and Birch2 models, have been used to provide additional information about 

photoreceptor function beyond the parameters suggested in the ISCEV standard.2-4 However, 

these models have limitations such as only accounting for the activation steps of the 

phototransduction cascade. Robson et al in 200347 extended Lamb and Pugh’s model by taking 

account of the recovery kinetics of the transduction cascade. In 2014 Robson and Frishman 

extended their 2003 model by including the contribution from capacitive currents in the outer 

nuclear layer,5 a critical aspect of a-wave generation, and providing a-wave model parameters, 

fractional sensitivity and Vmax for the model.  Studies in this dissertation focused on the 

applicability of an estimated fractional sensitivity parameter for rod function in the mixed dark-

adapted ERG response to achromatic stimuli, recorded in a clinical setting.  

Overview of findings 

Chapter 1, the introduction, provided a review of retina anatomy and physiology with a focus 

on photoreceptor physiology.  The underlying theory of ERG a-wave modeling to provide 

information about rod function was discussed and two categories of inherited retinal disease 

affecting photoreceptor, achromatopsia and ABCA4 related dystrophies, were described, as 

affected patients were recruited to participate in our studies. 
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In Chapter 2, experiments to confirm that fractional sensitivity could reliably be determined in 

healthy subjects in response to achromatic xenon flashes are described. First, we identified 

the range of flash energies, 10-100 phot cd/s/m2, over which fractional sensitivity was 

consistent for a young cohort ages 20-29 years. Then, the cone contribution to dark-adapted 

responses to a stimulus of 30 cd.s/m2, was determined and differences between rod-isolated 

and mixed rod-cone dark-adapted a-waves were analyzed using a paired flash protocol. The 

rod isolated a-wave had a faster rise time than the time for the mixed responses, which  

corresponded to a higher fractional sensitivity for all subjects with an average  increase in 

fractional sensitivity of 13.2 (+/-10.3) %. Thus, compared to the age-matched controls, lack of 

cone function with normal rod function would result in a faster rising a-wave instead of a slower 

rising a-wav seen in loss of rod function.  We also reported fractional sensitivity in a small 

cohort of achromatopsia and one subject with blue cone monochromat, all of whom had severe 

reduction to complete loss of cone function with well-preserved rod function. All subjects had 

fractional sensitivity close to or above the age adjusted mean. 

Given the relatively small change in fractional sensitivity when cone function was removed, we 

adopted the use of “estimated” fractional sensitivity for describing rod function from the mixed 

response to achromatic stimuli.  We then assessed estimated fractional sensitivity across ages 

and found a decline in estimated fractional sensitivity with increasing age. Test-retest variability 

showed a bias close to zero and the repeatability coefficient of the percent difference  was 

30%.  The last analysis performed in Chapter 2 was to assess the ability to use a single flash 

energy, 30 cd.s/m2 to determine estimated fractional sensitivity instead of a series of four 

flashes. A strong correlation was found with a slope of nearly 1 in the linear regression between 

fractional sensitivity at 30 cd.s/m2 and the averaged fractional sensitivity measured for flash 

energies doubling in energy from 10-100 phot cd.s/m2   
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In Chapter 3, the performance of estimated fractional sensitivity as a measure of rod 

dysfunction was compared to the ISCEV standard parameters in subjects with variable 

amounts of cone disease and possible rod dysfunction secondary to ABCA4 mutations. 

.Fractional sensitivity indicated photoreceptor dysfunction in more subjects with cone 

dysfunction than the dark-adapted 3.0 a-wave parameters. However, further review found that 

parameters of a-waves elicited by a 30 cd.s/m2 stimulus also showed more photoreceptor 

dysfunction than parameters of a-waves elicited by the DA3.0 stimulus. Fractional sensitivity 

indicated abnormal rod function in two additional subjects (9 out of 16) compared to DA30 

implicit time (6 out of 16) and one subject with a pupil diameter of 7.5 mm had abnormal DA30 

implicit time but normal fractional sensitivity showing the importance of taking pupil diameter 

into account. 

The clinical utility of fractional sensitivity compared to previous a-wave sensitivity 
measures 

Estimated fractional sensitivity declines with age similar to Hood and Birch’s a-wave based 

sensitivity, S109 suggesting that the parameters measure similar aspects of the rod 

photoreceptor function. A clinical benefit of fractional sensitivity compared to sensitivity is the 

ability to estimate the parameter from responses to a single stimulus energy rather than a 

series of stimulus energies.  Previous publications also suggested that the sensitivity 

parameter may not be as useful in an older population due to the decline (bottoming out) seen 

with normal aging.109 However, in Chapter 3, fractional sensitivities below the lower limit at 70 

years of age were measured in three subjects when using a 1 tailed confidence interval.  

What does estimated fractional sensitivity tell us about the biology of the outer 
retina?  

Robson and Frishman’s fractional sensitivity parameter and Hood and Birch’s a-wave model 

parameter S., both relay information about the kinetics and amplification of the visual 

transduction cascade in the outer segment.18 For example, an increase in a-wave slope is seen 
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with rhodopsin regeneration after bleach44 and the use of increasing bright stimuli on a dark-

adapted retina3 suggesting that S is related to the amount of available rhodopsin within the 

outer segment.  More details of how S changes in specific retinal disease had been difficult to 

determine. In the 90s when the Hood and Birch a-wave model was widely published, DNA 

analysis was not widely available and the cellular mechanisms of most inherited retinal 

diseases were not known.  In publications, the Hood and Birch model most commonly 

addressed changes to the rod photoreceptor function due to retinitis pigmentosa. We now 

know that retinitis pigmentosa can be the result of mutations in over 80 different genes118, 119 

resulting in misfolded rhodopsin protein to altered protein trafficking to the outer segment as 

seen in ciliopathies.120 Furthermore, the clinical and research value of S, the sensitivity 

parameter, as studied from rod-isolated a-waves was hindered by the fact that the amplitude 

parameter, Rmp3 was reduced prior to S in retinitis pigmentosa.52, 89  Many papers by Hood 

and Birch found that subjects with retinitis pigmentosa were more likely to show a deficiency 

in Rmp3 than S52, 89 and a greater decline overtime in log Rmp3 was seen in X-linked retinitis 

pigmentosa, a ciloppathy.52 However a decline in S was seen in human subjects with rhodopsin 

mutations contributed to a loss of amplification of transduction.89, 99  

Like S, fractional sensitivity would be expected to be abnormal due to defects in the visual 

transduction cascade. However, based on Robson’s theory that the rise time can also be 

altered by trans-retinal voltages at the level of the outer nuclear layer, it is possible that as 

photoreceptors die or changes occur to the outer retina causing a decrease in outer nuclear 

layer thickness and composition, that a decline in fractional sensitivity could be seen. 

Future Directions 

Estimating fractional sensitivity from the 10-90% rise time for a specific pupil 
diameter 

Fractional sensitivity, as described by Robson and Frishman, is calculated from an equation 

based on ideal response models.5 For clinic purposes, it would be convenient to have a simple 
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measure of sensitivity that does not rely on matching findings to model predictions.  With this 

in mind, we have questioned whether a simple metric akin to fractional sensitivity could be 

estimated from the 10-90% rise time alone. In Chapter 3, estimated fractional sensitivity, 

derived using model predictions from the 10-90% rise time vs retinal illuminance in R*/rod, 

indicated rod dysfunction in slightly more subjects than were indicated by implicit time elicited 

from a constant illuminance source of 30 cd.s/m2. We wondered how much of this difference 

could be due to the adjustment in calculating fractional sensitivity for retinal illumination, i.e. 

taking pupil size into account, and more generally could we use rise time and pupil size to 

quickly evaluate rod function? 

To quantify the effect of pupil area, on rise time, we compared 10-90% rise times elicited by 

the 30 cd.s/m2 flash in young healthy subjects, ages 20-29 years, with a range of pupil 

diameters (Fig. 4-1). We then assessed the difference in the upper limit of normal rise time for 

each decade of age by pupil diameter. For this purpose, we created a table of rise times for 

different pupil sizes for each decade of age (Table 4-1).  The estimated fractional sensitivity 

lower limit of normal for each decade was measured from the University of Houston healthy 

cohort lower 95% confidence one tailed interval (Fig. 3-2A).  

As shown in Fig. 4-1, most subjects within the 20-29 year age group had a pupil diameter of 8 

to 9 mm and the range of rise times within these pupil diameters were overlapping except at 

the extremes. However, two normal subjects with pupil diameters of 7 mm had rise times longer 

than subjects in the cohort with a pupil size of 8 mm or greater. Not taking pupil size into 

account in subjects with small pupils could cause erroneously abnormal results if based on 

rise time (or implicit time), while fractional sensitivity could be in the normal range. Last we 

determined the test-retest reliability of the 10-90% rise times in our test-retest cohort from 

Chapter 2 (n=20, ages 19-70) for the DA30 stimulus. The percent difference between rise times 

for the cohort was -0.88% ± 7.8, smaller than the percent difference between a-wave implicit 
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time (-3.0% ± 5.7). The 10-90% rise time could be a surrogate for fractional sensitivity. Pupil 

size should be considered when determining if a subject’s rise time is delayed, especially in 

the case of a small pupil. Figure 4-2 and Table 4-1 could be used as a guide to determine a 

subject’s age matched lower limit of rise time for a specific pupil diameter.  The Troland 

seconds equivalent for a DA30 flash for different pupil diameters are shown at the bottom of 

the table.  Troland seconds for a 10 mm vs a 7 mm pupil is greater by about a factor of 2, i.e. 

0.3 log units. 
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Figure 4-1. Rise time as a function of pupil diameter in young healthy subjects. 

Rise times in milliseconds as a function of pupil diameter in millimeters (mm)  for ERG 
responses to a 30 cd.s/m2 stimulus. The range of rise times for healthy subjects (20-29 years 
old) with pupil diameters of 8 and 9 mm was  similar, however normal subjects with pupil 
diameter, 7 mm, had rise times more than a millisecond longer than subjects with larger pupils 
(n=20). 
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Table and graphical representation of the differences in rise time associated with fractional 
sensitivity for each decade of life. Upper limit of rise times corresponding to the estimated 
fractional sensitivity (lower limit) by decade for flash energies of 30 cd.s/m2. 

Table 4-1. Rise time upper limits of normal for each decade and pupil diameter  

Figure 4-2. Rise time upper limits of normal for each decade and pupil diameter 
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Conclusion  

The experiments in this dissertation show that fractional sensitivity can estimate rod function 

in healthy subjects across ages and in subjects with cone dysfunction and/or degeneration. 

Fractional sensitivity, when obtained from analysis of an ERG a-wave in response to an 

achromatic flash, could provide a direct measure of rod function in the clinic once template 

curves are available.  
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Appendices 

Friedburg Graphs 

 

 

Figure A-1. Digitized mixed rod/cone and rod-isolated a-wave series 

For comparison, fractional sensitivity was measured for a digitized mixed rod/cone and rod-
isolated a-wave series from Friedburg et al.7  The averaged rod-isolated fractional sensitivity 
was 18% greater than the mixed rod/cone a-wave series fractional sensitivity for responses 
measured over a range of 1200 to 62000 scot Td s (24 to 1233 scotopic cd.s/m2. 
  



 

87 

Achromatopsia Supplemental Data 

Table A-1. Subject demographics

 

 

Demographics for subjects with achromatopsia (subjects 1-4) and one subject with blue cone 
monochromacy (subject 5). Subject 2 was misdiagnosed as an infant as having cone-rod 
degeneration and subject 4 was unaware of his diagnosis despite undergoing clinical testing. 
Subjects with achromatopsia ranged in age from 9 to 41 years old. Visual acuities range from 
20/100 to 20/200. Mutations, if identified, are listed. Not included is #6 a 15 year old subject 
with complete achromatopsia for whom ERGs were done, but other information is not available. 
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Figure A-2. Achromatopisa OCT and fundus photos  

OCT macular scans were obtained to evaluate changes in the fovea (left side). Subjects 1, 2, 
and 4 had varying amounts of foveal hypoplasia. Subjects 3, 4 and 5 had loss 
of/disorganization of cone outer segments within the fovea Fundus photos show range of 
foveal hypoplasia in subjects (right side). Subjects 1 and 3 did not have well demarcated fovea. 
Subjects 4 and 5 had increased foveal pigment. 
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(a) The ISCEV light-adapted (LA) 3.0 
and 30 Hz flicker response are shown. 
Subject number on the left corresponds 
to Table A-1 with the exception of 
subject #6 (not shown on demographic 
table due to lacking data). Scale bar 
represents 40 µV for all ERGs. Subjects 
with incomplete achromatopsia can 
have residual cone function as seen in 
the LA3.0 response for subject 3 and 30 
Hz flicker response for subject 2.  

  

Figure A-3. Achromatopsia ISCEV 
standard light-adapted responses 
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Figure A-4. Achromatopsia ISCEV standard dark-adapted (DA) and DA30 responses  

Dark-adapted (DA) ISCEV and high energy flash responses are shown left to right in increasing 
flash energy. Dark-adapted response amplitudes at or below the lower limit of normal include: 
subject 1, b-wave; subject 2, a-wave; subject 4 a- & b- wave. The blue cone monochromat had 
dark-adapted responses below the lower limit for all ISCEV dark-adapted parameters. DA30 
responses with fractional sensitivities are shown for all subjects. 
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LKC Normative Data 

Table A-2. LKC provided ISCEV standard normative database 

 

 

Age dependent limits of normal for ISCEV standard response amplitudes and implicit times for the LKC ERG sunburst with Burian Allen 
electrodes. Flash energy is shown in decibel (dB log = 2.3). -24 dB is approximately the 0.3 cd.s/m2 and 0 dB is approximately 3.0 
cd.s/m2.  

 

Limits of Normal
Amplitudes Implicit times 

Age (yrs) -24 dB 0dB (a-wave) 0 dB (b-wave) phot 0dB 30 Hz 0dB a-wave (ms) 0dB b-wave (ms) Photopic (ms) 30 Hz time
20.0 147 182 329 80 53 23.5 52.5 32.0 30.2
25.0 138 174 323 76 50 23.6 52.5 32.0 30.3
30.0 130 165 316 72 47 23.8 52.5 32.0 30.4
35.0 121 157 310 68 44 23.9 52.5 32.0 30.5
40.0 113 149 303 64 41 24.1 52.5 32.0 30.6
45.0 104 140 297 60 38 24.2 52.5 32.0 30.7
50.0 96 132 290 56 35 24.4 52.5 32.0 30.8
55.0 87 124 284 52 32 24.5 52.5 32.0 30.9
60.0 79 115 277 48 29 24.7 52.5 32.0 31.0
65.0 70 107 271 44 26 24.8 52.5 32.0 31.1
70.0 62 99 264 40 23 25.0 52.5 32.0 31.2
75.0 53 90 258 36 20 25.1 52.5 32.0 31.3
80.0 45 82 251 32 17 25.3 52.5 32.0 31.4
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Chapter 2 Supplemental Data  

 

 

 

Figure A-5 Bland-Altman plot of fractional sensitivity elicited by a 30 cd.s/m2 flash 
compared to mean fractional sensitivity   

Fractional sensitivity is expressed on the X axis as a proportion, rather than percent. The 
percent difference in fractional sensitivity (FS) between FS measured from the 30 cd.s/m2 
(DA30) flash response and mean FS for responses to the four flash energies  = 2.5% ± 10.5, 
95% repeatability coefficient was ± 20.6%, n=80, ages 11-72. 
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