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Abstract. The impact of a disease on phototransduction can be assessed by fitting the leading
edge of the rod a-wave to high-energy flashes with a quantitative expression. Two parameters
of rod receptor activity are obtained, S (sensitivity) and Rm (maximum response). In this study,
the meaning of these parameters and examples of conditions that change them were examined.
In addition, a new protocol was developed for obtaining these parameters. A set of three to
five white flashes were first presented in the dark and then on an adapting field (30 cd/m?).
Subtracting the light-adapted responses from the dark-adapted responses yielded isolated rod
a-wave responses. A clinical protocol was developed based on a single white flash energy. It is
possible to determine whether a disease is producing a change in S and/or Rm with this single
flash energy without the use of any equations.

Abbreviations: CRVO -~ central retinal vein occlusion; NVI - neovascularization of the iris;
Rm - maximum response; S — sensitivity.

Introduction

Receptor activity can be assessed in the human retina by means of the a-wave
of the electroretinogram (ERG). Although it has long been recognized that
the a-wave recorded from the vertebrate eye is associated with the massed
electrical activity of the receptors [1, 2], it is now possible to relate parameters
of the rod a-wave to parameters of rod photoactivity [3-8]. The purpose here
is (1) to explain the meaning of these a-wave parameters and to present
examples of conditions that change them, (2) to describe a new protocol for
deriving estimates of these parameters and (3) to suggest a simplified protocol
and analysis for use in the clinic.

The need to distinguish S (sensitivity) and Rm (maximum response)
changes

The techniques described here are for the clinical investigator interested in the
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Figure 1. An ERG response to a 2.0-log scot td-s, blue (W47A), 10-us flash presented in a
ganzfeld to a dark-adapted eye. The dashed curve is the fit of a receptor model and provides
an estimate of the receptoral contribution to the ERG [9].

Tollowing question: ‘How does a particular disease or treatment affect human
rod receptors?’ The traditional way to answer this question is to measure the
slope and/or the peak amplitude of the a-wave to flashes of moderate intensity.
Figure 1 shows the ERG response to a flash of moderate intensity (2 log scot
td-s) with an estimate of the receptor contribution labelled P3. Notice that
the peak a-wave amplitude does not represent the peak receptor response. In
addition, the rod a-wave of the human ERG to moderately intense flashes is
partially postreceptoral in original [9], as was originally shown for the cone
[10]. Further, as will be clear below, measures of the slope or amplitude of
the a-wave to lights of moderate flash energy cannot distinguish between two
different changes a disease can cause.

The two panels in Figure 2 illustrate two hypothetical, and very different,
effects that a disease process could have on the rod a-wave. The dashed curves
in both panels are the first 60 ms of the rod ERG to a brief, 1-ms, flash of light
of about 4.0 log scot td-s. This flash produces a maximum a-wave response
and is 100 times the intensity of the one used in Figure 1. First, assume a
disease process that decreases the sensitivity of the rods without changing
their maximum response. We will define a change in sensitivity S as one that
acts as if the flash energy were decreased. A change in S is simulated in the
normal subject of Figure 2 by showing the response (solid curve) to a flash
of light that is one-fourth (0.6 log unit) less intense than the fiash producing
the dashed curve.
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Figure 2. Two types of changes that a disease process could effect on the rod receptor and thus
on the leading edge of the rod a-wave (shown as bold). The dashed curve is the dark-adapted,
rod response to a flash of 4.0 log scot td-s. (Left) A change in sensitivity, S, is defined as
a change that acts as if the flash intensity were decreased. The solid curve shows the ERG
response to a flash that is one-fourth the intensity. The bold dotted curve labeled ‘model’ is
the fit of eq. 1 assuming that the flash intensity has not changed. (Right) A decrease in the
maximum response (Rm) is defined as a change that scales the entire leading edge (bold) by
the same factor. The solid curve shows a hypothetical ERG response created by dividing the
dashed curve by 4. The bold dotted curve labeled ‘model’ is the fit of eq. 1.

The right panel of Figure 2 illustrates a very different change in the rod
ERG, a change in the maximum response Rm. A change in Rm is defined as
one that decreases the a-wave at all times by a multiplicative factor. The solid
curve in the right panel of Figure 1 is the normal curve divided by 4.

A disease process can produce changes in one or both of these parameters,
S and Rm. The traditional measures of the a-wave (e.g., peak amplitude or
slope of responses as in Figure 1) do not do a good job of distinguishing
conditions that may produce one or both of these changes. First, in general,
the flash energies (see Figure 1) used are insufficient to produce maximum
rod a-wave responses, and thus S and Rm changes cannot be distinguished.
Second, a measure of the slope, even if applied to a response of maximum
amplitude, confuses S and Rm changes. Notice that the slope of the a-wave
in Figure 2 is decreased with a change in either S or Rm. Below we show that
S and Rm changes can be distinguished either by fitting a simple equation or
by qualitatively comparing waveforms.
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The rod model and the a-wave

The leading edges of the rod a-waves can be described by

P3(I,t) = {1 - exp[—I- S - (t — ta)’]} - Rmp3
for t>ty ¢))

where the amplitude names P3, named after Granit’s receptoral component,
is a function of flash energy I and time ¢ after the occurrence of a brief,
essentially instantaneous, flash. S is a sensitivity parameter that scales I
(flash energy); Rm is the maximum amplitude; and ¢4 is a brief delay [5-8].
Values of t; from different laboratories range from about 2.5 to 4 ms. Most of
this delay is a constant that depends on the filtering of the recording apparatus
and the duration of the test flash. The transduction process contributes only
about 1 ms (see Breton et al. [7] and Cideciyan and Jacobson [11] for a
discussion). Thus, in practice, t4 is a constant and studies of photoreceptor
activity are concerned with only two parameters, S and Rm (see note 1). With
care and the appropriate assumptions [8], these parameters can be related to
parameters of phototransduction in the Lamb and Pugh model [12].

The dotted curves in Figure 2 show the fit of the model to the hypothetical
curves. Note that eq. 1 is only fitted to the leading edge of the a-wave (bold
part). From this fit, changes in S and Rm can be obtained. A change in the
parameter S is equivalent to a change in flash energy (note the term I - S in
eq. 1). Also, a change in Rm is equivalent to scaling the entire response P3 by
a multiplicative constant. We will show below that these relationships allow
estimates of changes in S and Rm to be made without the need of an equation.

Applications

Below we show three applications to illustrate conditions that affect only S,
only Rm and neither S nor Rm. For each example, the responses and the fit
of eq. 1 are presented in Figure 3. The responses to a single flash energy in
Figure 4 illustrate that the key conclusions can be made with a single flash
energy and without fitting a model.

Central retinal vein occlusion.  The solid curves in upper panels of Figure
3 show the ERG responses from the normal and the affected eye of a patient
with central retinal vein occlusion (CRVO) [13]. Each record is for a different
flash energy (see figure caption). The dashed curves show the fit of the model
(eq. 1). This patient had a large decrease in S (one-third of normal) and very
little change in Rm. She developed neovascularization of the iris (NVI). In
general, patients with CRVO who develop NVI have decreased values of S
but relatively normal values of Rm [13]. The change in S in these patients may
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Figure 3. (A, B) Dark-adapted ERGs from a patient with CRVO who developed NVI. The
stimuli were 1-ms, white flashes that ranged in energy from 2.6 to 4.3 log scot td-s. The dashed
curves are the fit of eq. 1. The values of log S and log Rm were 1.34 and 2.59 in the unaffected
eye and 0.87 and 2.54 in the affected eye. The calibration bar is 50 £V (modified from Johnson
and Hood [13]). (C, D) Rod-only ERG responses to a blue (W47B), 1-ms flash presented in
the dark (panel C) or on a 2.7-log scot td white background (panel D). The flash energies
ranged from 3.2 to 4.5 log scot td-s (modified from Hood and Birch {19]). (E, F) Dark-adapted
rod-only ERG responses to a blue (W47B), 1-ms flash that ranged in intensity from 2.0 to 3.9
log scot td-s are shown for a normal subject (panel E) and from a patient with so-called cyclic
guanosine monophosphate (cGMP) supernormal b-waves and for three normal subjects. The
dashed curves are the fit of eq. 1. The values of log S and log Rm were 1.26 and 2.63 in the
normal subjects and 1.16 and 2.47 in the patient. The calibration bar is 100 1V (modified from
Hood et al. [20]).



258

A. | CRVO with NVI B. Normal Light Adaptation

light adapted

unaffectedeye | Svoio-..

dark a&d .

1
0 10 20 30 40 50 60 0 5 10 13
time (ms) time (ms)

C. cGMP type D. cGMP type
Normalized

4 patients

PR P

or® LT
- .
0% gea"""
Sofue

avae
.....

. -
- PR
e Yoo

3 controls

time (ms) time (ms)

Figure 4. (A) CRVO. The responses are from Figures 3A and B to a 4.3-log scot td-s flash.
(B) Adapting field. The responses labeled ‘dark-adapted’ (dashed) and ‘light adapted’ (bold
solid) are the responses to the 4.5-log scot td-s flash from Figures 3C and D. The other curve is
the solid curve multiplied by 3.9 to bring the peak in line with the dark-adapted response. (C)
Cyclic guanosine monophosphate (cGMP) type. The rod-only responses to a 3.9-log scot td-s,
blue (W47B), 1-ms flash are shown for four patients with so-called cCMP type supernormal
b-waves and for three normal subjects (modified from Hood et al. [20]). (D) cGMP type. The
records from panel C normmalized to have the same maximum a-wave at 10 ms.

result from a slowing of one or more of the steps of phototransduction such
that the amplification or sensitivity of transduction is decreased. Presumably
these changes are secondary to an oxygen gradient that has been compromised
enough to affect the receptors. Interestingly, other conditions that may produce
hypoxia of the receptors have also been shown to produce changes in S [14-
17], and Reynaud et al. [18] suggested that metabolic acidosis may be the
cause.

Figure 4A shows that the change in S in the affected eye can be detected
with the response to a single flash and without fitting eq. 1. The responses
from the unaffected and affected eyes are shown for a single flash energy of



259

4.3 log scot td-s. Note the similarity to Figure 2A. The value of Rm is about
the same in both eyes, and S has clearly been decreased.

Steady adapting fields.  Figures 3C and D show a condition that mainly
changes Rm (modified from Hood and Birch [19]). The response from a
normal observer to a range of flash energies (see figure caption) are shown
for the flashes presented in the dark (C) and on an adapting field of 2.7 log
scot td. The dashed curves are the fit of eq. 1 and show that Rm is reduced by
more than 75% (0.64 log unit) while S changes by less than 10%. The reduced
Rm was hypothesized to be caused by the polarization of the membrane by
the steady field (response compression) [19]. As above, Figure 4B illustrates
that this conclusion can be reached with a single flash energy and without
fitting eq. 1. The bold dashed and solid curves in Figure 4B are the response
from Figures 3C and D and to a 4.5-log scot td-s flash. The solid curve was
produced by multiplying the response in the presence of the adapting field by
3.9 to normalize the response to the dark-adapted value. By comparing these
two responses to Figure 2, we conclude that there is a large change in Rm and
little or no change in S.

‘Cyclic guanosine monophosphate type’ delayed ERGs.  Figure 3F shows
records from a patient with delayed and supernormal rod b-waves (modified
from Hood et al. [20]). This unusual retinal dystrophy was described in two
siblings by Gouras et al. [21] in 1983 and has since been reported in a number
of other studies [22-27]. Some had argued that the large delays of the b-waves
were caused by a transduction process that has been slowed secondary to
elevated levels of cyclic guanosine monophosphate in the rod photoreceptors
[e.g., 21,23, 25]. If the cause of these delays is a slowed transduction process,
then this should result in a decreased value of S. A recent study [20] fitted
eq. 1 to the rod a-waves from four of these patients and showed that S was
normal. The results for one of the patients in this study are shown in Figure
3F. The fit of the model (dashed curves) shows an S value that was close to
normal (see figure caption). Figure 3E shows the fit to a normal subject from
the same study. Figures 4C and D illustrate how the same conclusion can be
reached with the response to a single flash and without eq. 1. The records
in panel C are the responses to a 3.9-log scot td-s flash from four normal
subjects and four patients. In Figure 4D, these records are normalized to have
the same amplitude at about 10 ms. We can conclude that although some of
the patients have smaller values of Rm, they all have normal values of S.
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Protocols

Background

To study rod receptor activity by fitting eq. 1, protocols have been designed
to isolate rod a-waves to relatively high flash energies. Protocols devised to
estimate the parameters S and Rm have to be concerned with the following
three factors: One, the flashes must be intense enough to allow a good estimate
of Rm. (If flash energies are too high, then the value of S changes and this
must be taken into consideration [7, 11].) Two, cones can contribute to the
a-wave, and their contributions can be substantial in the case of patients
with selective damage to the rods [8]. Three, preretinal filtering secondary
to yellowing of the lens or cornea can affect the estimate of S, especially if
blue flashes are used and older populations are studied. The procedures for
addressing these concemns vary among studies and are partially influenced by
commercial equipment that in some cases limits the range of flash energies
available and/or the use of spectrally filtered light.

The protocols in the literature fall into two categories: some use white
flashes and assume that the cone contamination is relatively minor [7] or at
least unimportant for the condition under study (e.g. [13]), while others use
red flashes to explicitly measure the cone contributions (e.g. [4, 6, 8, 11]). The
major advantage of the latter protocol is that it maximizes rod-cone separation
by using blue and red lights and thus allows cone responses to be measured
in essentially a dark-adapted state. One disadvantage is that it is difficult to
implement on some commercially available systems because of insufficient
light intensity and/or the difficulty involved in adding spectral filters. A second
disadvantage involves the difficulty of obtaining a photopic match between
the blue and red flashes for each subject. Matches will vary across subjects
because of variations in preretinal screening. However, in practice, a single
photometric match is usually assumed. Further, if the experimenter wants to
obtain a series of cone a-waves that are suitable for fitting with a cone model
[11, 28, 29], then these red flashes are not intense enough and an additional
series of red flashes on a more intense background to suppress the rods must
be run.

A protocol using white light

It is possible to measure both rod and cone a-waves by means of a single
series of white flashes. In this protocol, a series of white flashes are first
presented in the dark. The responses to flashes from 3.6 to 5.0 log scot td-s
are shown in Figure 5 (left) as the solid curves; each is the average of two
responses (see note 2). To obtain an estimate of the cone contribution to these
responses, the same flashes are then presented on a steady field of about 30
cd/m? (ISCEYV standard white background). Previous work suggests that this
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White Flash Protocol
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Figure 5. (Left) Dark-adapted (solid) and light-adapted (dashed) responses to 1-ms, white
flashes ranging in energy from 3.6 to 5.0 log scot td-s. Each response is the average of two
presentations. The calibration bar is 100 4V and applies to both panels. (Right) Rod-only
responses created by subtracting the light-adapted (l.a.) responses from the dark-adapted (d.a.)
responses. The dashed curves are the fit of eq. 1 to the three responses to the lowest flash
energies shown as bold.

background of about 3.3 log scot td (8-mm pupil) reduces the rod a-wave to
close to zero [5, 19] and has a very small effect on the cone a-wave [29]. The
response to these white flashes (average of 12 in Figure 5) are shown as the
dashed curves in the left panel. These same responses are shown in Figure
6 on an expanded response scale along with the response (solid curve) to a
red (W26) flash set at the maximum intensity available. There is no sign of
a rod contribution to the responses to the white flash. The response to the
red flash matches the response (bold dashed curve) to the photometrically
equal white flash. The waveforms of the responses have the characteristic
shape of cone responses [28, 29]. Further, they cannot be fitted by the rod
model but can be fitted by a model of cone phototransduction as previously
described for responses to red flashes [28]. Although one cannot rule out the
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Figure 6. The dashed curves are the light-adapted responses from the left panel of Figure 5.
The solid curve is the response to a red (W26) flash of 3.6 log td-s. The calibration bar is 25uV.

possibility that the responses in Figure 6 will be partially contaminated by rod
contributions in some unusual disease states, this procedure for estimating the
cone contribution should be adequate for nearly all conditions. When there is
concern about rod contributions, monochromatic stimuli can be used and/or
the two-flash technique described by Birch et al. [30] employed.

The solid curves in the right panel of Figure 5 are the rod-only responses
obtained by subtracting the response in the light (dashed curves in the left
panel) from the response in the dark (solid curves in the left panel). The dashed
curves are the fit of eq. 1 to the responses to three lowest flash energies (bold
curves). The range of flash energies could be extended to lower levels, but
the three responses are sufficient to give good fits under most conditions. The
model is fitted to the responses up to flashes of 4.3 log scot td-s for patients
with normal vahies of S, but should be fitted to higher flash energies if S is
substantially elevated (see note 2).

To summarize the protocol, the following are the key elements: (1) Use
at least four flash energies — three at and below 4.3 log scot td-s and at
least one above if the condition under study decreases S. (2) Present the same
series in the dark and on a white background of about 30 cd/m?. (3) Average
one to three dark-adapted responses and 10 to 20 light-adapted responses;
more may be needed when patients with retinal diseases that reduce z-wave
amplitudes are studied. (4) Obtain rod-only response by computer subtracting
the light-adapted from the dark-adapted responses. (5) Fit the rod model to
the responses to flashes up to 4.3 log scot td-s, higher for a patient if the value
of S is depressed (see note 2). (Note: the purpose of the flashes above 4.3
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log td-s is to allow the same range of I-S to be fitted in patients and normal
subjects.) (6) (optional) The maximum cone amplitude can be measured and
compared to that of the rods. (7) (optional) One of the advantages of the
white flashes is that the photopic effectiveness of these flashes is sufficient
to produce maximal cone activity. Parameters of cone phototransduction can
be obtained by fitting a model to the light-adapted series in Figure 6 [11, 28,
29].

A clinical protocol using a single white flash energy

It is clear from Figure 4 that changes in S and Rm can be distinguished with a
single flash energy. For a clinical protocol, a single flash energy can be used.
A white flash of about 4.3 log scot td-s (see asterisk in Figure 5) is a good
choice. (This corresponds to a flash of 200 cd-s/m?> when viewed with an
8-mm pupil.) This flash should be presented once or twice in the dark. Then
the same flash is presented on an ISCEV steady background of 30 cd/m?
and averaged until a clean record is obtained. The light-adapted cone a-wave
provides an estimate of the cone contribution to the dark-adapted response.
The dark-adapted responses with or without this cone contribution subtracted
can be compared as in Figure 4 to a group of normal subjects without fitting
an equation. By simply scaling the response as in Figure 4, an estimate of
the change in Rm can be obtained. Further, by comparing the position of the
scaled waveform to the responses to a few flash intensities, an estimate of the
change in log S can also be obtained. Alternatively, with the use of any one
of a number of spreadsheet programs, eq. 1 can be fitted to the dark-adapted
or rod-only response and the values of S and Rm estimated. (The value of #,4
can be held constant for this fit. See note 2.)

This protocol has three advantages: One, it is efficient in that a single
flash energy gives information about both maximum rod and cone activity.
Two, it is easy to implement on commercially available equipment. Three,
it allows either a qualitative or a quantitative estimate of changes in S and
Rm. Finally, note the advantage of this flash energy compared to the ISCEV
standard white flash, which is about 100 times weaker. Now the complete
view of the receptor-driven a-wave is possible (see note 3).

Distinguishing among alternative explanations of receptor damage

The procedures described above provide estimates of two parameters of the
rod a-wave. With careful assumptions, these parameters can be related to
parameters of the initial phases (activation) of rod phototransduction [8, 11,
31, 32]. However, there are only two parameters, and each can be modified by
a number of possible disease mechanisms. Thus, by themselves these param-
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eters cannot distinguish among a number of different altematives for the
changes. For example, in addition to changes in the amplification or speed
of transduction, changes in S have been attributed to preretinal absorption
and to a decrease in the density of rthodopsin in individual discs. In addition
to response compression, mentioned above in the context of light adapta-
tion, changes in Rm have been attributed to the loss of large sections of the
retina and shortened outer segments. For example, most patients with retini-
tis pigmentosa [e.g. 6, 8, 31-34] as well as the animal models for retinitis
pigmentosa [e.g. 35, 36] show changes in Rm presumably because of some
combination of loss of regions of receptors and local losses of rod outer seg-
ment membrane. To distinguish among the various alternative hypotheses,
other measures must be added. Among the other measures that have or could
be used are measures of preretinal absorption, b-wave (or derived P2) implicit
times and amplitudes [e.g. 31, 32, 37], densitometry, deactivation [30], visual
fields [e.g. 32] and focal ERGs, as well as computer simulations [31, 38].
Thus, although the a-wave technique described here cannot by itself answer
all questions about the mechanisms damaging rod photoreceptors, in con-
Jjunction with other techniques it offers a way to answer the question, ‘How
does a particular disease or treatment affect human rod receptors?’
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Notes

1. Three quantitative descriptions have been fitted to the leading edge of the
rod a-wave. All three have parameters that can be equated to S and Rm.
The modified Baylor et al. [39] model used by Hood et al. [4, 9, 32] has the
advantage of describing the entire underlying receptor waveform, but it does
not do as well at capturing the leading edge nor is it as easily related to the
parameters of phototransduction of the single rod as are the other two. The
Lamb and Pugh model on which eq. 1 is based is mathematically the simplest
and is the one we use here. A recent version of the Lamb and Pugh model
by Cideciyian and Jacobson [11] is computationally more difficult but has
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the advantage of providing better fits to the responses to very high-energy
flashes.

2. As a general rule of thumb, the range can be expressed in values of log
(I-S) from about 4.6 to 6.0. This allows for a good selection of a range of flash
energies even for animal work, where S is different from the value for normal
human subjects but the equivalent value of I-S is not [35, 36]. Equation 1 will
provide a good fit up to a value of log (I-S) of about 5.3 or more. The model
of Cideciyan and Jacobson [11] can be used if fits to higher flash energies are
desired.

Further, for this range of I-S values and for nearly all disease conditions,
tq will not change in any detectable way and will be constant for a given
apparatus (see above). Thus, the best estimates of a patient’s S and Rm values
can be obtained if ¢4 is first determined for a group of normal subjects and
then set to that value for the fitting of the patient data.
3.1thas been suggested that the leading edge of the a-wave to the high-energy
series has a nonreceptor component from the off-bipolars [40]. However, the
leading edge of these a-waves, unlike the a-waves to lower flash energies (see
Figure 1), behave in every way like the rod photoreceptors. In particular, both
the leading [3-8] and trailing edges are described by receptor models [41],
and the léading edge is affected only by background intensities that affect the
rod receptors. Thus, if there is a nonreceptor component, it is behaving like
the receptors and will not change the conclusion from the analysis here under
most conditions.
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