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Abstract

Purpose To study how rod- and cone-driven

responses depend on stimulus size in normal subjects

and patients with retinitis pigmentosa (RP), and to

show that comparisons between responses to full-field

(FF) and smaller stimuli can be useful in diagnosing

and monitoring disorders of the peripheral retina

without the need for lengthy dark adaptation periods.

Method The triple silent substitution technique was

used to isolate L-cone-, M-cone- and rod-driven ERGs

with 19, 18 and 33% photoreceptor contrasts, respec-

tively, under identical mean luminance conditions.

Experiments were conducted on five normal subjects

and three RP patients. ERGs on control subjects were

recorded at nine different temporal frequencies (be-

tween 2 and 60 Hz) for five different stimulus sizes:

FF, 70�, 60�, 50� and 40� diameter circular stimuli.

Experiments on RP patients involved rod- and L-cone-

driven ERG measurements with FF and 40� stimuli at

8 and 48 Hz. Response amplitudes were defined as

those of the first harmonic component after Fourier

analysis.

Results In normal subjects, rod-driven responses

displayed a fundamentally different behavior than

cone-driven responses, particularly at low temporal

frequencies. At low and intermediate temporal fre-

quencies (B 12 Hz), rod-driven signals increased by a

factor of about four when measured with smaller

stimuli. In contrast, L- and M-cone-driven responses

in this frequency region did not change substantially

with stimulus size. At high temporal frequencies

(C 24 Hz), both rod- and cone-driven response ampli-

tudes decreased with decreasing stimulus size. Signals

obtained from rod-isolating stimuli under these con-

ditions are likely artefactual. Interestingly, in RP

patients, both rod-driven and L-cone-driven ERGs

were similar using 40� and FF stimuli.

Conclusion The increased responses with smaller

stimuli in normal subjects to rod-isolating stimuli

indicate that a fundamentally different mechanism
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drives the ERGs in comparison with the cone-driven

responses. We propose that the increased responses

are caused by stray light stimulating the peripheral

retina, thereby allowing peripheral rod-driven func-

tion to be studied using the triple silent substitution

technique at photopic luminances. The method is

effective in studying impaired peripheral rod- and

cone- function in RP patients.

Keywords Rods � Cones � Stimulus size �
Electroretinogram � Retinitis pigmentosa

Introduction

It is known that ERGs driven by different photore-

ceptor types exhibit substantially different luminance

and chromatic sensitivities [1]. Hence, selective

isolation of photoreceptor responses is vital for

studying the functional characteristics of each pho-

toreceptor type and the processing pathways to which

they transmit their signals. The silent substitution

technique [2–4], based on the principle of univariance,

is a paradigm that enables the almost complete

isolation of activity from specific photoreceptor sub-

types, if the stimulator used is equipped with the same

number of primaries as the number of different

subtypes (i.e., four primaries are needed for the human

retina) [5]. This technique not only allows each

subtype to be stimulated with known strengths (i.e.,

amount of photoreceptor excitation expressed in terms

of a cone or rod contrast) but also permits the

comparison of different subtype-specific responses

under identical states of adaptation [6]. The method

has been used extensively in recent years as a means to

analyze the physiological and psychophysical behav-

iors of each photoreceptor type, and the post-recep-

toral mechanisms to which they contribute [6–8].

Challa et al. [9] and Jacob et al. [10] revealed the

potential spatial variation of the L- andM-cone-driven

ERG profiles. ERGs recorded at temporal frequencies

of 30 Hz and above, using full-field stimuli, yielded

larger L/M ratios than those recorded with spatially

restricted stimuli [9, 10], indicating that the peripheral

retina is more strongly L-cone dominated than the

central retina. This correlates with the change in the

ratio of L- to M-opsin messenger RNA with retinal

eccentricity [11]. Furthermore, response amplitudes

monotonically decreased in proportion to stimulus

size. In comparison, L/M ERG ratio was about unity at

low temporal frequencies (12 Hz and below) [9, 10]

and did not vary substantially with stimulus size. The

response amplitudes were stable for circular stimuli

down to 10� in diameter. Only for stimuli smaller than

10� in diameter, the response amplitude decreased and

the phase changed with decreasing stimulus size [12].

To further these studies, it is also important to look

at rod-driven ERGs, as they too play a vital role in

basic and ophthalmological investigations. Low sco-

topic illumination under dark adaptation conditions

allows the rod-driven function to be recorded.

Recently, it was found that pure rod-only responses

could be obtained up to mean retinal illuminances of

around 800 Td using moderate temporal frequen-

cies\ 20 Hz and silent substitution stimuli [13, 14].

As seen in Maguire et al. [13] Fig. 5, beyond this

luminance there was a qualitative change in the ERG

signals, clearly indicating the intrusion of cone-based

signals. Nevertheless, this opens up the possibility to

study physiological mechanisms and pathophysiolog-

ical changes in pathways that receive substantial rod

inputs without the need for lengthy dark adaptation.

Retinal disorders that may affect rod photoreceptor

function, like retinitis pigmentosa (RP), congenital

stationary night blindness (CSNB) and age-related

macular degeneration (AMD), are monitored in clinics

by assessing rod-mediated vision in patients with

conventional dark-adapted ERGs [15–17]. The use of

silent substitution stimuli may, therefore, be interest-

ing for studying rod function in these diseases also at

photopic conditions. Many diseases such as RP and

AMD are thought to affect some parts of the retina

more than others. It, therefore, will be interesting to

use spatially restricted stimuli to study these diseases.

Until now, rod ERGs has been measured with full-field

stimuli. As rods are unevenly distributed over the

retina and absent in the fovea, it would be interesting

to explore how their ERG signals, measured over a

broad range of temporal frequencies, change with

different spatially restricted stimuli compared to

ERGs mediated by L- and M-cones. In these

retinopathies, there may be benefits from substantially

increasing luminance, especially when fields are

smaller, and the theme of this paper is to establish

the feasibility of this approach.

Therefore, in the present study, we investigated the

spatial properties of rod-driven ERGs generated by
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silent substitution stimuli of varying temporal fre-

quencies and luminance and compared them with

those driven by L- andM-cones in normal subjects and

in RP patients. The spatial variation of L- andM-cone-

driven ERGs was consistent with previous findings in

normal subjects [10]. Data presented here showed that

rod ERGs were recordable in normal subjects with

spatially restricted stimuli for temporal frequencies

below 20 Hz at a very high luminance (284 cd/m2)

and with a high signal-to-noise ratio. In these condi-

tions, the responses with spatially restricted stimuli

were substantially larger than those to full-field

stimuli. We propose that the responses are the result

of indirect stimulation of the peripheral retina through

stray light. At higher temporal frequencies, the

putative rod responses are probably influenced by

residual cone stimulation. In RP patients, we find

indications that rods and cones are affected in the

peripheral retina.

Methods

Subjects

Experiments were conducted on five normal subjects

(age 29–57 years) and three RP patients (P1, P2 and

P3; age 41–53 years). All normal subjects underwent a

complete ophthalmological investigation and had

normal color vision according to Farnsworth-Munsell

D-15 color arrangement test and an Heidelberg Multi

Color anomaloscope (Oculus Optikgeräte GmbH,

Wetzlar, Germany). The RP patients were recruited

from the retinal clinic of the University Hospital

Erlangen. All patients underwent a complete clinical

examination by an ophthalmologist, including best-

corrected visual acuity, slit-lamp examination, elec-

troretinography according to the standards of the

International Society for Clinical Electrophysiology

of Vision (ISCEV) [18], Goldman perimetry, optical

coherence tomography (Spectralis OCT, Heidelberg

Engineering, Heidelberg Germany) and fundus exam-

ination. All patients had a typical fundus appearance

with bone spicules, characteristic visual field changes

and highly reduced amplitudes in the ISCEV ERG

allowing a clinical diagnosis of RP (see Table 1).

Genetic tests were not performed. The disease was

classified according to the pedigree as sporadic

(simplex type) (P1 and P2) and autosomal recessive

(multiplex type) (P3).

For the ERG recordings, the right eye of each

subject was dilated with a drop of 0.5% tropicamide

(Pharma Stulln). DTL fibers were used as active

electrodes, placed on the lower conjunctiva and

attached close to the inner and outer canthi. Ground

and reference gold cup electrodes filled with electrode

paste (DOWeaver & Company, USA) were placed on

the forehead and ipsilateral temple, respectively, after

the skin was scrubbed with Nuprep abrasive skin

preparing gel (DO Weaver & Company).

All subjects were informed about the protocol and

the purpose of experiments, and written consent was

obtained. The experiments conducted in this study

were in accordance with the tenets of the Declaration

of Helsinki, and the protocol was approved by the

local institutional ethics committee (medical faculty of

the University Erlangen-Nürnberg).

Stimuli

The visual stimuli were generated with a Ganzfeld

stimulator (Q450SC, Roland Consult, Brandenburg,

Germany) that contained six differently colored

light emitting diode (LED) arrays. The stimuli

were controlled by a RETIport system (Roland

Consult), which had the flexibility to independently

control the mean luminance, contrast, phase and

waveform of a light stimulus generated by each

Table 1 Clinical characteristics of the three RP patients

ID Age Sex Type Sph. Eq. BCVA

[logMar]

CME Visual field:

goldman III4

Dark-adapted

3.0 cd s/m2 flash

Light-adapted

flicker

P1 41 F Simplex - 3.00 dpt1 0.40 a Ring scotoma Extinct Extinct

P2 44 M Simplex ? 4.75 dpt 1.40 a Ring scotoma Extinct Extinct

P3 53 M Multiplex ? 9.25 dpt 0.60 p Constricted: 15� Extinct 1.59 lV

Sph. Eq. spherical equivalent, BCVA best-corrected visual acuity, logMAR log10 of the minimum angle of resolution, CME cystoid

macular edema (Spectralis OCT): a absent; p present
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LED array. In the present study, the red, orange,

green and blue LEDs were used to stimulate single

photoreceptor types using the triple silent substitu-

tion paradigm [2, 3]. The emission spectra of the

LEDs were measured using a CAS 140 spectrora-

diometer (Instrument Systems, Germany). The

spectral outputs ± half bandwidth at half height

were 638 ± 9, 594 ± 8, 523 ± 19 and

469 ± 11 nm for red, amber, green and blue

LEDs, respectively. With the emission spectra

and the photoreceptor fundamentals [1], mean

photoreceptor excitations (expressed in cone or

rod Td) and excitation modulation (expressed in

cone or rod Michelson contrasts) were calculated

via a linear transformation. The inverse transfor-

mation was used to determine the LED contrasts

for a stimulus with desired cone or rod contrasts

[3, 5, 6]. Three different stimulus combinations

were generated to isolate L-cone-, M-cone-, and

rod-driven responses at 19, 18 and 33% photore-

ceptor contrast, respectively. The luminance of the

four primaries were: red (638 nm) 80 cd/m2, amber

(594 nm) 160 cd/m2, green (523 nm) 40 cd/m2 and

blue (469 nm) 4 cd/m2 giving a mean luminance of

284 cd/m2 for all three stimulus conditions. The

mean chromaticity was also the same for all three

stimulus conditions with 1931 CIE coordinates;

x = 0.5951 and y = 0.3857. As a result, the state

of adaptation was the same in all measurements. In

a control experiment, additional mean luminances

between 2.5 and 142 cd/m2 were used.

ERG responses in normal observers were recorded

for five different spatial stimulus configurations, viz.,

full-field (FF; no blockade of the light path except by

the anatomical structures such as the nose or the eye

brows) and 70�, 60�, 50� and 40� diameter circular

stimuli. The spatial stimulus configurations were set

up using black cardboard frames with various aperture

sizes, placed at a 3 cm distance from the observer [10].

For each stimulus size, L-cone-, M-cone- and rod-

driven ERG responses were recorded at nine different

temporal frequencies: 2, 4, 8, 12, 16, 24, 36, 48 and

60 Hz. The recordings were performed over three

sessions to minimize fatigue. In the RP patients, a

subset of these stimuli was employed: rod- and

L-cone-driven responses were measured with full-

field and 40� stimuli. The temporal frequency was 8

and 48 Hz for the L-cone-isolating condition and 8 Hz

for the rod-isolating condition.

ERG recordings

ERG signals recorded from subjects were amplified by

a factor of 106, band-pass-filtered between 1 and

300 Hz cutoff frequencies, digitized with 2048 Hz

sampling rate, averaged over 40–160 cycles (of 1 s

each, excluding the first two cycles after stimulus

onset to avoid onset artifacts) and stored by the

RETIport system. The impedance of active and

reference electrodes was maintained below 5 KX
during measurements.

During offline analysis, the signals were Fourier-

analyzed using a custom-written MATLAB script

(R2011b, MathWorks, Massachusetts, USA), to

extract the amplitude and phase of the fundamental

frequency (f) component. Subsequent analyses were

performed using Microsoft Excel 2010. The noise in

the present experiment was defined as the average of

amplitudes at the frequencies adjacent to the stimulus

frequency (f ? 1 and f - 1 Hz). The phases of ERG

signals were discarded for further analysis when the

signal-to-noise ratio (SNR) was smaller than two [19].

The fast Fourier transform (FFT) returns response

phase in modulo of 360�. To estimate the absolute

phase, it was assumed that for a particular temporal

frequency, phases in all photoreceptor-driven

responses were as close to each other as possible at a

particular temporal frequency. Furthermore, the phase

lag at a particular temporal frequency was larger than

the phase lag in the adjacent lower frequency. Finally,

the phases of the responses from all subjects to a

particular stimulus were assumed to be less than 180�
apart.

Results

Normal subjects

Figure 1 shows representative averaged responses to

rod-isolating stimuli at three (of nine) temporal

frequencies recorded from one subject for all the

spatial stimulus configurations employed. At low

temporal frequencies (2 and 8 Hz), rod responses to

the spatially restricted circular stimuli were substan-

tially larger than those to FF stimulation. Furthermore,

the responses to the circular stimuli were of similar

magnitude independent of aperture size. In contrast,

the response to supposedly rod-isolating 48 Hz FF
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stimuli was larger than those to the circular stimuli,

which were barely distinguishable from noise.

Figure 2 shows group-averaged amplitudes (aver-

age ? SD; one sided because of the logarithmic scale

of the amplitude axis) of the rod-, L- and M-cone-

driven responses (defined as the fundamental compo-

nent), elicited with the different stimulus sizes, plotted

as a function of temporal frequency. In agreement with

previously published results from our group [10],

responses elicited by L- and M-cone-isolating stimuli

at temporal frequencies up to about 16 Hz had similar

amplitudes that, in addition, did not change much with

stimulus size. At temporal frequencies above 16 Hz,

L-cone-driven responses were larger than M-cone-

driven ones, with the amplitudes of both showing a

positive correlation with stimulus size. Differing ERG

characteristics between low and high temporal fre-

quency data have also been regularly reported in our

previous findings [6, 10, 20, 21], which showed that

two distinct mechanisms are involved in the genera-

tion of ERGs at these two frequency ranges.

The noise did not vary with stimulus size. Hence,

noise data obtained from each subject at different

stimulus sizes were averaged. It increased with

decreasing temporal frequency indicating the presence

of 1/f or ‘pink’ noise.

The rod-driven responses displayed a fundamen-

tally different dependency on stimulus size than the

cone-driven responses. As observed in the recordings

shown in Fig. 1, responses at low temporal

Fig. 1 A representative rod-driven ERGwaveforms recorded from one subject (JK). Responses to three (of 9) temporal frequencies (2,

8 and 48 Hz) and five different stimulus sizes (40�, 50�, 60�, 70� and FF) are shown. Rod contrast; 33%, mean luminance; 284 cd/m2
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frequencies for FF stimuli were barely above the noise.

At temporal frequencies below 16 Hz, the responses

increased strongly when stimulus size was restricted to

70� rather than FF. A further decrease in stimulus size

did not result in substantial changes in response

amplitude. At low temporal frequencies, response

amplitudes were about a factor of four larger when a

smaller stimulus was used compared to FF stimula-

tion. The data suggest that the responses mainly stem

not from direct stimulation of the central retina but

from stray light impinging on the peripheral retina,

which is of course of considerably lower luminance.

At temporal frequencies above 30 Hz, rod-driven

responses decreased with decreasing stimulus size. A

previous study suggested that stray light has a small

influence on L- and M-cone-driven ERGs because the

use of a white instead of a black surround resulted in a

slight reduction in absolute response amplitudes of L-

and M-cones [10]. In the present study, the experi-

ments were conducted in a dark room and black

cardboard was used for the field stop.

Figure 3 displays the stimulus size dependency of

L-cone-, M-cone- and rod-driven ERG amplitude. FF

responses were excluded because the size was difficult

to estimate. The amplitude of each response type

(excluding those to FF) is plotted as a function of

circular stimulus diameter on a double logarithmic

scale. At low temporal frequencies (8 and 12 Hz;

Fig. 3; top panels), amplitude did not show a signif-

icant dependency on stimulus size. Please note that

because FF data are not included, the smaller response

amplitudes for FF rod-isolating stimuli cannot be

observed in the plot. A positive correlation between

the response amplitude and stimulus size was, how-

ever, apparent at 24 and 36 Hz. This is an additional

indication that the responses are actually driven by

residual cone activity. The positive correlation at 36

Hz of cone-driven response amplitudes with increas-

ing stimulus size (i.e., L-cone slope = 1.71 and

M-cone slope = 1.69 with R2 = 0.78 and 0.82,

respectively) was comparable to that described previ-

ously [10], whereas this is the first study to reveal the

correlation between stimulus size and responses

mediated by rod photoreceptors.

Figure 4a (left column) displays the averaged ERG

response phase (? 1 SD) plotted as a function of

temporal frequency for the five different spatial

stimulus configurations. Figure 4b (right column)

shows the same data, but here the response phase

elicited by the different photoreceptor-isolating con-

ditions is shown for FF and 70� diameter stimuli.

Furthermore, a slope analysis was employed to

describe the phase data in Fig. 4 and plotted in

Fig. 5. Each data point in the plot represents the phase

change divided by the frequency change at four

Fig. 2 Averaged amplitudes (? SD) of L-cone-, M-cone- and

rod-driven responses from the five observers recorded with five

different stimulus sizes at a mean luminance of 284 cd/m2

plotted as a function of temporal frequency. Amplitudes and

frequencies are presented in log scale
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adjacent temporal frequencies, calculated by perform-

ing regression fitting. These regressions, given as a

function of the mean of the temporal frequencies, are

given as an estimate of the local slopes at the temporal

frequencies. In the low-frequency range (2–16 Hz),

the rod response phase (bottom panel) decreased

strongly with increasing temporal frequency, particu-

larly for spatially restricted stimuli. The cone-driven

response phases were similar to previous data [22].

The slopes at temporal frequencies above about 16 Hz

were less steep for the cone- and rod-driven responses,

indicative of a change in underlying physiological

mechanisms. Furthermore, the FF rod-driven

responses had a distinctly different phase relationship

with higher frequencies compared to those measured

with smaller stimuli.

In agreement with previous data [22], M-cone-

driven response phase was generally more advanced

than that of L-cone-driven responses. The rod-driven

responses had similar phase and slope variation to the

L-cone-driven responses with FF stimuli, particularly

at high temporal frequencies. This indicates that FF

high-frequency rod-driven responses are probably

residual cone-driven responses. With 70� stimuli, the

Fig. 3 The logarithm of the rod-, L-cone- and M-cone-driven

response amplitudes (blue triangle, red circle and green square

symbols, respectively) plotted as a function of the logarithm of

stimulus diameter for circular stimuli (i.e., excluding the FF

condition) and for four representative frequencies viz. 8, 12, 24

and 36 Hz, respectively. Linear regressions and corresponding

correlation coefficients (R2) are shown color-coded to their

respective data
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three response types had distinct phase characteristics

and the rod responses had phases that decreased more

strongly with temporal frequency (especially from 2 to

24 Hz) than those driven by cones.

Control experiments

If we are correct in surmising that the increase in rod-

driven responses with spatially restricted stimuli is

caused by stray light, and not by interactions between

central and peripheral responses, then the use of an

illuminated non-modulating surround would be

expected to have a large influence on the ERGs. To

test this hypothesis, we performed a control experi-

ment where the responses with a dark surround were

compared with those in which the surround was

created by illuminated white cardboard with a mean

luminance of approximately 100 cd/m2. The rod-

driven ERGs were recorded with two normal subjects

(authors AA and JK) with black and illuminated white

cardboard as a 40� field stop. In agreement with

previous studies [13], we propose that the responses at

frequencies above about 24 Hz are driven by cones

through residual stimulation. Therefore, the control

Fig. 4 a Averaged

(? 1 SD) phase of L-cone-,

M-cone- and rod-driven

responses (top, middle and

bottom panels, respectively)

recorded from each stimulus

size plotted as a function of

temporal frequency. Data

for the different stimulus

sizes are overlaid for each

photoreceptor type and

color-coded between panels.

b Averaged phase of

responses to FF and 70�
stimuli. Here, the results

with L-cone-, M-cone- and

rod-isolating stimuli are

plotted together for the two

stimulus sizes
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experiment was performed only for frequencies up to

24 Hz (i.e., 2, 4, 8, 12, 16 and 24 Hz). Figure 6 shows

the rod-driven ERG response amplitude (left column)

and phase (right column) recorded in the two subjects.

The rod-driven ERG response amplitudes with white

cardboard as field stop were substantially smaller than

those recorded with black surround. The responses

with white surround were barely above the noise in

subject AA and about a factor of ten smaller in subject

JK. These results strongly suggest that the increased

rod-driven responses with spatially restricted stimulus

sizes at low temporal frequencies and with dark

surround are indeed caused by stray light stimulation

of the peripheral retina.

The data displayed in Fig. 2 seemingly contradict

the observation of Maguire et al. [13] who showed that

the responses above about 800 photopic Td (corre-

sponding to about 16 cd/m2 luminance assuming an

8-mm-diameter pupil) are not rod driven. The data in

this report suggest that a 284 cd/m2 stimulus may

Fig. 5 a Slope analysis of

the phase plots displayed in

Fig. 4. b Slope analysis of

L-cone-, M-cone- and rod-

driven responses phase

plotted separately for FF and

70� stimulus size. Individual

data points are a four-point

linear regression as a

function of the mean of four

adjacent temporal

frequencies
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elicit strong responses from rods. The explanation for

this discrepancy is almost certainly due to the stray

light effect described above. In agreement with the

Maguire et al. data, we found very small rod-driven

responses, close to noise, with FF stimuli. To further

link our data with those of Maguire et al., we

performed a second control experiment in which the

effect of varying mean luminance on the responses to

FF and restricted stimuli was studied. The experiment

was conducted again with two subjects AA and JK.

Rod-isolating ERGs were measured for four different

mean luminances (2.5, 10, 35.5, 142 and 284 cd/m2) at

nine different temporal frequencies (same frequency

range which was used in the main experiment) for FF

and 40� stimulus size. The low mean luminances were

achieved by introducing appropriate neutral density

filters. Figure 7 shows the rod-driven ERGs obtained

from the second control experiment. In agreement

with the data of Maguire et al., the FF rod-driven

ERGs in sub 1 and sub 2 (left panels) showed

approximately a four- to fivefold increase in rod-

driven ERG amplitudes between 2 to 8 Hz when

measured with 2.5 and 10 cd/m2 (corresponding to

about 125 and 500 Td) as compared to 284 cd/m2

mean luminance. In contrast, the rod-driven ERGs

recorded with 40� stimulus size (right panels) showed

maximal responses at 284 cd/m2 mean luminance that

systematically decreased with a decreasing mean

luminance. Above 16 Hz, rod-mediated ERGs at all

mean luminances to FF and 40� stimulation were very

small. To see the effect of mean luminance more

clearly, we replotted the 8 Hz rod-isolating ERG

amplitudes for FF and 40� stimulus size as a function

of mean luminance in Fig. 8. Clearly, luminance had

opposite effects on the responses to FF and 40�
diameter stimuli. The FF rod-driven response ampli-

tudes increased with decreasing luminance, which is in

close agreement with Maguire et al. In contrast, there

was a positive correlation between mean luminance

and response amplitude for the smaller stimuli. This

can be explained by an increase in stray light with

increased luminance.

RP patients

Table 1 provides a clinical characterization of the

three RP patients who participated in this study.

Pedigree analysis showed sporadic (simplex type) RP

Fig. 6 Rod-driven ERG

response amplitude (left

column) and phase (right

column) recorded from two

normal subjects for 40�
stimulus size with black

(black circles) and white

(gray circles) cardboard as a

field stop. The dashed black

and gray lines are the noise

data acquired with black and

white cardboard,

respectively
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Fig. 7 Rod-driven ERGs

measured from two normal

subjects, at five different

mean luminances, for FF

and 40� diameter stimuli as a

function of temporal

frequency. The frequency

axis is given in logarithmic

scale

Fig. 8 8 Hz rod-driven

ERG amplitudes, plotted as

a function of mean

luminance, recorded with FF

and 40� diameter stimuli.

The dashed lines are fits of a

model to the 40� data. The
model is described in the

discussion section
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in subjects P1 and P2. Subject P3 has a brother who is

also affected, suggesting an autosomal recessive or

X-linked type of RP (multiplex type). The standard

ISCEV dark-adapted 3.0 cd s/m2 flash ERG was

extinguished in all patients. The light-adapted flicker

ERG responses were extinguished in P1 and P2 and

strongly reduced in amplitude in P3. As the signals

were so small, implicit times were non-informative.

As mentioned above, the measurements with L-cone-

and rod-isolating conditions were performed only with

two stimulus configurations (FF and 40�) and two

temporal frequencies (8 and 48 Hz). Figure 9 shows

the amplitudes of the ERG responses elicited by a

8 Hz rod (upper panel)- and L-cone (8 and 48 Hz;

lower panel)-isolating stimuli recorded from normal

(average ? 1 SD) and the three individual RP patients

(P1, P2 and P3) with FF and 40� stimulus size. 48 Hz

responses to rod-isolating conditions were not

included because these responses were probably

contaminated by residual cone-driven responses.

Overall, in contrast to the absence of measurable

responses using the ISCEV standards, the rod- and

L-cone-isolating conditions elicited robust responses

in the RP patients in several conditions. The L-cone-

driven responses to the 40� stimuli in the patients were

of similar amplitude as in normal subjects, indicating

that the central retina was functional. In contrast with

responses measured in normal subjects, where FF and

40� stimuli strongly differed for 8 Hz rod-isolating

and for 48 Hz L-cone-isolating stimuli, the responses

with FF and 40� stimuli were similar amplitudes in the

RP patients in all conditions. This indicates that the

additional stimulation of the peripheral retina did not

lead to response increases and that both rod- and cone-

driven ERG pathways were non-functional in the

retinal periphery.

In Fig. 10, the corresponding ERG response

phases for rod- and L-cone-isolating stimuli in

Fig. 9 are shown. Phases were averaged for

normal subjects and plotted separately for each

RP patient (P1, P2 and P3) for each particular

frequency (8 and 48 Hz). The rod-driven response

at 8 Hz in normal subjects displayed a substantial

phase difference between responses to FF and 40�
stimuli, in that the FF responses were considerably

more phase-advanced relative to the 40� stimuli.

In the RP group on the other hand, the reduction

in stimulus size did not result in a significant

Fig. 9 Averaged response

amplitudes to rod- and

L-cone-isolating stimuli

recorded from normals

(average ± SD) and three

RP patients (P1, P2 and P3)

at 8 and 48 Hz (L-cone-

driven ERGs only) with FF

and 40� stimulus size. An

asterisk indicates a

significant difference; ns

indicates a nonsignificant

difference
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phase change. The L-cone-driven response phases

were similar for the two stimulus sizes in both

normal subjects and RP patients. This finding is in

favor of the notion that the responses obtained

from the patients originate from the central retina.

Discussion

In the present study, we recorded ERGs from five

healthy trichromats and three RP patients under

conditions of cone and rod isolation using the triple

silent substitution technique. The aim of this study was

fourfold. Firstly, we wanted to provide further evi-

dence that the triple silent substitution can be used to

achieve isolation of rod responses and to explore what

the possible limitations of this isolation might be.

Secondly, we sought to study how rod-driven

responses are related to responses obtained from L-

and M-cone-isolating stimuli when using spatially

restricted stimuli. Thirdly, we wanted to investigate

how rod-driven responses depended on stimulus size

and temporal frequency and lastly, we wanted to study

if these stimuli could be used to identify compromised

function in retinitis pigmentosa.

Effect of stimulus size on rod- and cone-driven

responses

We previously have shown that triple silent substitu-

tion can be useful to isolate photoreceptor-driven

responses [22]. The cone-driven responses described

here and their dependency on stimulus size and

temporal frequency are in agreement with previous

data [10, 23]. In contrast, the responses to putatively

rod-isolating stimuli displayed a different dependency

on stimulus size and temporal frequency compared to

the cone-driven responses. In the low-frequency

region and for FF stimuli, rod signals were barely

above the noise. At high temporal frequencies,

responses were measurable. The phases of the

responses were close to those of cone-driven

responses. Furthermore, similar to cone-mediated

responses, the rod-driven response amplitudes at high

temporal frequencies decreased with decreasing stim-

ulus size. From these observations, we conclude that in

FF conditions the responses are probably mainly

driven by residual L-cone signals caused by small

errors and variabilities in cone fundamentals [24]. This

conclusion is in agreement with those of Maguire et al.

[13, 14], who found that rod-driven responses cannot

Fig. 10 ERG response

phase (average ? SD) to

rod- and L-cone-isolating

stimuli, recorded from

normal subjects and RP

patients at 8 and 48 Hz with

FF and 40� stimulus sizes
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be reliably measured at these high luminances. Also,

the responses to smaller stimuli with frequencies

above about 20 Hz can probably be attributed to

residual cone-driven responses.

Responses to rod-isolating stimuli were increased

by a factor of about four when recorded with restricted

stimulus sizes in normals. The response phase also

changed strongly when the stimulus was decreased

from FF to 70�. Neither response amplitude nor

response phase changed dramatically when stimulus

diameter was further decreased from 70� to 40�. These
response characteristics were also substantially dif-

ferent from cone-driven response properties. From

this, we conclude that the responses under these

conditions are indeed driven by the rods. With

spatially restricted stimuli, the rod response ampli-

tudes vs. temporal frequency characteristics were

similar to those found by others [13]: The response

amplitudes were relatively constant up to about 10 Hz

and monotonically decreasing amplitudes with

increasing temporal frequency for the region beyond

10 Hz. We propose that the larger rod-driven

responses with restricted stimuli are caused by stray

light stimulating the retinal areas around the stimulus.

The mean retinal illuminance in these areas is

substantially smaller compared to that within the

stimulus. With full-field stimuli, stray light plays no

role. Because of the high retinal illuminances, the rod-

driven responses are too small to be measured

explaining why in FF condition the responses are

mainly determined by residual cone responses. Con-

versely, it can be concluded that the different depen-

dency of low temporal frequency responses to rod-

isolating high luminance stimuli on stimulus size

compared to those to cone-isolating conditions indi-

cates that the responses are truly rod driven. The data

also indicate that rod-driven responses may contam-

inate cone-driven ERG signals to spatially restricted

stimuli when they do not silence the rods. We have

indeed found indications of this intrusion in unrelated

experiments with small stimuli [12].

We would like to give a model that quantitatively

describes the stray light hypothesis. For simplicity, we

assume that the retina is spatially homogeneous.

Further, we assumed that the local retinal illuminance

(IL) at distance x from the edge of the stimulus can be

described as follows:

IL ¼ IS � a � xb ð1Þ

where a and b are free parameters.

In which IS is the retinal illuminance of the

stimulus. The dependency of rod-driven ERG

responses to full-field stimuli (RFF) as a function of

retinal illuminance (IFF) can be described by the data

given by Maguire et al. (their Fig. 8). These data are

replotted in Fig. 11 and are fitted with the following

function:

RFF IFFð Þ ¼ 1:55� 0:57 � log IFFð Þ� 1:5ð Þ2 and
RFF IFFð Þ ¼ 0 when 1:55� 0:57 � log IFFð Þ� 1:5ð Þ2\0

ð2Þ

The local response (RL) at distance x from the edge

of the stimulus is assumed to be proportional to the

full-field response at the local illuminance:

RL ¼ c � RFF ILð Þ ¼ c � RFF IS � a � xb
� �

ð3Þ

Finally, we assume that the total response to the

stray light (RSL) is the sum of the local responses:

RSL ¼
X

x

RL ¼ c �
X

x

RFF IS � a � xb
� �

ð4Þ

This model was fitted to the responses as a function

of stimulus luminance. The fits are shown in Fig. 8.

There were three free parameters in the fits: a, b and

c. The number of free parameters is large when

considering the limited number of data points (five) for

each subject. Furthermore, there are a large number of

assumptions. Therefore, the model should be consid-

ered with some caution. However, we found that the

fitting parameters were strongly constrained by the

Fig. 11 Response amplitudes at 8 Hz for FF stimuli as a

function of retinal illuminance (Maguire et al. Fig. 8). The line

is a function described in the text
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data, so that a unique set was obtained for each subject

(JK a: 111.2 Td, b: 0.96, c: 0.33; AA a: 116.5 Td, b:

0.95, c: 0.23). In any case, the model shows that the

measured responses with restricted stimuli can be

quantitatively explained by a stray light effect. How-

ever, more data are necessary for a more concrete

description and to decrease the number of

assumptions.

Maguire et al. [13] characterized the retinal illumi-

nances and temporal frequencies at which the

responses can be considered to be purely rod driven

without intrusion from cone-driven responses and

without the need for extensive dark adaptation for FF

conditions. We here extend these conditions beyond

those recommended byMaguire et al. to fully photopic

stimuli with spatially restricted stimuli. The responses

obtained, although due to a stray light effect, are

highly reliable with large signal-to-noise ratio and

with relatively little inter-individual variability. This

offers the possibility to use them to study the

functional integrity of the peripheral retina. This

stimulus, therefore, may be interesting for studying

diseases that affect the peripheral retina such as

retinitis pigmentosa. The comparison of the responses

measured in normal subjects and RP patients is

discussed in the next section.

Effect of RP on Rod- and L-cone-driven ERGs

at different stimulus size

It has been known that early RP mainly affects the

scotopic vision in the peripheral retina [25]. Our

measurements using rod-isolating stimuli at 8 Hz

support this notion. The stimulation of peripheral

rods by stray light in RP patients did not result in a

substantial response amplitude increase as was

found with normal subjects. In addition, the 48 Hz

L-cone-driven responses in RP patients were not

different for full-field or 40� stimuli. Such a

difference was clearly present in the normal sub-

jects. The two effects indicate that the responses

originating in the peripheral retina are affected in

the RP patients. The data also indicate that both rods

and cones are involved in RP.

Interestingly, L-cone-driven responses at 8 Hz

with FF and 40� stimuli were significantly above the

noise level in RP patients. Moreover, the responses

were not reduced when compared with responses

measured in the normal subjects. This suggests that

functionality was preserved in the central retina of

the RP patients. As we have shown previously [12],

the ERGs recorded from the central retina strongly

reflect red–green chromatic processing. We have

previously found that the ERG responses to 30 Hz

stimuli presented on a CRT screen reflect chromatic

mechanisms in RP patients and mainly luminance

mechanisms in normal subjects [26]. The preserva-

tion of central retinal mechanisms in RP patients,

displaying relatively strong opponent processing, as

is shown in the present paper, may explain this

result. The standard ERG techniques recommended

by ISCEV [27] do not contain any chromatic

information and therefore may be too insensitive

to detect these substantial responses from the central

retina.

The finding of preserved ERG responses from

the central retina is slightly unexpected because,

apart from the (nearly) extinguished standard

ISCEV ERG, visual acuity was reduced in all

patients. This suggests a certain amount of central

retinal involvement in RP. However, Jacobson and

coworkers have found that almost 25% of patients

with simplex, multiplex or autosomal recessive RP

had relatively normal central retinal function

according to static chromatic perimetry and ocular

coherence tomography [28] even though some of

these patients also had severely reduced visual

acuity. In RP, peripheral loci of reduced cone and

normal rod function have been demonstrated using

rod- and cone-mediated multifocal ERGs [29]. The

central 40� of the retina seems to have preserved

relatively normal function.

Conclusion

In conclusion, it is possible to isolate and study rod-

driven ERGs using triple silent substitution tech-

nique at photopic (284 cd/m2) luminances using

spatially restricted stimuli. We propose that the

responses are not elicited by direct stimulation of

photoreceptors but through the stray light that

reaches the peripheral retina. The increased

responses with smaller stimuli in normal subjects

with the rod-isolating conditions validate that a

fundamentally different mechanism drives the ERGs

in comparison with the cone-driven responses where

such an increase is not observed. This paradigm
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may be useful in a clinical setting when peripheral

signals are of interest (e.g., with retinitis pigmen-

tosa). Our data suggest that in RP, not only the

peripheral rods but also the peripheral cones are

affected. Assuming that RP affects the central retina

to a lesser extent may explain why ERG signals

reflecting chromatic mechanisms may still be pre-

served in RP patients.
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