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Abstract We studied the contribution of retinal on-

and off-mechanisms in the multifocal electroretino-

gram (mfERG) by measuring responses to sawtooth

stimuli. Six healthy subjects participated in this

study. Rapid-on and rapid-off sawtooth stimuli with

a period of 427 ms were presented in a multifocal

pattern composed of 19 hexagons. The stimuli were

interleaved with a blank field of the mean luminance

and chromaticity. On- and off-responses were added

to extract response asymmetries. The amplitudes of

on-, off-, and added-responses were determined for

different eccentricities relative to a signal baseline

that was defined as the average of the electrical level

recorded in two different time windows in which no

responses were present. Measurements were repeated

with eight different stimulus stretch factors to

account for changes in retinal cell density as a

function of eccentricity. The amplitudes of all ERG

components decreased with increasing eccentricity

for all stretch factors. For stretch factors between 0

and 20, responses to the central and immediately

adjacent hexagons were large in amplitude. For more

peripheral hexagons, the responses were very small

or absent. Three components were identified in the

on-responses (N20on, P46on and N100on). In the off-

responses, we found one positive (P20off) and one

negative (N90off) component, whereas in the addi-

tion, three components (N20add, P46add and N100add)

could be observed. The N20on and P46on amplitudes

decreased less steeply with eccentricity than the

N100on amplitude, whilst the P20off and N90off

amplitudes exhibited a similar decrease with eccen-

tricity. In the addition, the two negative components

exhibited a similar decrease in amplitude as a

function of eccentricity and decreased more steeply

than the positive component. The number of stimu-

lated cones and retinal ganglion cells was estimated

from anatomical data and compared with the

responses. The spatial properties of the amplitudes

of N20on, P46on, P20off, and N90off and P46add were

similar to those of the stimulated cone numbers. The

remaining components had spatial characteristics that

resembled those of the retinal ganglion cells. It is

proposed that the ERG asymmetries revealed in the

summed responses have post-receptoral origins, some

of them reflecting the activity of the ganglion cell

population. The use of sawtooth stimuli provide,

similar to the pattern ERG, a way to record the ERG

asymmetries.
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Introduction

The ERG response depends on the spatial and

temporal characteristics of the visual stimulus that

elicits it and can reveal complex waveforms and

several nonlinearities. Often ERG recordings are

obtained using short duration flashed stimuli that

evoke a complex waveform with several components.

The reason for the complexity is that a pulsed stimulus

contains a broad spectrum of temporal frequencies,

and the system that is being probed has a group of

elements with different pulse response functions. In

other words, in the ERG multiple components orig-

inate from different cell types that use different

mechanisms to generate the recorded electrical activ-

ity. Other commonly used stimuli to obtain ERG

recordings are temporal periodic stimuli for flicker

ERGs or periodic reversals of spatial stimuli (gratings

or checkerboards) for pattern ERGs, both responses

being quite different from, and providing a range of

additional information to, the flash ERG.

The disadvantage of brief flash ERGs is that the

time between the on- and off-phases in the stimulus is

so small that the responses to the luminance increase

(the ‘‘on-response’’) and to the decrease in luminance

(the ‘‘off-response’’) merge, and thus cannot be

distinguished [1, 2]. To be able to distinguish

between the on- and off-responses, either long-

duration flash or ramped stimuli can be used. In the

long flash ERG, [1, 2] the time between the onset and

the termination of the light stimulus is large enough

to disentangle the on- and off-responses. In contrast,

ramps consist of a sudden luminance change (either

rapid-on or rapid-off) followed by a relatively slow

linear luminance increase or decrease. Because the

ERG response to the slow phase is generally small at

low temporal frequencies, these stimuli are suitable to

isolate either on- or off-responses using rapid-on and

rapid-off stimuli, respectively [3–6].

Similarly to long-duration flash stimuli [2, 7], the

on- and off-responses obtained with sawtooth stimuli

are quite dissimilar, and they seemingly bear hardly

any relationship with each other [2, 3, 7]. The

on-response shows an initial trough followed by a

positive deflection, that is the homologue to the b-

wave in the flash ERG and by a second trough that

has about the same latency as the photopic negative

response (PhNR) of the flash ERG. The off-response

often only shows a marked positive deflection, the d-

wave, followed again by a PhNR. The differences

between on- and off-responses may originate in the

response differences in the on- and off-retinogenicu-

late pathways once the polarities of the depolarizing

and hyperpolarizing bipolar cell responses are

reversed and are summed in the ERG [8]. Thus, the

responses of depolarizing and hyperpolarizing bipolar

cells are not simply mirror images of each other. The

b-wave seems to originate mainly in depolarizing

bipolar cells. Activity of the hyperpolarizing bipolar

cells has a different influence on the ERG response

[9], indicating an asymmetry in the ERG signals per

se. In addition, on- and off-retino-geniculate path-

ways respond to both luminance increases and

decreases. Similarly, the ERG responses to luminance

increases and decreases do not necessarily isolate on-

and off-mechanisms in the pathways leading to an

ERG signal. However, they may reflect an asymmetry

between the two, originating in nonlinearities in the

mechanisms leading to the ERG response.

In several studies, these stimuli have been used to

detect selective changes in the different components

of the on- and off-responses caused by a retinal

disorder [3, 4, 6, 10]. Furthermore, the spatial

distribution of on- and off-responses was studied

using a multifocal presentation [11, 12]. However,

only few studies have concentrated upon a direct

comparison between on- and off-responses, for

instance, by looking at symmetries and asymmetries

in the different components [7, 13, 14]. In the current

paper, we present results of measurements with

multifocal sawtooth stimuli to compare the on- and

off-responses quantitatively. The asymmetry between

the on- and off-responses can be extracted by adding

the two. This asymmetry is probably also the cause for

the pattern ERG with constant time and space average

luminance: the responses to luminance increases in

half of the checks are counteracted by the symmetrical

responses to the luminance decreases elicited by the

other half of the checks. The origin of the remaining

response lies in the differences (the asymmetries)

between the on- and off-responses [15]. The addition

of responses to spatially homogeneous luminance
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increases and decreases therefore can be expected to

reveal the same response differences as the pattern

ERG. Indeed, Viswanathan et al. [7] added the

responses to the luminance increases and decreases

in long flashes in anaesthetized monkey to simulate

the pattern ERG. Related findings have been demon-

strated in the human ERG first by Spekreijse’s group

[13, 14] and, more recently, by Simpson and Viswa-

nathan [16]. Similarly, the responses to rapid-on and

rapid-off sawtooth stimuli can be added to reveal the

asymmetries that probably have inner retinal origins.

But different from PERG, the sawtooth responses are

less sensitive to optical blur. Thus, the method may be

a useful alternative for the PERG under suboptimal

optical conditions. It should be noted that by using

small hexagons, optical blur may alter the size and

contrast of retinal image of multifocal sawtooth

stimuli as the ones used in this work. When

exclusively due to the defocus, this effect could be

compensated with appropriate refractive correction.

Other compensatory strategies could be used for the

decrease in contrast that may occur in other conditions

such as cataract and certain forms of uveitis.

The retinal response to a patterned stimulus is

influenced by the spatial properties of the stimulus

since the different retinal cell types have distinct

spatial distributions. For instance, the density of

retinal ganglion cells decreases more steeply as a

function of retinal eccentricity in comparison with the

density of photoreceptors. It, therefore, can be

expected that ERG responses originating from dif-

ferent retinal cell types will also have distinct spatial

distributions. We have compared the spatial distribu-

tion of the different on- and off-response components

using a multifocal presentation that varies in spatial

scale, and we correlate the response asymmetries of

these components density of cones and the retinal

ganglion cells as a function of eccentricity to yield

additional evidence about the cellular origins of these

components.

Methods

Subjects

The study was performed in accordance with the

tenets of the declaration of Helsinki. Six normal

healthy subjects participated in this study (one 22-

year-old female and five males between 27 and

32 years old). Five subjects had normal trichromatic

colour vision. One subject was deuteranopic congen-

ital colour blind. No difference was observed

between the results obtained with the trichromatic

and dichromatic subjects. Two subjects were 1.5 D

myopic. None of them suffered from a retinal

disorder. Informed consent was given by all subjects.

Visual stimulation

Multifocal ERGs using pseudorandom m-sequences

were recorded with a VERIS Science 4.9 system (EDI,

San Mateo, CA, USA). A 21’’ monochrome monitor

(Nortech, Plymouth, MN, USA) with a 75 Hz refresh

rate was used to present multifocal stimuli composed

of 19 hexagons. Stimulus size was kept constant

throughout the experiment: 315 mm 9 291 mm or

51� 9 47.6� at the view distance of 330 mm. The

luminance of each individual hexagon was changed

during one phase of the m-sequence according to a

sawtooth function with a period of 427 ms. The

luminance change was accomplished in 32 sequential

frames of the monitor. A graphical presentation of an

m-phase can be found in Fig. 1. Two different

presentations were used: for rapid-on stimuli, a linear

decrease from the mean luminance of 98.7 cd/m2 to

about 0.34 cd/m2 was followed by an abrupt incre-

ment to a maximum level 187.5 cd/m2. This sudden

luminance change occurred in the middle of an m-

sequence phase (from frame 16 to 17). After the

sudden change, the luminance decreased linearly to

the mean luminance. The rapid-off stimuli consisted

of linear increase from mean luminance to a level of

187.5 cd/m2 followed by the rapid change to 0.34 cd/

m2, and by a linear increase back to the mean

luminance. In each hexagon, either the sawtooth

stimulus or a blank period of 427 ms was presented

(98.7 cd/m2, x = 0.3321, y = 0.3500). Monitor lumi-

nance and chromaticity were measured using a LS-

100 Photometer (Konica Minolta, Mahwah, NJ, USA)

and a CAS 140 Spectrometer (Instrument Systems

GmbH, Munich, Germany), respectively. It should be

noted that at each phosphor location in a CRT display,

a brief intense pulse is displayed at the beginning of its

video frame, and therefore, the ramps are not linear

increases or decreases in luminance but were gener-

ated in 16 discrete luminance steps with fast decays.

Thus, Fig. 1 is an idealization of the actual luminance
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changes during stimulus presentation taking into

account the temporal resolution of visual system.

The responses to the two ramp stimuli were

measured in separate sessions. Each ramp recording

lasted approximately 14 min (m-sequence expo-

nent = 11), which was divided into 4 equal segments.

For every subject, measurements were repeated with

eight different stretch factors (0, 1, 2, 10, 20, 30, 40, and

50) that changed the stimulus spatial conformation. We

used different stretch factors because we wanted to

obtain hexagon midpoints at different retinal eccen-

tricities. Moreover, with larger stretch factors, we were

able to get measurable responses at larger eccentricities

because the eccentric hexagons were larger. With the

small stretch factors, the signal-to-noise ratio was

particularly large for the central responses. When the

stretch factor was increased, the size of the central

hexagon decreased, whereas the more peripheral

hexagons became progressively larger and stretched

in the radial direction (see Fig. 2 for examples).

Fig. 1 Sketch of the sawteeth stimuli used to elicit ERG

multifocal responses. The plots represent the luminance change

of an m-step in each hexagon of the visual stimulus. For rapid-

on sawtooth (top), there was an abrupt luminance increment to

187.5 cd/m2 followed by a linear luminance decrease. For

rapid-off sawtooth (bottom) there was an abrupt decrement to

0.34 cd/m2 followed by a linear luminance increase. The

sawtooth waveform period lasted 32 frames at a frame rate of

75 Hz (i.e. 427 ms corresponding to a temporal frequency of

2.34 Hz). For each stimulus hexagon element, a pseudorandom

m-sequence determined the succession of either a sawtooth

modulation or mean luminance stable presentation

Fig. 2 Three spatial arrangement of the stimuli in the mfERG

experiments for stretch factor values: 0 (a), 20 (b) and 50 (c).

Stimuli comprised 19 hexagons whose size and shape changed

accordingly to eight different stretch factor values. With

increasing stretch factor, the size of the central hexagon

decreased, whereas the more peripheral hexagons became

larger and stretched in the radial direction
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Procedure

The subjects were seated in front of the stimulus

monitor and rested their heads on a chin rest with the

eyes 33 cm from the screen. Subjects were asked to

fixate on a cross in the middle of the screen. ERGs

were recorded from the right eye using DTL

electrodes. Gold cup electrodes placed on the

ipsilateral temple and the forehead were used as

reference and ground electrodes, respectively. Of

each subject, the pupil of the right eye was dilated by

a drop of Tropicamide (Mydriaticum, Stulln Pharma,

Germany). The use of Tropicamide paralyses accom-

modation and may alter the size of the retinal images

of the different hexagons differently for subjects with

different refractive errors. However, as the range of

refractive errors was small (four subjects were

emmetropic and two 1.5 D myopic), we decided to

avoid refractive correction. If requested, a topical

anaesthetic (Oxybuprocain; Alcon Pharma GmbH,

Freiburg, Germany) was administered. The signals

were amplified 100,000 times, and bandpass filtered

with 3 and 100 Hz cut-off frequencies by a Grass

Neurodata Acquisition System Amplifier Model 12

(Grass Instruments, W. Warwick, RI, USA). The left

eye was covered by an eye patch during the

recordings.

Data analysis

The ERG response may reveal several nonlinearities

that may affect all subsequent retinal processes. It is

expected that ERG components will have more

nonlinearities if their origins are located in the inner

retina when compared with those components that

originate in the photoreceptors, or in other cells of the

outer retina, because nonlinearities tend to be cumu-

lative. One of the properties of linear processes and

simple contrast dependent nonlinearities is that the

response to a sign inverted stimulus is also sign

inverted. This fact is derived for linear systems from

the property of the additivity or superposition prin-

ciples, which state that the response to an addition of

two stimuli equals the sum of the responses to each

separate stimulus:

R S1 þ S2ð Þ ¼ R S1ð Þ þ R S2ð Þ

As a consequence, the responses to a stimulus and its

inverse cancel out when they are added:

R S1ð Þ þ R �S1ð Þ ¼ R 0ð Þ ¼ 0

Thus, when the responses to the two sawtooth stimuli

are added, linear responses and possibly simple

contrast dependent nonlinearities cancel each other

out, and asymmetrical nonlinearities in the ERG

response, which most probably originate at a post-

receptoral level, will be revealed.

The mfERG responses to rapid-on and rapid-off

stimuli have components whose correspondence to

the full-field flash ERG can be established on the

basis of their sequences and latencies. The on-

response contains an initial trough that is the

homologue to the ERG a-wave, having a latency of

about 20 ms after the rapid luminance change of the

stimulus. This early negative wave is followed by a

positive component, equivalent to the b-wave, which

peaks between 40 and 50 ms after the rapid lumi-

nance change. Finally, there is a late negative wave

with a minimum occurring between 80 and 160 ms.

In the rapid-off response, the first positive compo-

nent, equivalent to the full-field flash ERG d-wave,

peaks between 15 and 70 ms, and it is followed by a

negative component peaking between 80 and 160 ms.

Whilst the positive waves can be compared to the

b- and the d-waves, the late negative waves are

homologous to the PhNR on and PhNR off that have

been previously described in monkeys and humans.

A signal baseline was defined as the averaged

potentials recorded in two different time windows,

0–15 ms and 160–182 ms. Within these intervals, we

were confident that no recordable ERG responses

were present. In addition, by averaging the signals

within these two intervals assured a baseline estima-

tion that was based on the largest possible fraction of

the total recording time. In order to obtain an estimate

of intrinsic noise, three different noise definitions

were used, which corresponded to (1) the difference

between the mean baseline level and to the most

positive value in the windows (P1noise); (2) the

difference between baseline and the lowest value

(N1noise) and (3) the difference between the lowest

and the highest value (P2noise which equals P1noise ?

N1noise). For all three noise definitions, the aforemen-

tioned two time windows were used. Three different

noise values were estimated, because for each signal,

we estimated a noise value using the same procedures

as were used to measure the signals. This ensured the

estimation of the signal-to-noise ratio.
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The amplitudes of mfERG waveform components

were measured as follows. For rapid-on responses,

the N20on amplitude was defined as the difference

between the baseline and the first trough from which

the N1noise was subtracted; the amplitude of the P46on

component was taken as the difference between the

first trough and the first positive peak, corrected by

the P2noise value; and the N100on amplitude was

measured from the baseline to the second negative

trough and corrected by N1noise. For rapid-off

responses, the P20off amplitude was defined by the

difference between the baseline and the first positive

peak, corrected by P1noise; the N90off amplitude was

estimated by the difference between the baseline

level and the late negative trough from which N1noise

is subtracted.

The time elapsed from stimulus onset to the peak

of each of these components was taken as the

component implicit time. The definitions of the

different response components are also displayed in

Fig. 3. Observe that the implicit times in this

particular measurement may deviate somewhat from

the averaged implicit times of each component used

for the nomenclature (see also Fig. 11). The use of a

nomenclature for the ERG components that has

specific implicit times associated with it might be

questionable. It is well known that ERG or VEP

(visual evoked potential) components have implicit

times (or latencies) that varies amongst individuals or

even change with several stimulus parameters such as

spatial frequency or contrast. However, it makes

easier to follow experimental results keeping the

ERG nomenclature obtained from an ‘‘average’’

individual at optimum stimulus condition.

Results

Figure 3a–b shows some examples of mfERG

responses, recorded in the same subject, to rapid-on

and rapid-off sawtooth stimuli for the central hexa-

gon. A stretch factor 0 was used in this recording.

The responses to rapid-on and rapid-off stimuli are

quite different, and they are not mirror images of

each other, indicating a large degree of asymmetry in

the responses. Figure 3 also clearly displays that the

positive components in the off-response and on-

response (P20off and P46on, respectively) have dif-

ferent implicit times, suggesting the involvement of

cellular processes with different temporal properties

in these components. The timing of both the positive

and negative responses following both light onset and

offset, as well as in the averages (see below), is

slightly delayed in comparison to the timing of

similar components in the long flash ERG responses

that have been previously published [2].

Fig. 3 Multifocal ERG responses for the central hexagon of

the rapid-on (a) and rapid-off (b) sawteeth stimuli recorded

from a single subject using the 0 stretch factor. The peaks of

the early negative (N20on), the positive (P46on) and late

negative (N100on) components of the mfERG response elicited

by rapid-on and early positive (P20off) and late negative

(N90off) components of the mfERG response elicited by rapid-

off stimuli are indicated by vertical dotted lines and labelled

accordingly. Note that the nominal time of occurrence is only

an approximation. The real latencies were measured. The

vertical red line indicates the time of the rapid luminance

change in the stimulus. c Waveform resulting from the addition

of rapid-on and rapid-off responses. Their components are

indicated and labelled similarly to the original responses
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Figure 3c displays the waveform resulting from

the addition of the rapid-on and the rapid-off

responses. The summed response conserves the same

main components observed in the rapid-on response,

but important differences can be noted. First, the

N20on amplitude is larger than the N100on amplitude,

and the opposite is the case for N20add and N100add.

This indicates that in the addition procedure, N20on

was partially cancelled by P20off, suggesting that they

have at least partially similar cellular origins and that

they may reflect some degree of linearity. However, a

substantial N20add response is present revealing that

the cancellation is incomplete and some response

asymmetry is present. This response resembles the

N35 component of the pattern ERG.

To evaluate the spatial distribution of different

components of the rapid-on, rapid-off and summed

responses, we measured their amplitudes and laten-

cies for the different retinal eccentricities. The

response amplitudes to stimulus hexagons located at

the same eccentricities were averaged. Figures 4, 5

and 6 display the means and standard deviations of

response amplitudes of all subjects that were plotted

as a function of retinal eccentricity of the hexagon

midpoints. Observe that the locations of the hexagon

midpoints are slightly different for different stretch

factors. Furthermore, plotting the data as a function

of eccentricity is not identical as plotting them for

separate rings, because the hexagons in ring 2 have

not all identical eccentricities. In each figure, the

results were plotted separately for different stretch

factors. For small values of the stretch factor,

between 0 and 20, significant responses to the central

and immediately adjacent hexagons were obtained.

For more eccentric hexagons, the responses were

very small or absent. Comparison of Figs. 4 and 6

shows that at all eccentricities and for all stretch

factors, the absolute N20on amplitude was larger than

the N100on amplitude whilst the opposite is the case

for N20add and N100add amplitudes, confirming the

observations for the central hexagon responses

displayed in Fig. 3 that the N20on is partially

cancelled by the P20off component.

The amplitudes of all components decrease with

increasing eccentricity for all stretch factors. To be

able to compare the spatial distribution of the

different components, the responses measured at

eccentric locations were normalized to the response

measured in the central hexagon (Figs. 7, 8 and 9).

The areas under the curves of these normalized

values were calculated and used as an index for the

profile of the decrease in the different response

components: a strong eccentricity dependent decrease

results in small areas under the curve whilst a more

Fig. 4 Averaged rapid-on

response amplitudes as a

function of retinal

eccentricity of the hexagon

midpoints for different

stretch factors (the results of

four out of eight used

stretch factors are shown in

the different panels). The

amplitudes of all three

mfERG components

decreased with eccentricity

for all stretch conditions. At

all eccentricities and for all

stretch factors, N20on

amplitudes were larger than

N100on amplitudes

Doc Ophthalmol (2010) 120:145–158 151

123



gradual decrease results in large areas. At stretch

factor zero, N100on decreases more steeply than the

other two on-response components. When the stretch

factor is increased, the amplitudes of all components

decrease less steeply with increasing eccentricity

although this is not as obvious for the N100on as for

the other components. Both components of the

off-response exhibit similar eccentricity dependent

decreases for the zero stretch factor condition. The

decrease is less pronounced when the stretch factor is

increased but remains similar for both components.

The difference between the N100on and the other two

Fig. 5 Rapid-off response

amplitude given as a

function of eccentricity for

different stretch conditions.

The same format as for

Fig. 4 was used. At all

eccentricities and for all

stretch factors, P20off

amplitudes were larger than

N90off amplitudes

Fig. 6 Amplitude of the

addition of rapid-on and

rapid-off responses given as

a function of eccentricity

for different stretch

conditions. The same

format as for Figs. 4 and 5

were used. Differently from

rapid-on responses (Fig. 3),

N100add amplitudes were

larger than N20add at all

eccentricities and for all

stretch factors
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components of the rapid-on response disappeared

after the rapid-on and rapid-off responses were

added.

To enable a comparison between response ampli-

tudes and cell distribution, we estimated the numbers

of stimulated cones and ganglion cells based on data

from macaque monkey [17, 18] and humans [19–21],

normalized to the numbers in the central hexagon.

For the human retina, linear distance was converted

to angular distance using wide angle schematic eye of

Drasdo and Fowler [22]. For the ganglion cell density

distribution in the human retina, two data sets were

available. Curcio and Allen [20] counted ganglion

cells across the entire retina but have not provided an

estimate of ganglion cell sampling density in the

central retina that could be directly compared with

our ERG measurements. On the other hand, Sjöstrand

and colleagues [21] presented a detailed estimate of

the radial displacement of fibres of Henle, bipolar

cells and ganglion cells and calculated how ganglion

cell sampling density changes across the central

3 mm using their own counts and those of Curcio and

Allen. Thus, we combined the two data sets to cover

the range of eccentricities that we studied. The

comparison between response amplitudes and cell

distribution in the human and monkey retinae

provided similar results, but only the comparisons

with human retinal cell densities are plotted in

Figs. 7, 8, 9 and 10. For small stretch factors, the

amplitude decrease in the N20on and P46on, P20off,

and N90off components follows the decrease in cone

numbers, whereas for the N100on component, the

decrease resembles that of the ganglion cell popula-

tion. When the stretch factor is increased, the

decrease in the N20on and P46on components became

steeper than the decrease in the number of cones. In

the added responses, a good correlation between

N100add amplitude and number of ganglion cells was

obtained for a wider range of stretch factors, whilst

the other two components exhibit a less consistent

correlation with either the number of cones or

ganglion cells.

In Fig. 10, the area under the curves of the

response components and the stimulated cell numbers

Fig. 7 Relative amplitude of rapid-on response components as

a function of visual field eccentricity for different stimulus

stretch factors compared with the relative number of ganglion

cells (GC) and cones (CC) that were presumably stimulated in

each stimulus condition. The values are normalized to one in

the central hexagon. For stretch factor equal to zero, the

amplitude of the N100on component decreased more steeply

with eccentricity than the amplitude of the other two

components, N20on and P46on. When the stretch factor was

increased, the N100on amplitude decreased at about the same

rate whilst the N20on and P46on amplitudes decreased less

steeply with eccentricity. GC and CC numbers were estimated

from available data in the literature for humans [19–21]. For

each stretch factor, the central hexagon area and the area

corresponding to hexagons located at a similar eccentricity

were multiplied by GC and CC densities to estimate the

number of cells. For small stretch factors (0–10), P46on and

N20on amplitudes decreased with eccentricity at about the same

rate as the number of cones, whilst N100on amplitude

decreased with eccentricity following the decrease in the

number of ganglion cells

c

Doc Ophthalmol (2010) 120:145–158 153

123



are displayed for the different stretch factors. Because

the curves shown in Figs. 7, 8 and 9 decrease less

steeply, the area under the curves increase when the

stretch factor increases. More importantly, for small

stretch factors, the area under the curves of the

N100on and the negative components in the addition

resemble those of the retinal ganglion cells, whereas

those of the N20on, the P46on the two off-components

and the P46add are more similar to those of the cones.

For larger stretch factors ([10), the area under curves

were generally smaller for the response components

than for the cell numbers, indicating that the

responses decreased more steeply with increasing

eccentricity. Generally, a two-tail Spearman’s corre-

lation analysis showed a significant (95% confidence

interval) correlation between the areas under the

curve for the N100on and the N100add, and the N20add

and those of the retinal ganglion cell numbers (the

Fig. 8 Relative amplitude of rapid-off response as a function

of eccentricity for different stimulus stretch factors together

with the estimated relative number of ganglion cells (GC) and

cones (CC) that were stimulated. Both components of the

rapid-off response showed a decrease with that resembled the

decrease in the number of stimulated cones

Fig. 9 Relative amplitude of added rapid-on and rapid-off

response given as a function of visual eccentricity together

with the relative number of stimulated ganglion cells and

cones. The decrease in the N100add amplitude was similar as

the decrease in the stimulated ganglion cells. There was no

correlation between the rate of change of the N20add and P46add

amplitude with the ganglion cell or cone counts along

eccentricity
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values of the Spearman’s correlations for these

components were 0.905, 0.801 and 0.737, respec-

tively; these components had Spearman’s correlation

values smaller than 0.8 when correlated with cone

numbers), whereas all other components showed a

closer correlation with the area under the curve for

cone numbers (Spearman’s correlation values larger

than 0.85, whereas the correlations displayed values

smaller than 0.4 when correlated with ganglion cell

numbers).

Figure 11 shows the implicit times of different

mfERG components in the on-responses as a function

of retinal eccentricity of hexagon midpoints. These

data are plotted separately for different stretch factors,

and only responses that were above noise level were

considered. When eccentricity is increased, the

implicit times of all response components were

generally constant with the exception of N100on.

The implicit times of this component tend to increase

with increasing eccentricity. This was, to a lesser

extent, also the case for the N100add component (data

not shown). The implicit time of all other components

were fairly constant at different eccentricities.

Discussion

The goal of the present study was to investigate the

contributions of on- and off-retinal pathways to the

mfERG signal, to determine asymmetries between

the two and to find a possible correlation between the

different mfERG components and receptoral and

post-receptoral mechanisms.

Our results showed the N20on and the P20off

components had complementary profiles, suggesting

that they had similar cellular origins and that these

responses were at least partially linear. The N20on

component is probably the homologue of the a-wave

in the flash ERG and originates in cone photoreceptor

and off-bipolar cell activity [23, 24]. In addition, it is

supposed that cone and off-bipolar cell activity can

also contribute to the ERG d-wave component, which

can be considered to be the homologue of the P20off

component [25]. Our results were in agreement with

these earlier data because we observed that these two

components cancelled each other out to a large extent

when the on- and off-responses were added, and this

indeed suggests that they have similar origins and

that these responses originate in the photoreceptors

and outer retina. This is in agreement with the fact

that the eccentricity dependent amplitude decrease

and the amplitude under the curves follow the density

profile for the cone photoreceptors.

The late negative component in the addition

(N100add) of on- and off-responses was larger than

either N100on or N90off. These components are most

Fig. 10 Eccentricity dependent amplitude change of mfERG

components, defined as the areas under the curves given in

Figs. 7, 8 and 9 given for the different stretch factors. The

continuous curves are the areas under the curves for the

stimulated cones and retinal ganglion cells in the human retina,

given as a function of retinal eccentricity
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probably homologues to the photopic negative

response (PhNR) of the flash ERG, which originates

in the spike generating mechanisms of ganglion and

amacrine cells [7, 26, 27]. The large asymmetry in the

late negative components is agreement with this

hypothesis, assuming that components with more

proximal origins have generally stronger asymmetries.

As the addition of the on- and off-responses is

possibly a simulation of the PERG [7], the N100add is

also the homologue of the PERG N95 component.

This is in agreement with data showing that this

PERG component also originates in the retinal

ganglion cells (see Holder [28] for a discussion on

the origin of the PERG components). Our finding that

the spatial properties of the response amplitudes of

N100add resembled those of stimulated ganglion cells

numbers is a further indication of the proximal origin

of this component. The small but consistent differ-

ence between the implicit times of N100on and N90off

suggests that these two components do not have

identical origins. This notion is strengthened by the

finding that the implicit time of the N100on increases

with increasing retinal eccentricity, whereas the

N90off implicit time does not change substantially

with retinal eccentricity. Finally, unlike the N100on

the N90off has spatial properties that resembled those

of the number stimulated cones rather that of the

retinal ganglion cells.

Our results support previous findings of Kondo

et al. [29], showing that the response densities for all

mfERG components (a-, b-, and d-waves) decreased

with increasing retinal eccentricities, the ratio of the

d-wave to b-wave amplitudes was minimal in the

central retina and increased towards the periphery

and that the ratio of a-wave to b-wave amplitudes

also increased towards the peripheral retina.

If the added responses are a simulation of the

PERG, it can be expected that the response described

in the present study is similar to multifocal PERG

responses [30–32]. Data on normal subjects with the

hexagon configuration as used in the present paper

gave amplitude profiles similar to ours [30], although

a quantitative comparison is not always straightfor-

ward because of differences in recording conditions.

The direct comparison between ERGs evoked by

multifocal sawtooth stimuli as used in this work and

PERGs should, however, be made with caution

because there are additional PERG contributions to

consider, such as edge effects and lateral interactions

including spatial tuning of response generators. In

contrast with the PERG, the addition of on- and off-

responses as performed in this work is less sensitive

Fig. 11 Average values for

implicit times of mfERG

components elicited by

rapid-on stimuli at different

eccentricities plotted

separately for four different

stretch factors. The N100on

latency increased with

increasing eccentricity

whilst for N20on and P46on,

there was very little or no

change. This trend was

present for all stretch

factors
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to optical factors. Although we have not directly

tested this issue, the measurement of response

asymmetries to rapid-on and rapid-off sawtooth

stimuli may be a useful alternative in conditions in

which the optical conditions prohibit the measure-

ment of a PERG. Our measurements were performed

using multifocal stimuli made of hexagons with sharp

borders and so the responses may be sensitive to

optical blur to a certain extent. However, it can be

predicted that by adding on- and off-responses to full-

field stimuli as a simulation of the PERG, this

problem can be overcome.
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