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PURPOSE. To compare the electroretinographical (ERG) responses elicited by L- and M-
cone isolating ON- and OFF-sawtooth stimuli in normal subjects and glaucoma patients.

METHODS. Twenty-one normal subjects and 44 primary open-angle glaucoma patients
participated in the study. L- and M-cone isolating (18% cone contrast; 284 cd/m2) rapid
ON- and rapid OFF-sawtooth (4 Hz) stimuli with two stimulus sizes (full-field (FF) and
central 70° diameter) were generated using the triple silent substitution technique. ON-
and OFF-response asymmetries were studied by adding the two (to obtain L-add and
M-add responses). The initial positive (P) and subsequent late negative (LN) components
of the L-add and M-add ERGs were compared between the subject groups and correlated
with retinal nerve fiber layer thickness (RNFLT) and pattern ERG responses.

RESULTS. The responses to L-ON and to M-OFF stimuli and vice versa resembled each
other particularly with 70° stimuli. The PL-add amplitudes were not significantly different
between the normal subjects and glaucoma patients, whereas the LNL-add amplitude was
significantly (P < 0.01) smaller in the glaucoma patients. Both PM-add and LNM-add were not
significantly different between the subject groups. The PERG amplitude with 0.8° check
sizes and the 0.8°/16° amplitude ratio (PERG ratio) were significantly (P < 0.05) different
between the subject groups. The 70° LNL-add amplitude and the 0.8° PERG amplitude were
significantly correlated with RNFLT.

CONCLUSIONS. The ERGs to 70° cone isolating sawtooth stimuli reflect cone opponency.
The cone opponent ERG responses were not significantly different between glaucoma
patients and normal subjects. Luminance driven L-add responses were significantly differ-
ent, indicating that central luminance signals are mainly affected in glaucoma.

Keywords: ON- and OFF electroretinogram, silent substitution, glaucoma, sawtooth stim-
uli, stimulus size, parvocellular, magnocellular

S everal lines of evidence suggest that glaucoma preferen-
tially affects retinal ganglion cells which project to the

magnocellular layers of the lateral geniculate nucleus. Silver-
man et al.1 demonstrated magnocellularly based motion
perception deficits in glaucoma patients.2–4 Anderson et
al.5 reported significant losses of resolution acuity when
stimulated with 30 Hz phase reversal gratings, which are
thought to stimulate a higher proportion of magnocellular
ganglion cells. Furthermore, sinusoidal achromatic gratings
with low spatial frequencies are perceived at twice its spatial
frequency when flickered in counterphase at 20–30 Hz
temporal frequency.6 This frequency doubling phenomenon
possibly has magnocellular (MC) origin.7 Maddess et al.
reported a method for clinical testing for glaucoma based
on the spatial frequency doubling illusion and found
significantly reduced sensitivity in the glaucoma patients.7

However, White et al.8 argued for the involvement of corti-

cal loss of temporal phase discrimination, which may be the
principal cause of the illusion.

The pattern electroretinogram (PERG) response reflects
the integrity of retinal ganglion cells and hence has been
used clinically for many years, particularly in the assessment
of glaucomatous neuropathy.9–11 Lingley et al.12 demon-
strated that the N95 component of transient PERG resem-
bles an average of the photopic negative responses (PhNRs)
of ON- and OFF- electroretinograms elicited by luminance
increments and decrements of the uniform fields. We have
reported previously that the ON- and OFF-ERG responses
elicited by full-field luminance incremental and decremental
sawtooth (4 Hz) stimuli (with white mean chromaticity) were
significantly altered in glaucoma patients.13 Particularly the
late negative (LN; PhNR-like) components of ON- and OFF-
ERG responses, and the LN of the summed responses (LNadd

analog to the N95 of the PERG) were significantly altered.
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The alterations were significantly correlated with alterations
of the retinal nerve fiber layer thickness (RNFLT) and of the
PhNR in the flash ERG. It is not known if the cone-opponent
mechanism is equally or differently altered by glaucoma as
the luminance mechanism.

The electroretinogram (ERG) elicited by photoreceptor
type specific stimulation allows the study of the func-
tional characteristics of each photoreceptor type and the
postreceptoral visual pathways to which they impart their
signals. With the silent substitution technique, based on
spectral compensation,14–18 each photoreceptor type (L-
cone, M-cone, S-cone, and rod) can be stimulated with
known strength (expressed in terms of cone and rod
contrast) and at constant states of adaptation. The isola-
tion and comparison of ERGs driven by single photore-
ceptor types are important to understand the fundamental
visual processes in parvocellularly based red-green chro-
matic and in magnocellularly based luminance retinal path-
ways. There is evidence that ERGs elicited by cone and rod
specific stimulation using the silent substitution technique
can be useful to study the retinal abnormalities which affect
vision.19–23

Electroretinograms elicited by photoreceptor excitation
increments (ON-ERG) and decrements (OFF-ERG) have
components with distinct properties.13,24 By employing peri-
odic sawtooth stimuli of moderate frequency (4 Hz), ON-
and OFF-ERG responses can be reliably recorded. The ON-
ERG response shows an early negative potential similar to
the a-wave of flash ERGs, which originates in photorecep-
tors and OFF-bipolar cells,25 followed by a positive deflec-
tion similar to the b-wave, which is mainly generated by
ON-bipolar cell activity.26 The OFF-ERG response shows an
initial positive d-wave, which is mainly the activity of OFF-
bipolar cells and cone photoreceptors.26,27 Similar to the
photopic negative response (PhNR) in the flash ERG, both
ON- and OFF-ERG responses show a late negative deflection
after the positive b- and d-waves, respectively. The summa-
tion of ON- and OFF-ERG responses to stimuli with relatively
low temporal frequencies (<4 Hz) generate a pattern ERG-
like response12,13,28,29 with an initial positive wave (Padd)
followed by a late negative wave (LNadd) that can be consid-
ered to be analogous to the P50 and N95 components of the
transient PERG, respectively.

Recently, we found that the ERG responses elicited by
opposite polarities of L- and M-cone isolating sawtooth
stimuli (i.e., the L-ON and M-OFF responses on the one
hand, and the L-OFF and M-ON on the other hand) of
a moderate temporal frequency (4–8 Hz) resembled each
other,24 indicating the presence of cone opponency in the
responses. These similarities were particularly clear with
spatially restricted stimuli (spanning the central 35° of the
retina). It has yet to be shown how glaucoma affects the
ON- and OFF-ERG responses and their asymmetries elicited
by cone isolating sawtooth stimuli. Alterations in the addi-
tions of the L- and M-cone driven sawtooth responses
may therefore give information about the involvement of
cone-opponent mechanisms in glaucoma. The cone isolat-
ing sawtooth stimuli could give additional information about
how glaucoma affects the postreceptoral pathways in the
retina. Therefore, in the present study, we sought to investi-
gate the ON- and OFF-ERG responses and their asymmetries
elicited by full-field and spatially restricted L- and M-cone
isolating sawtooth stimuli in normal subjects and glaucoma
patients.

METHODS

Subjects

Twenty-one normal subjects (10 males and 11 females, mean
age ± SD: 63.1 ± 11.6, age range: 45–80 years), and 44
primary open-angle glaucoma patients (26 males and 18
females, mean age ± SD: 65 ± 9.06, age range: 43–80 years)
participated in the present study. There was no significant
age difference between the groups. The glaucoma patients
were recruited from the Erlangen Glaucoma Registry,
Department of Ophthalmology, University Hospital Erlan-
gen. All participants were informed about the protocol and
the purpose of the experiment. Informed written consent
was obtained from each subject. The experiments were
conducted in accordance with the tenets of the Declaration
of Helsinki and the protocol was approved by the local insti-
tutional ethics committee (medical faculty of the University
Erlangen-Nürnberg).

All participants underwent a comprehensive ophthalmo-
logical investigation including best-corrected visual acuity,
slit-lamp examination, funduscopy, gonioscopy, standard
automated perimetry, and pupillometry before the ERG
recordings. The ERG recordings were performed on the
same day as the ophthalmological investigation. The subjects
who had a visual acuity of 0.3 logMAR or higher and
a myopic refractive error better than −8.5 diopters were
included in the study. Subjects with mild and severe
cataracts, as established in slit-lamp examinations, were
excluded. Criteria for the diagnosis of glaucoma were an
open anterior chamber angle and glaucomatous damage
of the optic nerve head, along with abnormally small
neuroretinal rim area of the optic disc and cup-to-disc
ratios larger in the vertical than in the horizontal direc-
tion assessed by funduscopy and optical coherence tomog-
raphy (OCT).30,31 As mentioned above, visual field measure-
ments were performed but these data were not used for
the diagnosis of glaucoma. Preperimetric patients (i.e.,
without a visual field defect) were also in the patient
group.

Visual Stimulation

L- and M-cone isolating photopic stimuli were generated
using a Ganzfeld bowl (Q450SC, Roland Consult, Branden-
burg an der Havel, Germany) equipped with six differently
colored arrays of light-emitting diodes (LEDs). The Reti-
port software (Roland Consult) allows independent control
of mean luminance, Michelson contrast, phase, temporal
frequency, and stimulus profile of each LED array. To
generate the L- and M-cone isolating stimuli using triple
silent substitution,15,16 the red (peak wavelength ± half
bandwidth at half height: 638 ± 9 nm), green (523 ±
19 nm), blue (469 ± 11 nm), and amber (594 ± 8 nm)
LEDs were activated. The emission spectra of the LEDs
were measured using a CAS 140 spectroradiometer (Instru-
ment Systems, München, Germany). The emission spectra
and photoreceptor fundamentals 32 were used to calcu-
late mean photoreceptor excitation and excitation modu-
lation (expressed as cone or rod Michelson contrast) by
a linear transformation. This procedure is described in
detail elsewhere.14,33 Briefly, the outputs of the LEDs were
modulated with rapid-ON or rapid-OFF sawtooth tempo-
ral profiles. All four LEDs were modulated simultaneously.
The linear transformation converting LED contrasts into
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rod- or cone contrasts can be described by a 4 × 4
matrix:

⎛
⎜⎜⎝
SL-c,R SL-c,A SL-c,G SL-c,B
SM-c,R SM-c,A SM-c,G SM-c,B
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SRod,R SRod,A SRod,G SRod,B

⎞
⎟⎟⎠

⎛
⎜⎜⎝
R
A
G
B

⎞
⎟⎟⎠ = M

⎛
⎜⎜⎝
R
A
G
B

⎞
⎟⎟⎠ =

⎛
⎜⎜⎝
L-c
M-c
S-c
Rod

⎞
⎟⎟⎠

In which R, A, G, B are the Michelson contrasts in the red,
amber, green, and blue LEDs, respectively. L-c, M-c, S-c, and
Rod are the (Michelson) contrasts of excitation modulation
in the four photoreceptor types. The values S in the 4 × 4
matrix (M) are the conversion factors for each LED and each
photoreceptor type. They were obtained by multiplying the
emission spectra of the LEDs at the chosen mean luminance
with the cone fundamentals and with Vλ’ (for rods) and by
integrating over wavelength. For instance, the sensitivity of
the L-cones to the red LED: SL−c,R = ∫ERed · FL−c · dλ. Where
ERed is the emission spectrum of the red LED and FL-c is the
L-cone fundamental.

All contrasts (R, A, G, B, L-c, M-c, S-c, and Rod) could
obtain positive (meaning by definition rapid-ON sawtooth)
or negative values (meaning rapid-OFF sawtooth).

The inverse matrixM−1 was used to calculate the contrast
and polarity in each LED necessary to obtain a particular
condition. For instance, the stimulus condition for a 10%
rapid-ON L-cone isolating stimulus (i.e., 0% contrast in the
M- and S-cones and in the rods, so that their excitation was
not modulated) was:

M−1
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To create this stimulus, not all LEDs were modulated with
rapid-ON profiles. To silence the other photoreceptor types,
some had to modulate with rapid-OFF profile (indicated by
negative contrast values).

To obtain the different stimuli, only contrast and polarity
were varied. Mean luminance of each LED was not varied.
This ensured that the overall mean luminance and chro-
maticity (and thus the state of adaptation) was the same for
all conditions.

In the present study, either L- or M-cone contrast was 18%
with the other cone type silenced. In all conditions, the rods
and S-cones were silenced (i.e., 0% contrast for rod and S-
cone) resulting in triple silent substitutions. The mean lumi-
nances of the red, green, blue, and amber LED arrays were
set to 80, 40, 4, and 160 cd/m2, respectively. This resulted
in a reddish mean chromaticity with the CIE 1931 coordi-
nates x = 0.5686 and y = 0.3716 and a total mean lumi-
nance of 284 cd/m2 (about 14,200 photopic trolands reti-
nal illuminance, assuming an 8 mm pupil diameter). Four
hertz (4 Hz) sawtooth temporal excitation profiles for the L-
and M-cone isolating stimuli were employed. A sudden cone
excitation increment (ON) followed by a ramping decre-
ment elicited ON-ERG responses whereas a nearly instan-
taneous decrement (OFF) in cone excitation followed by an
incremental ramp was used to elicit OFF-responses. Accord-
ingly, we generated L-ON, L-OFF, M-ON, and M-OFF stim-
uli (see Fig. 1). The ERG responses elicited by these L- and
M-cone isolating incremental and decremental stimuli were
recorded each at two stimulus sizes: full field (FF) and 70°

diameter. The 70° diameter spatial stimulus configuration
was created with a cardboard field stop placed in front of
the standard Ganzfeld aperture at a distance of 3 cm from
the observer’s eye.

The steady-state pattern ERG recordings were performed
using the RetiPort system (Roland Consult), which also
controlled an LCD monitor (AOC 919Vz) for PERG record-
ings. The stimulus frequency was 7.5 Hz (15 reversals/s).
Two check sizes (0.8° and 16°) were employed. The total
stimulus was rectangular with 32° side size at a viewing
distance of 50 cm. The temporal frequency was 7.5 Hz, that
is, 15 reversals per second. The mean luminance of the bright
checks was 240 cd/m2. The dark checks had a luminance of
0.8 cd/m2. As a result, the luminance contrast was 99 %,
and the time-averaged luminance about 120 cd/m2. The CIE
coordinates of the white checks were x = 0.31 and y = 0.34.

ERG Recording and Data Analysis

A fiber electrode, placed over the lower limbus and attached
at the inner and outer canthus, served as active electrode.
Gold cup surface electrodes filled with electrode paste
(Ten20 conductive, Weaver and Company, Aurora, Colorado,
USA) were placed at the ipsilateral temple and on the fore-
head and served as reference and ground electrodes, respec-
tively. To minimize the impedance, the ipsilateral temple
and the forehead skin were scrubbed with Nuprep abrasive
skin preparing gel (Weaver and Company) before placing
the electrodes with medical-grade tape. The impedance was
maintained below 5 kΩ during the measurements.

Full-Field and 70° ERG

Monocular electroretinograms were recorded from 65 eyes
(of 21 normal subjects and 44 glaucoma patients). The fellow
eye was covered by an eye patch. The pupil of the examined
eye was dilated with a drop of 0.5% tropicamide (Pharma
Stulln, Pointe-Claire, QC, Canada). To minimize eye move-
ments, the subjects were asked to fixate a central red LED
in the Ganzfeld stimulator. The experiment was performed
in a dark room.

Eighty epochs of ERG measurements, each lasting for one
second, were averaged. To avoid onset artifacts, the first
two seconds after stimulus onset were not recorded. The
recorded potentials were amplified by a factor of 106, band-
pass filtered between 1 and 300 Hz cutoff frequencies and
digitized at 2048 Hz sampling rate.

ERGs elicited by the incremental and decremental L- and
M-cone isolating sawtooth stimuli were summed (i.e., LON +
LOFF = L-add; MON + MOFF = M-add) to construct spatially
homogeneous L- and M-cone driven responses as analogs of
pattern ERGs. The nomenclature of respective ERG compo-
nents is given in Figure 1. The amplitudes of PL-add (in a
time window between 33 and 54 ms) and PM-add (25–50
ms) were measured from their preceding minimum, whereas
LNL-add (55–162 ms) and LNM-add (51–140 ms) were measured
from the baseline-to-trough (baseline was the average of the
amplitudes of the first six data points in the recordings after
the sudden change in cone excitation).

Noise was measured for each subject by using 0%
cone contrast modulation stimuli under the full-field
condition. Amplitudes were taken for further analysis when
the signal-to-noise ratio (SNR) was above 2. An SNR of
2.85 was recommended previously 34. However, that esti-
mation was only based on response amplitudes. We found
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FIGURE 1. The left column shows the ERGs elicited by 70° diameter 4 Hz sawtooth L-cone (upper two signals) and M-cone (lower two
signals) isolating rapid ON and rapid OFF stimuli from a representative normal subject. The rapid-ON and rapid-OFF stimulus profiles are
depicted below the L-ON and L-OFF original 4 Hz recording respectively in grey. The original 4 Hz ERG responses given in the left column
were further averaged and a single wave of 250 ms length for L-cone (upper two signals) and M-cone (lower two signals) were constructed
as shown in the middle column. Observe the resemblance between L-ON and M-OFF responses and between L-OFF and M-ON responses.
The averaged ON- and OFF-ERG responses were added for L-cone (upper signal, LON + LOFF = L-add) and M-cone (lower signal, MON +
MOFF = M-add) isolating stimuli, respectively. The dotted lines in all the traces indicate a baseline defined as an average of amplitudes of
the first six data points.

that the latencies of the response components were in the
expected range for SNRs down to about 2, indicating that
these responses were still reliable. Otherwise, amplitudes
and corresponding latencies were discarded.

Pattern ERG

The pattern ERGs were recorded with the same fiber elec-
trode from a subpopulation of 15 normal subjects and 18
glaucoma patients with an undilated pupil before recordings
to the cone-isolating stimuli. PERGs were averaged for 80
epochs, amplified 100,000 times, bandpass filtered between
1 Hz and 50 Hz, and sampled at 2048 Hz. Fourier analy-
sis was performed on the recorded PERG responses, and
amplitudes and phases at 15 Hz were extracted. The PERG
recordings were also performed in the darkroom.

Statistical Analysis

SPSS version 18 (SPSS Inc., Chicago, IL, USA) software was
used for the statistical analysis. Amplitudes of the ERG
components were compared between the normal and glau-

coma patients and between the FF and 70° diameter stim-
uli. A Mann-Whitney U test was used to compare ampli-
tudes between the subject groups. Within the subject group,
the FF versus 70° amplitude difference was compared using
Wilcoxon tests. The comparisons were corrected for multi-
ple testing. Spearman’s correlation coefficients were used
to verify correlations between the ERG components, RNFLT,
and PERG components.

RESULTS

The normal subjects showed no ocular abnormalities which
could affect vision during the ophthalmological investiga-
tion. They also had normal visual fields. The visual acuity
(VA) in normal subjects was (mean ± SD) 0.92 ± 0.11
(range: 0.7–1.0). Intraocular pressure (IOP) was (mean ±
SD) 17.8 ± 2.8 mm/Hg (range: 12–22 mm/Hg). The myopic
refractive error in the normal subjects was (mean ± SD)
−0.768 ± 2.59 diopters (range: −6.38 to +3 diopters). In
the patient’s group, the VA was 0.86 ± 0.15 (range: 0.3–1.0)
and the IOP was 26.68 ± 8.8 mm/Hg (range: 11–58 mm/Hg).
The myopic refractive error was (mean ± SD) −1.20 ± 2.65
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FIGURE 2. Group averaged L-add and M-add waveforms from the additions of ON- and OFF-ERGs elicited by L- and M-cone isolating
sawtooth stimuli. Nomenclature of the ERG components and the baselines are also given.

diopters (range: −8.25 to +3.75 diopters). The refractive
errors were not significantly different between the subject
groups. The visual field mean defects (MDs) in the glaucoma
patients [4.3 ± 3.9, (range: −1.8 to +20.6)] were significantly
different (P < 0.001) from those of the normal subjects [0.92
± 1.3, (range: −1.9 to +2.8)].

The retinal nerve fiber layer thickness (RNFLT) was
measured in all participants using spectral-domain opti-
cal coherence tomography (SOCT) (Spectralis OCT, Heidel-
berg Engineering, Heidelberg, Germany). The RNFLTs in the
glaucoma group [mean ± SD: 68.8 ± 14.2, (range: 40.32–
96.21 μm)] were significantly different (P < 0.001) from
those of the normal subjects [94.4 ± 11.8, (range:
70.3–112.7 μm)]

All normal participants and glaucoma patients had
normal color vision at the time of the experiment according
to the Farnsworth-Munsell D-15 color arrangement test and a
Heidelberg Multi-Color anomaloscope (Oculus Optikgeräte
GmbH, Wetzlar, Germany).

Figure 1 shows examples of ON- and OFF ERG responses
elicited by 70° diameter L- and M-cone isolating 4 Hz ON-
and OFF-sawtooth stimuli in a representative normal subject.
The first column depicts the original 4 Hz ERG recording
for L-ON, L-OFF, M-ON, and M-OFF stimuli, respectively.
The original 4 Hz ERG recordings were further averaged
and a single wave for L-ON, L-OFF, M-ON, and M-OFF of
250 ms length was constructed, as shown in the middle
column. In agreement with previous results, the responses to
L- and M-cone stimuli of opposite polarity (i.e., to L-ON and
M-OFF and to L-OFF and M-ON) resemble each, whereas the
responses to stimuli of the same polarities (i.e., to L-ON and
M-ON and to L-OFF and M-OFF) have different morpholo-
gies. This was found for all observers (normal subjects and
glaucoma patients).

The right column in Figure 1 shows the summed ON-
and OFF-ERG response for L- and M-cone isolating stimuli
(L-add and M-add, respectively). The summed responses for
L- and M-cone are dominated by initial positive waves (PL-add
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FIGURE 3. Boxplots of a) PL-add amplitudes and b) LNL-add amplitudes in normal subjects (open box) and glaucoma patients (hatched box)
recorded with the FF and 70° diameter stimuli. The boxes include 50% of measured values (5% and 95% percentiles) and show the position
of the median (horizontal line in each box). Error bars indicate 1.5 times the interquartile distance from the upper and lower box edge.
Outliers are denoted by black-filled circles. The P values from the Mann-Whitney test (**: P < 0.01) between the data from normal subjects
and glaucoma patients are displayed on the top when the difference between the group was significant. “XX” denotes significant differences
in Wilcoxon testing (P < 0.01) of the corresponding FF versus 70° amplitude comparison within the subject groups.

FIGURE 4. Boxplots of a) PM-add amplitudes and b) LNM-add amplitudes in normal and glaucoma patients recorded with the FF and 70°
diameter stimuli.

and PM-add) followed by late negative (LNL-add and LNM-add)
components, which are possible correlates of the P50 and
N95 components of the transient PERG, respectively.11–13,29

We performed a statistical analysis on the components of
summed responses to L- and M-cone isolating stimuli of
normal subjects and glaucoma patients.

Group averaged L-add (a) and M-add (b) responses in
normal subjects (left column) and glaucoma patients (right
column) are given in Figure 2 for the FF and 70° diame-
ter stimuli. Overall, the FF responses were larger than those
to 70° diameter stimuli. The FF versu 70° amplitude differ-
ence was larger in the L-cone driven responses than those
driven by the M-cones. Furthermore, the L-add and M-add

responses were similar in morphology. In agreement with
previous data,24 the latencies (data not shown) of P and LN
components of the L- and M-cone responses were larger in
the 70° diameter stimuli in normal subjects and glaucoma
patients. However, the latencies were not significantly differ-
ent between the subject groups.

Figure 3 shows the PL-add (a) and LNL-add (b) amplitudes in
normal subjects and glaucoma patients. In FF condition, both
PL-add and LNL-add amplitudes were not significantly different
between the normal subjects (PL-add = 9.9 ± 3.3 μV, LNL-add

= −9.9 ± 5.9 μV) and glaucoma patients (PL-add = 11.3 ±
4.6 μV, LNL-add = −9.2 ± 4.7 μV). For 70° diameter stim-
uli, the PL-add was not significantly different. On the other
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FIGURE 5. a) PERG amplitudes obtained with 0.8° checks and 16° checks from 15 normal subjects and 18 glaucoma patients are given. b)
The PERG amplitude ratio (0.8° amplitude/16° amplitude) is given for normal subjects and glaucoma patients. Outliers are indicated with
black-filled circles. Significance between the groups is denoted by an asterisk (* if P < 0.05).

FIGURE 6. Individual LNL-add amplitudes obtained with 70° diameter stimuli from normal subjects (N = 21) and glaucoma (N = 44) patients
(a) and PERG amplitudes of responses to 0.8° checks obtained with a subpopulation of normal subjects (N = 15) and glaucoma (N =
18) patients (b) plotted as a function of retinal nerve fiber layer (RNFL) thickness. The Spearman-rho correlation coefficients (R) and the
respective significance (P) levels are given.

hand, the LNL-add amplitude in the glaucoma patients (−6.0
± 2.4 μV) was significantly (P < 0.01) reduced relative to
those in normal subjects (−8.36 ± 2.8), denoted as “**” (Note
that the amplitudes are given as negative values, indicat-
ing that the LN troughs were below the baseline). Within
the subject groups, there was a significant amplitude differ-
ence between the PL-add amplitudes from FF and 70° diameter
stimuli, denoted as “XX” (P < 0.01) in Figure 3. This finding
is not surprising and in agreement with previously reported

data with normal subjects where the amplitude of an early
positive peak of the summed responses for L-and M-cones
showed a significant decrease with a decrease in stimulus
size down to 10° diameter stimuli.24 The LNL-add amplitude
in normal subjects was not significantly influenced by stim-
ulus size, whereas, it was significantly reduced (P < 0.01) in
the glaucoma patients with the 70° stimuli.

Figure 4 shows the PM-add (a) and LNM-add (b) amplitudes
obtained with FF and 70° diameter stimuli in the normal
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subjects and the glaucoma patients. Interestingly, neither
PM-add nor LNM-add amplitude were significantly different
between the subject groups. In the glaucoma patients, the
PM-add amplitude was significantly reduced (P < 0.01) with
70° diameter stimuli when compared to the FF response. The
LNM-add amplitudes in normal subjects and glaucoma patients
were nearly similar for both 70° diameter stimuli and FF.

The PERG data recorded from subpopulations of the
normal subjects (15 subjects out of 21) and the glaucoma
patients (18 patients out of 44) are shown in Figure 5. The
PERG was recorded with two check sizes, 0.8° and 16°
checkerboard. The amplitudes obtained after Fourier anal-
ysis for 0.8° checks and 16° checks are given in Figure 5a.
In agreement with previous data ,10,11 PERG responses to
0.8° checks were larger than those to 16° checks in normal
subjects (open box) and resulted in 0.8°/16° PERG ratios
larger than one. In glaucoma patients (hatched box), ampli-
tudes of responses to 0.8° checks were reduced significantly
(* = P < 0.05) as compared to normal subjects, whereas the
amplitudes with 16° checks were similar to those measured
in normal subjects. As a result, the 0.8°/16° PERG ratio
was significantly (* = P < 0.05) reduced in the glaucoma
patients.

The relations between the amplitudes of LNL-add compo-
nent for 70° diameter stimuli and the 0.8° PERG amplitudes
with the RNFLT are shown in Figures 6a and 6b, respec-
tively. The 70° LNL-add amplitudes showed a significant (R
= −0.287, P = 0.023) correlation with the RNFLT. Further-
more, the PERG amplitude with 0.8° checks were signifi-
cantly (R = 0.491, P = 0.004) correlated with the RNFLT. As
expected, the PERG ratio was also significantly (R = 0.467,
P = 0.006) correlated with the RNFLT (data are not shown).
There was no significant correlation between the ampli-
tudes of the 70° LNL-add component neither with the 0.8°
PERG amplitudes nor with the PERG ratios. Deming regres-
sion was also performed on the data presented in Figure
6. However, correlation coefficients obtained with Deming
regression were identical to those obtained with Spearman’s
rho correlation.

The amplitudes of the LNL-add component for 70° diam-
eter stimuli and the 0.8° PERG amplitudes were also corre-
lated with mean defect values from the 30° SAP fields in
normal subjects and glaucoma patients. However, there were
no significant correlation between these parameters (data
not shown).

DISCUSSION

Here, we studied if the reversal ERG responses differed
between normal subjects and glaucoma patients. These were
obtained by adding individual ON- and OFF- sawtooth
responses, which were elicited by L- and M-cone isolating
stimuli of two sizes (FF and 70° diameter). The symmetry
between L-ON and M-OFF responses on the one hand and
L-OFF and M-ON responses on the other hand indicated that
responses are dominated by the parvocellular system. This
notion is supported by the fact that differences between
ERGs depending on field size were small. However, these
parvocellular-mediated responses seem to correlate poorly
with PERG and RNFLT. Only the LNL-add response was corre-
lated with the retinal nerve fiber layer thickness and PERG
data, probably because of an additional luminance compo-
nent.

In agreement with previous data,13,24 the cone isolating
ON- and OFF ERGs of opposite polarity resembled each

other for normal subjects (Fig. 1, middle column) and glau-
coma patients (waveform not shown), indicating that the
ERGs are to a large extent driven by a L-/M-cone-opponent
mechanism. The cone opponency is particularly pronounced
with 70° stimuli, suggesting that cone opponent signals
are mainly present in the central retina. In contrast, lumi-
nance reflecting ERGs are particularly large with full field
stimuli and decrease significantly with decreasing stimu-
lus size, as previously demonstrated for cone isolating 35

and heterochromatic red-green sinusoidal stimuli.36 Further-
more, luminance signals are L-cone dominated, explain-
ing why the differences between the responses at FF and
70° are particularly significant for L-cone driven responses.
Luminance signals are relatively small in M-cone driven
responses.19,35

A significant difference between normal subjects and
glaucoma patients was only found for the LNL-add component
to 70° stimuli. This suggests that luminance driven responses
are mainly affected by glaucoma because the luminance
response is small in the M-cone driven responses. These
findings are in agreement with previous suggestions that the
magnocellular pathway (which is the luminance sensitive
retinal pathway) is particularly affected by glaucoma.37,38

Furthermore, previous data have shown that the PhNR-like
LN components probably reflect retinal ganglion cell activity
and is therefore probably particularly susceptible to glauco-
matous changes.12,29 A further finding was that the LNL-add

component was smaller to the 70° stimuli than to FF in glau-
coma patients but not in normal subjects. This indicates that
the major glaucomatous changes are present in the central
retina.

The reduction in amplitudes of the LNL-add component in
glaucoma patients reported in the present study (Fig. 3) is
consistent with previous data from Pangeni et al. 13 where
the responses to ON- and OFF-sawtooth achromatic stimuli
were employed to generate summed responses in normal
human subjects and glaucoma patients. The data showed
that the LN component of the summed response was signifi-
cantly reduced in glaucoma patients and manifested a strong
correlation with RNFLT.

The addition of individual ON- and OFF responses to
L- and M-cone isolating (L-add and M-add) stimuli can be
regarded as a reversal response (i.e., the response to a
sudden change in the stimulus independent of the direction
of the change) and therefore resembles the PERG response.
This is in line with the current idea about the origins of
the PERG, where ON- and OFF-responses to pattern rever-
sals are considered to be asymmetric (and not mirror images
of each other) and, therefore, do not cancel each other 10.
Attempts to simulate the transient PERG response by using
ON- and OFF uniform fields 12,29 and 4 Hz sawtooth stim-
uli 13 have been reported before. Similar to the transient
PERG with distinct positive (P50) and negative (N95) deflec-
tions, L-add and M-add responses showed positive (PL-add

and PM-add) and negative (LNL-add and LNM-add) components
as shown in Figure 2.

The steady-state PERG obtained from a subpopulation of
normal subjects and glaucoma patients showed significantly
reduced 0.8° PERG amplitudes and 0.8°/16° PERG ratios
in glaucoma patients compared to normal subjects (Fig. 5).
The PERG recording was performed as a parallel control
experiment and the data agreed with previous results.11 The
black and white checkerboard stimulation to measure PERG
responses has been used in clinical settings for many years
to assess the retinal ganglion cell function in the case of
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glaucoma.11,39 The stimuli used in the PERG recording were
achromatic and subtended an approximate angle of 32°. This
supports our proposal that glaucomatous damage of the
retina mainly affects the centrally located luminance mech-
anism.

Consistent with previous studies,13,40 the RNFLT in glau-
coma patients was significantly reduced and showed a signif-
icant correlation with reduced LNL-add with 70° diameter
stimuli, and 0.8° PERG amplitude in glaucoma patients as
shown in Figure 6. The 0.8°/16° PERG ratio also showed
a significant correlation with RNFLT (data not shown). The
glaucoma patient group in the present study consisted of
different stages of glaucoma (with or without visual field
defect) but there was no correlation found with RNFLT
within the glaucoma patient subgroup. The correlation of
RNFLT with 70° LNL-add further supports the notion that the
LN component is sensitive to dysfunction of retinal ganglion
cells which are centrally located. For the clinician, these find-
ings implicate that luminance signals correlate much better
with RNFLT as well as luminance-driven functional tests like
standard automated perimetry (SAP) and PERG. While red-
green color discrimination has been found to be impaired in
patients with early, moderate, or severe glaucoma, the rele-
vance of this remains unclear in light of our results and those
of other groups. Therefore, luminance-driven ERGs might be
useful for assessing glaucomatous damage in patients where
RNFLT or SAP cannot be measured or interpreted, for exam-
ple, in high myopia or in patients who cannot fixate well.

The present study has limitations. First, the ERGs elicited
by silent substitution stimuli are generally smaller than
those obtained with standard flashes because the stimuli are
generally weaker (at 100% Michelson contrast the maximal
output is only twice the background whereas flashes can
be orders of magnitude brighter than the background). In
addition, only a subpopulation of photoreceptors is stim-
ulated. However, the signal-to-noise ratio is not very differ-
ent in similar time intervals because interstimulus time inter-
vals, as in flash ERGs, are not necessary. Furthermore, more
data are necessary for a better comparison with, for instance,
visual field data. Finally, RNFLT is known to correlate with
axial length and refractive error. Although, the correlation
was not significant in our data set, an effect should be
considered.

CONCLUSIONS

The responses to cone isolating sawtooth stimuli elicited
ERGs that strongly reflect (parvocellularly based) cone
opponency. The cone opponent ERG responses do not corre-
late with the PERG nor with the RNFLT, and they are
not significantly different between glaucoma patients and
normal subjects, except for the LNL-add responses at 70°. It
is probable that these responses contain more luminance
signals. FF responses contain contributions from the periph-
eral retina and therefore is less strongly affected by glau-
coma.
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