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Abstract The intent of our study was to evaluate
whether the response to a long-duration white stimulus
in the multifocal electroretinogram (mfERG) is suffi-
ciently sensitive to detect early retinal dysfunction in
glaucoma. On—off mfERGs were recorded from 15
NTG and 15 HTG patients and compared with 14
control subjects. Recording parameters were the fol-
lowing: LED stimulus screen (RETIscan™), 100-ms
stimulus duration, 200-ms stimulus interval, 11-min
total recording time, stimulus matrix of 61 elements,
frame rate: 70 Hz, Lmax: 180 cd/mz, Lmin: 0 cd/mz,
and filter setting: 1-200 Hz. The second negative
response following stimulus onset (N2-on), as well as
following stimulus offset (N2-off), was analyzed as an
overall response and in quadrants, as well as in 4 small
central and four adjoining peripheral areas per quad-
rant. The latency of the N2-on was significantly
delayed in HTG in all response averages tested, while
in NTG this was only seen in the overall response and in
the small central response averages (P < 0.05). The
most sensitive measure in HTG was the latency of the
N2-on of the small peripheral response average of the
superior temporal quadrant with an area under the ROC
curve of 0.881. For NTG, the most representative
measure was the latency of the N2-on of the small
central response average of the inferior nasal quadrant
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with an area under the ROC curve of 0.793. Our results
showed that in stimulation with long-duration flashes,
the second negative response following the on
response, representative of the early PhNR, is affected
in glaucoma where N2-on showed a latency delay in
POAG patients. The latency delay of the N2-on was
more prominent for HTG than for NTG.
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Abbreviations

HTG High-tension glaucoma
LED Light-emitting diode screen
MD Mean defect

NTG Normal-tension glaucoma
N2-on N2-on response

N2-off N2-off response

Off-response  Response, following stimulus offset
On-response  Response, following stimulus onset
POAG Primary open-angle glaucoma
PhNR Photopic negative response

ROC Receiver operating characteristic
Introduction

Primary open-angle glaucoma (POAG) is a progres-
sive optic neuropathy. In early stages, the proximal,
i.e., the inner retinal layers, namely the ganglion cells
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are affected [1]. A number of clinical studies have
attempted to clarify which components of the ERG
reflect mainly inner retinal activity and also under
which recording and processing conditions these can
be enhanced.

In the Ganzfeld ERG, the photopic negative
response (PhNR) is a cornea-negative cone-driven
deflection following the “b-wave” of the Ganzfeld
photopic ERG, which has recently been studied as a
possible new and sensitive measure to detect early
glaucomatous dysfunction [2-5]. In the uniform ERG
to luminance increment followed by a decrement, the
PhNR is supposed to be of similar origin as the N95-
response of the pattern ERG (PERG), which is mainly
generated by ganglion cells and their axons [6]. This is
supported by pharmacological blockage studies: fol-
lowing intravitreal injection of TTX, the PhNR
disappeared when brief or long-duration white stimuli
on a white background were used [2]. In agreement
with an inner retinal origin, the PhNR to stimuli of
various durations is also markedly diminished in
experimental glaucoma. Indeed, the PhNR-amplitudes
were found to be greatly diminished, even when the
visual field loss was only mild to moderate [2].

As POAG is a disease affecting primarily the
ganglion cells in the inner retina [7, 8], further
attempts have been made to assess whether the PANR
holds promise for the clinical evaluation of retinal
function in patients with glaucoma. This seems to be
the case as in glaucoma patients the PhNR to flashes
of brief and of long-duration was markedly reduced
as well, even in the presence of normal a- and
b-waves [3, 4, 9, 10]. In contrast, another study
applying yet different stimulus conditions did not find
significant changes in the PhNR of glaucoma patients
[11].

As the full-field photopic ERG represents a
summed response from the nerve fiber layer across
the entire retina, localized changes, as for example in
early glaucoma, could easily be missed. For example,
a study, in primates with focal ganglion cell damage
induced by a laser burn, compared a photopic full-
field ERG with a red stimulus on a rod-saturated blue
background to mfERG recordings with a stimulus
base interval of 106 ms [12]. Here, the amplitude of
the PhNR of the full-field ERG did not show the focal
damage. Therefore, a focal PhNR has been elicited to
assess selectively localized areas of the retina [4, 6].
Results of studies on focal ERGs in glaucomatous
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eyes showed attenuation of the PhNR, even when the
disease affected the inner retinal function only locally
[4, 5, 13, 14]. This held true when responses were
obtained from the macular, as well as from the
paramacular retinal areas, for instance, from the
superior temporal and inferior temporal areas, which
are supposed to be most affected by glaucoma [14].
In the slow 7F sequence mfERG, in which standard
waves of the Ganzfeld ERG can be seen [15], the
local ganglion cell damage was also reflected in form
of focally reduced PhNR-amplitudes and also slightly
increased latencies in the area of damage.

Thus, the multifocal electroretinogram (mfERG)
offers an objective test for evaluating and monitoring
the local functional status of the retina with a high
spatial resolution [16—19].

Changing the stimulus paradigms from a fast
sequence [20, 21] to parameters that allow “stan-
dard” a- and b-waves to form and also increase inner
retinal contributions to the mfERG [22-25] have
greatly increased the sensitivity of the mfERG to
detect glaucomatous damage.

Using a stimulus, “on” duration of 100 ms and
an “off” duration of 100 ms (“on” and “off”-
responses), the photopic ERG [26, 27] and the
photopic mfERG [28, 29] responses show an on-
response following the onset phase of the stimulus and
an off-response following the offset of the stimulus. In
the Ganzfeld photopic ERG, the on- and the off-
responses are each followed by a negative trough, the
PhNR-on and the PhNR-off, respectively. By averag-
ing the PhNR-on and the PhNR-off of discrete long
photopic flashes, the N95 of the PERG can be
simulated, thus pointing to the same origin of these
components [6]. This suggests that under photopic
conditions, the negative troughs following the on- and
off-responses may contain information that is also
contained in the PhNR.

Through the use of a LED monitor, the mfERG
stimulus can be kept constant during a stimulus of
longer duration. Thus, the recording of on- and off-
responses under stable luminance conditions becomes
possible.

Therefore, we performed a photopic on—off
mfERG using a LED stimulation screen in patients
with normal-tension (NTG) and high-tension (HTG)
POAG, as well as in a control group, in order to
evaluate whether this stimulus is sufficiently sensitive
to detect early glaucomatous dysfunction.
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Methods
Subjects

Fifteen NTG, fifteen HTG patients, and fourteen
control subjects were included in this study. Proce-
dures followed the tenets of the Declaration of
Helsinki. The research protocol was approved by
the Institutional Ethics Committee. Participants pro-
vided a written consent prior to the commencement
of the examination.

All subjects underwent an ophthalmologic exam-
ination including visual acuity and measurement of
intraocular pressure, slit-lamp biomicroscopy, and
ophthalmoscopy.

Inclusion criteria for controls and glaucoma
patients were the following:

e a best corrected Snellen visual acuity at distance
better than 0.7,

e a refractive error within 46 dpt,

e an absence of previous ocular surgery,

e 1o history of systemic cardiovascular diseases,
such as systemic hypertension or diabetes mellitus,

e 1o history of neurological diseases, and

e no ocular pathology other than glaucoma that may
affect the mfERG recording.

Additional inclusion criteria for glaucoma patients
were the following:

e a glaucomatous optic neuropathy, defined by an
asymmetry in excavation, localized thinning of
the neuroretinal rim of the optic disk, a cup-to-
disk ratio of at least 0.5,

e a reproducible glaucomatous visual field loss
(MD worse than —2.2 dB, Octopus 101, G2
program), defined by a cluster of three points
reduced by 5 dB or greater, and including at least
one point reduced by 10 dB or greater; a cluster
of two points reduced by 10 dB or greater; or
three adjacent points on the nasal horizontal
meridian that were reduced by 5 dB or greater
from their mirror points on the opposite meridian.

All glaucoma patients had at least one diurnal
tension curve without treatment (Goldman applana-
tion tonometry at 6 am, before arising from bed,
8 am, 11 am, 4 pm, 10 pm). Normal-tension glau-
coma patients were defined as POAG patients having

a highest ever measured intraocular pressure below
21 mmHg.

The left eye of each subject was selected for the
study. If a subject’s left eye did not qualify, the right
eye was examined if it satisfied the inclusion criteria
and none of the exclusion criteria (5 patients).

On—off mfERG recording

Before the recording session patients were adapted to
ambient room light for approximately 30 min. Pupils
were maximally dilated (§8—9 mm in diameter) with
tropicamide 0.5% and phenylephrine 1% eye drops.
The cornea was anesthetized with proxymetacaine
hydrochloride. A ground electrode was attached to
the center of the forehead. Retinal activity was
recorded via a bipolar gold lens contact electrode
(Dyagnosys LLC, Lowell, MA, USA). The lens was
wetted with a drop of synthetic carbomer (Thilo-
Tears SER, Alcon Pharma GmbH) and placed on the
anesthetized cornea. The opposite eye was occluded
to avoid blinking. A corrective lens was not applied.
The viewing distance was 28 cm.

Retinal responses to on—off mfERG white stimuli
were recorded monoculary under photopic condi-
tions. The on—off mf ERG stimulation was generated
on a light-emitting diode (LED) stimulus screen
(RETIscanTM, Roland Consult system, GmbH, Wie-
sbaden) using a stimulus base interval of 200-ms
duration (m-sequence stimulus, 100-ms LED-on or
LED-off followed by 100-ms LED-off).

The stimulus array consisted of 1,024 (32 x 32)
broadband white LEDs on a white background that
stimulated the central 56° of the retina. Each LED
had a peak wavelength of about 424 nm with a
relative luminous intensity of 100% and a half width
(at 50% relative luminous intensity) of 28 nm. There
was a second smaller peak at about 550 nm with a
relative luminous intensity of 40% and a respective
half width (at 20% relative luminous intensity) of
120 nm.

The LEDs were grouped into 61 hexagons. Hexa-
gons were scaled with a distortion factor of 4, in order
to take into account the cone distribution within the
central retina [30]. Thus, the central hexagon con-
sisted of 4 LEDs and was smaller, whereas the most
peripheral hexagons consisted of 16 LEDs and thus
were four times larger.
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Hexagons flickered according to a pseudorandom
sequence (frame rate: 70 Hz). During the light phase
(L) that lasted 100 ms, the luminance of the hexagons
was 180 cd/m®. During the dark phase (D), the
luminance of the hexagons was 0 cd/m?, resulting in
a contrast of 100%. Mean luminance was 45 cd/m”.
The total recording time was 11.68 min, subdivided
into 8 segments of 1.46 min each. Retinal signals
were bandpass filtered at 10-200 Hz, and a spatial
iteration was applied twice. The artifact rejection was
preprogrammed on the RETIscan™ software.

In addition, all POAG patients underwent an
Octopus (G2-program) visual field examination (Octo-
pus model 101, Haag-Streit AG, Switzerland), where
the central 60° of the retina (30° radius) was evaluated.

Data analysis

Figure 1 shows a representative overall response to
long-duration white flashes of a control subject.
There was a marked response initial negative and
then positive (P1 or b-wave) to the stimulus onset
(on-response) and a positive P1 or d-wave to the
stimulus offset (off-response), each followed by a
negative potential (N2-on, N2-off).

The N1, NIP1, and Pl responses would be
expected to be generated primarily by the cone
photoreceptors and the off- and on-bipolar cells (N1)
[26, 27, 31]. In addition, in some of the recordings,
the NI-off response was hardly visible. Thus, we

on-response off-response

P1-on P1-off
¥ !
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Fig. 1 A representative response of a control subject. There
was a marked response to the stimulus onset (on-response) and
to the stimulus offset (off-response). Both on- and off-
responses showed a first negative (N1l-on, Nl1-off), a first
positive (P1-on, P1-off) peak, as well as a following second
negative peak (N2-on, N2-off)
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concentrated analysis of our data on the second
negative peaks, the N2 responses (N2-on, N2-off),
which we assume also include information contained
in the PhNR. Amplitudes of the N2 responses were
measured from the baseline provided in the RETI-
scan™ software to the second on- and off-negative
peak. All measurements were taken manually.

For statistical analysis of the overall response, a one-
way ANOVA was applied. If a P-value was <0.05, this
was followed by a post hoc test (Sidak). A repeated
measure ANOVA allowing for correlation between
locations (Huynh—Feldt) and adjusted for age was
performed for the comparison of response averages. If
the P-value was less than or equal to 0.05, a post hoc
(Sidak) test was performed. A Spearman bivariate test
was used to correlate mfERG values with the mean
defect values (MD) of the corresponding quadrants of
the Octopus static perimetry, as well as with the mean
variance of the local defect (LV).

Results

We recorded an on—off mfERG from 15 NTG, 15
HTG patients, and also from 14 control subjects.

Mean age, Snellen visual acuity, and IOP at the
time of examination did not differ between the groups
analyzed (P > 0.05, multivariate ANOVA). The cup/
disk ratio differed slightly between NTG and HTG
patients (P = 0.04), but both glaucoma groups
differed significantly from the control group (P =
0.00; one-way ANOVA, post hoc-Sidak).

Among all subjects, the IOP at the time of exam-
ination was below 21 mmHg. In 23 of 30 glaucoma
patients, the IOP was controlled medically at the time
of the examination.

Visual field parameters (mean MD, mean LV) did
not differ between NTG and HTG patients. (P >
0.10, one-way ANOVA). Clinical details on the data
of the glaucoma patients and the controls are
presented in Table 1.

Analysis of the overall response

The overall response is the mean average response of
the entire hexagon array (Fig. 1).

Figure 2 shows the box plots of the resulting
overall N2-amplitudes and N2-latencies for the NTG,
HTG, and the control group.
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Table 1 An overview of the clinical details of glaucoma patients and control subjects

Mean (SD) Age (years) Eye tested VA IOP mmHg C/D MD dB Gender
Controls 54.8 (11.3) 14 LE 1.0 (0.1) 13.4 (2.6) 0.3 (0.0) Not tested 8:6 F-M
NTG 549 (7.2) I1RE14LE 1.1(0.1) 135 (2.1) 0.7 (0.1) 6.5(5.2) 8:7 FM
HTG 62.3 (9.5) 4RE11LE 1.0(0.1) 148 (3.3) 0.6 (0.1) 4.02.3) 5:10 FM
Multivariate ANOVA (P < 0.05) P: 0.11 P:0.43 P:0.33 P: 0.00 P:0.10

The NTG patients (n = 15), the HTG patients (n = 15), and the control subjects (n = 14) did not differ significantly in gender, age,
visual acuity (VA), or intraocular pressure (IOP). Glaucoma patients did not differ significantly in mean MD

overall response
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Fig. 2 The box plots of the resulting overall N2-amplitudes
and latencies for the NTG, HTG, and the control group. The
box length is the interquartile range. The median is presented

Latencies of the N2-on differed significantly
between HTG and controls (P = 0.000), as well as
between HTG and NTG patients (P = 0.011, repeated
measure ANOVA, post hoc-Sidak) in the overall
response. The latency of the overall N2-on was
significantly delayed in the HTG group when com-
pared with controls (P = 0.000) and also with NTG
patients (P = 0.007). While the mean overall latency
of the N2-on was 48.7 ms (SD 1.8) in the control group
and 49.7 ms (SD 2.9) in the NTG group, in HTG
patients it was prolonged to 53.3 ms (SD 3.8). Here,
NTG patients did not differ from controls (P = 0.72,
one-way ANOVA, Sidak). The latency of the N2-off
did not differ significantly between groups (P = 0.31,
one-way ANOVA). Amplitudes of the N2-on and N2-
off did not differ significantly between the groups
(P > 0.05, one-way ANOVA).

Responses in quadrants
Figure 3 (top) shows the area of responses that were

grouped together to form response averages in
quadrants.
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as a thick black line within the box. Cases with values between
1.3 and 3 box length are outliers (open circles) and those with
values more than 3 box length are extremes (arrow heads)

Latencies of the N2-on differed significantly
between groups (P = 0.001) in all quadrants exam-
ined, consistent with the results of the overall
response. This was due to a delayed N2-on latency
in HTG patients compared with controls (P = 0.001)
and also with NTG patients (P = 0.048, repeated
measure ANOVA, post hoc-Sidak; Fig. 3, bottom).
The NTG patients, however, did not differ signif-
icantly from the controls (P = 0.336). N2-off laten-
cies did not differ significantly between the three
groups (P > 0.05, repeated measure ANOVA, post
hoc-Sidak). There was no effect of location for the
latencies of the N2-on (P = 0.70) and for the
latencies of N2-off (P = 0.59, ANOVA, Huynth-
Feldt, P < 0.05), nor did age have a significant
influence (P > 0.05).

Amplitudes of N2 for glaucoma patients and
controls did not show statistically significant differ-
ences for either the N2-on (P = 0.91) or the N2-off
(P = 0.09, repeated measure ANOVA, post hoc-
Sidak). There was also no influence of location for
the amplitudes of the N2-on (P = 0.413), or the N2-
off (P = 0.96, Huynh—Feldt).
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Latencies of the N2-on, quadrants
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Fig. 3 Hexagons which were grouped together to form the
response averages in quadrants, as well as box plots of the
resulting N2-on latencies for the NTG, HTG and the control
group are shown

Responses in 4 small peripheral locations

In order to test more peripheral locations focally, we
averaged the local responses from 4 neighboring
hexagons per quadrant from the more peripheral
areas, without overlapping them.

Figure 4 shows the corresponding areas grouped
together, as well as the box plots of the corresponding
N2-on latencies, while Table 2 shows the corre-
sponding mean latencies. When latencies of the N2-
on were analyzed, the HTG group differed signifi-
cantly not only from the control group (P = 0.00)
but also from the NTG group (P = 0.00, repeated
measure ANOVA, post hoc-Sidak). Again, there was
no statistically significant difference between the
NTG group and the control group (P = 0.99,
repeated measure ANOVA). Latencies of the N2-off
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did not differ between groups (P > 0.05, repeated
measure ANOVA).

Figure 5 shows the receiver operating characteris-
tic (ROC) curve of the N2-on latencies of the small
peripheral superior temporal quadrant response aver-
age for HTG patients. The area under the ROC of
0.88 (95% CI: 0.79-1.00) indicates a high ability to
differentiate between HTG and control (P = 0.00).

Again, there was no effect of location or influence
of age for all parameters tested (P > 0.05, ANOVA,
Huynth-Feldt, P < 0.05).

Responses in 4 small central locations

Retinal response averages were also examined for 4
small central locations in each quadrant (Fig. 6, top).
Again, for the N2-on latencies, a statistically signif-
icant difference was found between the glaucoma
group and controls. This held true not only for the HTG
group (P = 0.000, repeated measure ANOVA, post
hoc-Sidak) but also for the NTG group (P = 0.04,
repeated measure ANOVA, post hoc-Sidak; Fig. 6,
Table 2). NTG patients differed from the control
group mostly in the small central response average of
the inferior temporal quadrant. Here, the correspond-
ing area under the ROC of 0.79 (95% CI: 0.63-0.96)
indicates an ability to differentiate between NTG and
control, which is significantly higher than chance
(P = 0.01).

The NTG patients, however, did not differ signif-
icantly from the HTG patients (P = 0.19).

There was no significant influence of age
(P > 0.7) or location for the amplitudes or latencies
of the N2-on and of N2-off (P > 0.05, ANOVA,
Huynh-Felt).

Relationship between the mfERG responses
and the visual field defect

The diffuse retinal sensitivity loss, described by the
mean defect (MD) is a logarithmic value adjusted for
age. In order to evaluate the relationship between the
visual field loss (MD) and the mfERG parameters, we
converted the mfERG values to logarithmic units
adjusted to the mean age (57.38). A Spearman
bivariate test (P < 0.05) was used to correlate the
mfERG parameters averaged in quadrants to the
MD of the corresponding quadrant of the Octopus
perimetry.
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Latencies of the N2-on, 4 peripheral locations
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Fig. 4 Hexagons which were grouped together to form the
small peripheral response averages in the respective quadrants
(left top). To the right, representative responses from the small
peripheral response averages in quadrants are presented for a

For both stimulus onset and stimulus offset
responses, amplitudes of the N2 decreased, while
the respective latencies increased as the MD got
worse. However, these correlations did not reach a
significance level (Spearman, Bonferroni).

Analyzing LV as an indicator for a local damage,
NTG patients (mean 43.23 dB? (SD 13.80)) seemed
to be more affected than HTG patients (mean
18.51 dB? (SD 20.14)). Both groups, however, did
not differ significantly (P = 0.11, one-way ANOVA).
Also, a Spearman bivariate test showed no statisti-
cally significant correlation between the mfERG
parameters and the LV of the Octopus perimetry
(P > 0.05).
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control subject, NTG, and HTG. Box plots (bottom left) depict
the resulting N2-on latencies for the NTG, HTG, and the
control group. The corresponding mean values and SD are
given in Table 2 are shown

Discussion

In glaucoma, responses generated in the inner retina,
especially the ganglion cells, would be expected to be
primarily affected. As there is good evidence that the
PhNR to both stimulus on- and the stimulus offset
contains such inner retinal information and is affected
in glaucoma [3, 4] we evaluated the negative troughs
following the on- and off-responses to white photopic
long-duration stimuli, the N2-on and the N2-off
responses, respectively.

In the Ganzfeld ERG as well as in the uniform
ERG, the implicit time of the PhNR has been
suggested to be at around 100 ms in the on-response
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’12?:;;:8 :::f t?;?nsng_g:l Quadrants Groups Small Peripheral locations Small c.:entral locations
the responses averaged in 4 II;;;ZEES;)Nz_On (ms] II\?;ZEES;)NZ_OH (ms]
small peripheral and in 4
small central locations Superior nasal Controls 48.6 (2.2) 48.4 (2.5)
NTG 49.3 (2.7) 52.1 (4.0)
HTG 53.5 (5.6) 55.6 (7.2)
Inferior nasal Controls 48.8 (2.0) 49.6 (2.1)
NTG 48.4 (3.0) 51.5 4.4)
HTG 51.3 (4.8) 54.6 (4.5)
Inferior temporal Controls 49.0 (3.1) 49.5 (3.1)
NTG 48.5 (3.3) 53.6 4.1)
HTG 52.7 (4.9) 55.4 (6.4)
Superior temporal Controls 48.1 (3.1) 49.2 (2.6)
Values in bold represent NTG 49.4 (3.6) 53.3 (6.6)
which latencies differed HTG 53.6 (3.9) 55.9 (6.1)

significantly from controls

ROC curve
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Fig. 5 The ROC curve based on the N2-on latencies of HTG
patients for the small peripheral area in the superior temporal
quadrant

and longer than 110 ms in the off-response [6]. In our
study, the slow negative potential of the on-response,
N2-on, developed at 48.7 £ 1.8 ms and of the off-
response, N2-off, at 136.1 £ 4.4 ms in controls.
Although the negative troughs follow the on- and
off-stimuli, similar to the PhNR, the latency was
shorter under our stimulus and filter conditions.
Nonetheless, we presume that these negative troughs
may include information contained in the PhNR.
The findings of the present study show the latency
of the N2-on to be significantly delayed in the HTG
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Latencies of the N2-on, 4 central locations
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Fig. 6 Hexagons which were grouped together to form the
small central response averages in the respective quadrants (/eft
top). Box plots (bottom left) depict the resulting N2-on
latencies for the NTG, HTG, and the control group are shown
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group when compared with controls. For NTG, this
was also the case, but only in the overall response and
in the small central response averages. As the latency
of the PhNR has been found to increase by about
1.6 ms per decade [3], we took age into account when
analyzing our N2-response data. Our findings were,
however, not influenced by age.

In POAG, electrophysiological studies using the
PERG have shown the frequent combination of
localized, as well as of diffuse retinal damage in
patients with glaucoma [32, 33]. For the full-field
S-cone ERG, the PhNR has been reported to be able
to differentiate patients with HTG but not with NTG
from a control group [34]. For the mfERG with
special stimulation parameters, small differences in
the distribution and the amount of retinal dysfunction
have been seen when HTG patients were compared
with NTG patients [21, 35, 36].

In the present study, HTG patients also differed
from NTG patients. The mfERG of the HTG patient
group showed more diffuse retinal dysfunction, while
the mfERG of the NTG patients group showed a more
localized central retinal dysfunction. In the present
study, HTG patients differed also morphologically
from the NTG group in regard to the asymmetry in
the excavation of the optic disk and to the LV as an
indicator for a local damage, showing the NTG group
to have more localized damage affecting predomi-
nantly the central zone compared with more diffuse
and more peripheral damage in HTG patients. This is
in agreement with the previous psychophysical
studies, where when NTG patients were compared
with HTG patients with a similar overall visual field
loss, NTG patients showed more localized field
defects, closer to the center of fixation [36].

In contrast to previous studies that reported a
marked reduction in the PhNR amplitudes of the
Ganzfeld ERG in experimental glaucoma and in
glaucoma patients [3, 4, 8-10, 32, 37] and a marked
reduction in amplitude with only a slight increase in
the PhNR latencies using a slow stimulation mfERG
paradigm [12], the present study showed no signif-
icant reduction in the amplitudes of the N2 responses
in the white photopic long-duration on—off mfERG,
but did find significant differences in latencies. These
differences may be secondary to the stimulus param-
eters used, which differed between the studies in
stimulus length, base interval, luminance, and the
filter setting.

For instance, the shorter luminance step in our
study compared with that used in Ganzfeld or unifield
ERG [6] may not be enough for the PhNR to reach
the full development, thus leading to prolongation of
the N2-on implicit time in glaucoma patients without
influencing the amplitude.

Also, in the present study, retinal responses to on—
off mfERG stimuli were recorded using broadband
white LEDs on a white background. In glaucoma, as
well as in controls, a latency-delay of the PhNR-on to
long-duration white-on-white stimuli has been found
to be more significant [11] and the amplitude plateau
less deep than to red stimuli on a blue background
[9]. This could result in the PhNR-on-amplitude
overlapping with the activity of the second-order
hyperpolarizing retinal neurons and thus reduce its
sensitivity to distinguish glaucoma patients from
normals. For long-duration stimuli, the PhNR seemed
to be better isolated using red flashes on a blue
background, selectively stimulating the long-wave-
length cones, but on the other hand, saturating the
rods [2, 3, 9, 10].

Furthermore, in comparison with previous studies,
analysis of the data was performed using the software
included in RETIscan™. Here, the baseline goes
through the mean of the entire response, which has an
influence on the measurement of amplitudes.

A problem with the approach used lies in the filter
setting applied. The RETIscan™ software is set at the
filter setting recommended in the ISCEV guidelines
[38]. This as a consequence means that responses with
dominant frequencies below 10 Hz are removed. As
the PhNR is a slow wave, the ideal low cutoff filter has
been proposed to be around 0.3 Hz (maximum: 5 Hz)
[4, 5, 14] in order to include the entire PhNR. For
instance, with such a lower cutoff setting, the PhNR of
the focal ERGs, in basic research and in clinical
studies showed a marked reduction in amplitude
in glaucoma [4, 5, 13, 14] even for the responses
obtained from the central and paracentral retinal areas
[14]. So, although the low-pass cutoff of 3—10 Hz is
recommended in the ISCEV guidelines protocol
mfERG [38], this filter seems to be inappropriate to
isolate the PhNR in mfERG recordings with a slower
stimulation. Thus, much of the PANR which peaks at
much later times in the long flash paradigm seems to
be lost [13].

In conclusion, our results suggest that the N2-on
response of the white photopic long-duration mfERG,
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in approximation to the PhNR, is a sensitive feature
that is affected in glaucoma. We did not find
significant differences in the amplitude, but a signif-
icant latency delay of the N2-on response in POAG
patients. In our patient group and under the stimulus
parameters and filter setting applied, the latency delay
of the N2-on was more sensitive for HTG than for
NTG. For HTG, the most sensitive measure was the
latency of the N2-on of the small peripheral response
average of the superior temporal quadrant. For NTG,
the most sensitive measure was the latency of the N2-
on of the small central response average of the
inferior nasal quadrant.

The need for further studies on optimal stimulus
paradigms, as well as on low-frequency cutoff filter
settings, is acknowledged in order to find the optimal
range for recording the PhNR in the clinical practice.

Acknowledgments We are grateful to Andy Schétzau for his
advice on statistical analysis of the data. This study was
supported by a grant from Pfizer (AP, MGT) and by a Swiss
government grant for foreign students in Switzerland (MGT).
The data were presented in part at ARVO 2005, EVER 2006,
ARVO 2008.

References

1. Kuehn MH, Fingert JH, Kwon YH (2005) Retinal ganglion
cell death in glaucoma: mechanisms and neuroprotective
strategies. Ophthalmol Clin North Am 18:383-395

2. Viswanathan S, Frishman L, Robson JG, Harwerth RS,
Smith EL IIT (1999) The photopic negative response of the
macaque electroretinogram: reduction by experimental
glaucoma. Invest Ophthalmol Vis Sci 40:1124-1136

3. Viswanathan S, Frishman L, Robson JG, Walters JW
(2001) The photopic negative response of the flash elec-
troretinogram in primary open angle glaucoma. Invest
Ophthalmol Vis Sci 42:514-522

4. Colotto A, Falsini B, Salgarello T, Iarossi G, Galan ME,
Scullica L (2000) Photopic negative response of the human
ERG: losses associated with glaucomatous damage. Invest
Ophthalmol Vis Sci 41:2205-2211

5. Machida S, Gotob Y, Toba Y, Ohtaki A, Kaneko M,
Kurosaka D (2008) Correlation between photopic negative
response and retinal nerve fiber layer thickness and optic
disc topography in glaucomatous eyes. Invest Ophthalmol
Vis Sci 49:2201-2207

6. Viswanathan S, Frishman LJ, Robson JG (2000) The uni-
form field and pattern ERG in macaques with experimental
glaucoma: removal of spiking activity. Invest Ophthalmol
Vis Sci 41:2797-2810

7. Weber AJ, Kaufmann P, Hubbard WC (1998) Morphology
of single ganglion cells in the glaucomatous primate retina.
Invest Ophthalmol Vis Sci 39:2304-2320

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

. Morgan JE, Uchida H, Caprioli J (2000) Retinal ganglion

cell death in experimental glaucoma. Br J Ophthalmol
84:303-310

. Rangaswamy NV, Shirato S, Kaneko M, Digby BI, Robson

JG, Frishman LJ (2007) Effects of Spectral Characteristics
of Ganzfeld Stimuli on the Photopic Negative Response
(PhNR) of the ERG. Invest Ophthalmol Vis Sci 48:
4818-4828

Sustar M, Cvenkel B, Brecelj J (2009) The effect of
broadband and monochromatic stimuli on the photopic
negative response of the electroretinogram in normal sub-
jects and in open-angle glaucoma patients. Doc Ophthal-
mol 118:167-177

Cursiefen C, Korth M, Horn FK (2001) The negative
response of the flash electroretinogram in glaucoma. Doc
Ophthalmol 103:1-12

Fortune B, Wang L, Bui BV, Cull G, Dong J, Cioffi GA
(2003) Local ganglion cell contributions to the macaque
electroretinogram revealed by experimental nerve fiber layer
bundle defect. Invest Ophthalmol Vis Sci 44:4567-4579
Kondo M, Kurimoto Y, Sakai T, Koyasu T, Miyata K,
Ueno S, Terasaki H (2008) Recording focal macular
photopic negative response (PhNR) from monkeys. Invest
Ophthalmol Vis Sci 49:3544-3550

Machida S, Toba Y, Ohtaki A, Gotoh Y, Kaneko M,
Kurosaka D (2008) Photopic negative response of focal
electoretinograms in glaucomatous eyes. Invest Ophthal-
mol Vis Sci 49(12):5636-5644

Hood DC, Seiple W, Holopigian K, Greenstein V (1997) A
comparison of the components of the multifocal and full-
field ERGs. Vis Neurosci 14:533-544

Sutter EE, Tran D (1992) The field topography of ERG
components in man—I. The photopic luminance response.
Vis Res 32:433-446

Bearse MA Jr, Sutter EE (1996) Imaging localized retinal
dysfunction with the multifocal electroretinogram. J Opti-
cal Soc America 13:634-640

Bearse MA Jr, Sutter EE, Palmowski AM (1997) New
developments toward a clinical test of retinal ganglion cell
function. Vision Science and its Applications, vol 1.
Optical Society of America, Washington DC, pp 280-283
Palmowski AM (2003) Multifocal stimulation techniques
in ophthalmology-Current knowledge and perspectives.
Strabismus 2:229-237

Palmowski AM, Ruprecht KW (2004) Follow up in open
angle glaucoma. A comparison of static perimetry and the
fast stimulation mfERG. Multifocal ERG follow up in open
angle glaucoma. Doc Ophthalmol 108:55-60

Palmowski AM, Allgayer R, Heinemann-Vernaleken B
(2000) The multifocal ERG in open angle glaucoma—a
comparison of high and low contrast recordings in high-
and low-tension open angle glaucoma. Doc Ophthalmol
101:35-49

Hood DC, Bearse MA IJr, Sutter EE, Viswanathan S,
Frishman LJ (2001) The optic nerve head component of the
monkey’s (Macaca mulatta) multifocal electroretinogram
(mERG). Vision Res 41:2029-2041

Hood DC, Greenstein VC, Holopigian K, Bauer R, Firoz B,
Liebmann JM, Odel JG, Ritch R (2000) An attempt to
detect glaucomatous damage to the inner retina with the
multifocal ERG. Invest Ophthalmol Vis Sci 41:1570-1579



Doc Ophthalmol (2011) 122:87-97

97

24.

25.

26.

217.

28.

29.

30.

31.

Chu PH, Chan HHL, Brown B (2006) Glaucoma detection
is facilitated by luminance modulation of the global flash
multifocal electroretinogram. Invest Ophthalmol Vis Sci
47:929-937

Shimada Y, Bearse MA Jr, Sutter EE (2005) Multifocal
electroretinograms combined with periodic flashes: direct
responses and induced components. Graefes Arch Clin Exp
Ophthalmol 243:132-141

Sieving PA (1993) Photopic ON- and OFF-pathway
abnormalities in retinal dystrophies. Trans Am Ophthalmol
Soc 91:701-773

Sieving PA, Murayama K, Naarendorp F (1994) Push-pull
model of the primate photopic electroretinogram: a role for
hyperpolarizing neurons in shaping the b-wave. Vis Neu-
rosci 11:519-532

Kondo M, Miyake Y, Horiguchi M, Suzuki S, Tanikawa A
(1998) Recording multifocal electroretinogram on and
off responses in humans. Invest Ophthalmol Vis Sci 39:
574-580

Kondo M, Miyake Y (2000) Assessment of local cone on-
and off-pathway function using multifocal ERG technique.
Doc Ophthalmol 100:139-154

Curcio CA, Sloan KR, Kalina RE, Hendrickson AE (1990)
Human photoreceptor topography. J Comp Neurol 292:
497-523

Hood DC, Frishman LJ, Saszik S, Viswanathan S (2002)
Retinal origins of the primate multifocal ERG: implica-
tions for the human response. Invest Ophthalmol Vis Sci
43:1673-1685

32.

33.

34.

35.

36.

37.

38.

Bach M, Pfeiffer N, Birkner-Binder D (1992) Pattern
Electroretinogram reflects diffuse retinal damage in early
glaucoma. Clin Vision Sci 7:335-340

Neppert B, Breidenbach K, Dannheim F, Hellner K (1996)
Chronic open angle glaucoma: correlation of pattern
electroretinography and visual field indices. Ophthalmo-
loge 93:539-543

Aldebasi YH, Drasdo N, Morgan JE, North RV (2004)
S-cone, L 4+ M-cone, and pattern, electroretinograms in
ocular hypertension and glaucoma. Vision Res 44:2749-2756
Palmowski-Wolfe AM, Allgayer R, Vernaleken B, Rupr-
echt KW (2006) Slow-stimulated multifocal ERG in high
and normal tension glaucoma. Doc Ophthalmol 112:
157-168

Araie M (1995) Pattern of visual field defects in normal-
tension and high-tension glaucoma. Curr Opin Ophthalmol
6:36-45

Miyata K, Ueno S, Kondo M, Koyasu T, Terasaki H (2008)
Comparison of photopic negative responses elicited by red
and white xenon flashes in monkeys. Jpn J Ophthalmol
52:327-330

Hood DC, Bach M, Brigell M, Keating D, Kondo M,
Lyons JS, Palmowski-Wolfe AM (2008) ISCEV guidelines
for clinical multifocal electroretinography (2007 edition).
Doc Ophthalmol 116:1-11

@ Springer



	MfERG responses to long-duration white stimuli in glaucoma patients
	Abstract
	Introduction
	Methods
	Subjects
	On--off mfERG recording
	Data analysis

	Results
	Analysis of the overall response
	Responses in quadrants
	Responses in 4 small peripheral locations
	Responses in 4 small central locations
	Relationship between the mfERG responses and the visual field defect

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


