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Abstract Purpose To study the time course of
changes in the multifocal electroretinograms
(mfERG) in monkeys with experimental ocular
hypertension (OHT). Methods The mfERGs were
recorded in 12 eyes out of 6 monkeys. Two baseline
measurements were used to quantify the reproduc-
ibility, the inter-ocular and the inter-individual
variability of the ERG signals. Thereafter, the
trabeculum of one eye of each animal was laser-
coagulated in one to three sessions to induce OHT.
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ERG measurements were repeated regularly in a
period of 18 months and the changes in ERG
waveforms were quantified. Results All animals
displayed OHT (between 20 and 50 mmHg) in the
laser-coagulated eyes. An ERG change was defined
as the sum of differences during the first 90 ms
between the laser-coagulated eye and the same eye
before laser coagulation and between the laser-
coagulated eye and the non-treated fellow eye. Three
animals displayed significant changes for nearly all
retinal areas and all stimulus conditions. The three
remaining animals displayed significant changes only
in one comparison, indicating very mild changes. The
data indicate that a high stimulus contrast is more
sensitive to detect changes, probably because of a
better signal-to-noise ratio. Moreover, the compari-
sons with the fellow eye are more sensitive to detect
changes than comparisons with the measurements
before laser-coagulation. Conclusions OHT does not
always lead to ERG changes. Comparisons with
fellow eyes using high contrast stimuli are more
sensitive to detect changes related to OHT.
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Introduction

Many attempts have been made to detect early
glaucomatous retinal changes with electroretinogra-
phy (ERG; [1-3]), because the ERG is one of the few
objective non-invasive methods that can be used in a
clinical environment to test retinal function. Further-
more, the ERG can be used in studies on animal
models of glaucoma, so that the mechanisms of
action of the disease and possible methods of
intervention can be studied.

Several stimulus techniques have been employed
to describe alterations in the retinal functional
organization. Ganzfeld flash ERGs have been used
[4] to describe glaucoma-induced changes in different
ERG components. Pattern ERGs are thought to
mainly reflect activity in the inner retina [5]. The
pattern ERG has been used extensively to detect
glaucoma related functional changes [6, 7]. With the
introduction of the multifocal ERG [8] (mfERG) it
became possible to obtain a spatial distribution of the
retinal responses. Since then, the mfERG was used to
detect possible glaucoma-related retinal damage that
were spatially localized [2, 9-15].

Till date only a few detailed longitudinal studies
of the alterations in ERG responses in primates after
the introduction of ocular hypertension, followed
over an extended time, are available [10, 16]. There
are several studies from Harwerth, Frishman and
colleagues in which the long-lasting effect of ocular
hypertension on visual fields, the normal and slow
sequence mMfERG and the photopic negative
response in the ERG and their correlations were
studied [17-19]. It is the purpose of the present
study to provide a description of the changes in the
mfERG after experimentally induced ocular hyper-
tension (OHT) and to correlate them with the
intraocular pressure (IOP). In addition, the present
study gives an overview of the reproducibility, the
inter-individual variability and the inter-ocular var-
iability of the mfERG signals similar to those
presented previously for the Ganzfeld ERG and the
pattern ERG in non-human primates [20, 21].
Furthermore, the influence of stimulus contrasts on
the sensitivity to detect electrophysiological changes
is studied, because there are indications that distinct
ERG components may be more pronounced under
certain contrast conditions. OHT induced changes
may therefore be more visible when contrasts are
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used that enhance those components that are spe-
cially vulnerable to glaucomatous changes [11, 14,
15, 22]. Detection of electrophysiological changes
can be based upon differences with the responses in
the same eye before OHT induction or with the
responses in the fellow eye. The sensitivities of
these analysis methods are compared. Finally, it was
studied whether different retinal areas have distinct
susceptibilities to OHT.

Methods
Animals

The experiments were performed on six adult male
macaques (Macaca fascicularis). All experimental
and animal care procedures adhered to the ARVO
Statement for the Use of Animals in Ophthalmic
and Vision Research and were reviewed by the
local veterinary authorities. Ocular hypertension
was induced by photocoagulation of the trabecular
meshwork (similar to the method described by Raz
et al. [14]). Briefly, before laser-coagulation, the
animals were sedated by intramuscular injections of
Ketamin (10 mg/kg). The entire trabecular mesh-
work of one eye was coagulated using an argon
laser by approximately 50-65 evenly distributed
laser spots of 75-100 um size (1.1 W; 0.5 s). In all
animals coagulations were performed at day 0. In
one animal (G7) laser-coagulation was repeated
136 days after the first session. Two animals
received two additional laser-coagulations (GS:
136 and 193 days after the first session; M7: 73
and 136 days after the first session).

Protocol

The mfERGs were measured from both eyes of
each animal in several sessions over a period of
about 18 months. Before the induction of ocular
hypertension by laser-coagulation of the trabecular
meshwork, the mfERGs were recorded in two
baseline measurements. In the first 4 months after
the first laser-coagulation, mfERGs were measured
every second week. Thereafter, the intervals were
increased for those animals for which a steady state
was assumed to be reached (when the IOPs and the
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ERGs did not change in four consecutive measure-
ments). The ERG recordings described in the
present article were part of a more extended study
in which morphological measurements (including
Optical Coherence Tomography (OCT), scanning
laser polarimetry (GDx), and confocal scanning
laser tomography) were also performed. Preliminary
results of these studies are presented elsewhere
[23-25]. The present article is only concerned with
the results of the electrophysiological measurements.
An experimental session, in which all ERG record-
ings and morphological measurements were
performed, lasted about 6 h. The intraocular pres-
sures (IOPs) of the two eyes were measured at the
beginning, the end and at two different times during
these sessions using a calibrated tonometer (Tono-
Pen XL; Mentor Ophthalmics Inc., Norwell, MA,
USA).

Before mfERG measurements were performed, the
animals were sedated by intramuscular injections of
ketamin (15 mg/kg) after which the first IOP mea-
surements were performed. Anesthesia was obtained
with a continuous intravenous infusion of propofol
(5 mg/(kg h)). The infusion rate of propofol has a
significant effect on the amplitude of the b-wave in
dogs [26], where, however, much higher infusion
rates were used. In pigs, propofol anesthesia has less
influence on the ERG when compared with the
barbiturate thiopentone [27]. We have no observa-
tions on changes in the measured waveforms in the
monkey experiments. However, we used a fixed
infusion rate in the experiments. Therefore, any
changes in waveform are likely to be induced by
other factors. Muscle relaxation was obtained through
the intravenous administration of an initial dose of
0.1 mg/kg vecuronium and additional doses of
0.05 mg/kg every hour. Muscle relaxation was tested
regularly and extra doses were administered if
necessary. The animals were intubated and respired
with 30% oxygen and 70% NO,. At the beginning of
the sessions, the eyes were dilated with topical
administration of one drop of tropicamide and of
atropine. Rectal temperature, ECG, PCO, in the
expired air, and arterial oxygen levels were contin-
uously monitored. The animals were placed between
two thermal blankets and rectal temperature was
maintained at 37.2°C. Head movements (e.g., caused
by respiration) were suppressed by a bite bar and
bands.

ERG recordings

ERG recordings were performed using DTL electrodes
that were positioned under contact lenses (Titzé, Sion,
Switzerland). At the beginning of each session, ocular
refraction was measured with the contact lenses in
place using the procedure of the confocal scanning
laser tomography. The eyes were normally slightly
myopic (between +2 and +3 diopters), so that a
correction to obtain a sharp retinal image of the
stimulus monitor, located at 33 cm distance, was not
necessary in any of the experiments. This was
confirmed by the fact that small displacements of the
stimulus resulted in detectable changes in the ERG
responses (see below). The contact lenses were also
used to protect the eyes against desiccation. During a
recording session, mfERGs were first recorded from
the right eyes and then from the left eyes. A black
occluder was used to prevent stimulation of the fellow
eyes. The DTL electrode on the stimulated eye was
used as active electrode, the DTL electrode on the
fellow eye was used as reference electrodes. Ground
electrode was a gold-cup electrode positioned on the
right temples which were shaved and cleaned. A wire
placed in the mouth was connected to an external
ground. This additional grounding substantially sup-
pressed intrusion of 50 Hz noise of the mains.

The ERG signals were amplified 100,000x and
band-pass filtered between 1 and 300 Hz (Grass
amplifiers). In only a few measurements (about 2% of
all measurements) the 50 Hz intrusion of the mains
was large, necessitating the use of a notch filter.

Stimuli

The ERG responses to m-sequenced flashes without
intervals in 103 equal sized (4.7°) hexagons were
measured using the VERIS Science 4.0 software. The
size of the entire stimulus was approximately 46°.
Before a complete measurement was performed, the
responses to short (3 min) sequences were used to
reposition the monitor so that the central hexagon
was projected onto the macular region. If necessary,
this procedure was repeated until the macular
response was centered. The main criterion of a
well-centered stimulus was evenly distributed
response amplitude to the stimuli in the first and
second rings. This task could be easily performed
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between one and four repetitions that were normally
sufficient to center the monitor satisfactorily. Misa-
lignments of about 1.2° (less than one centimeter on
the monitor) could be detected with the above-
described procedure. When the stimulus was centered
on the central retina, the responses to 7 min
sequences (m-sequence exponent 15) were measured.
The responses were measured to stimuli at three
different contrasts: 99% (luminance of the dark
hexagons: 0.5 cd/mz; luminance of the bright hexa-
gons: 102 cd/mz), 58% and 31%. The mean
luminance was about 51 cd/m?. The luminance of
the dark and bright hexagons were calibrated every
recording session with a Minolta LS-110 luminance
meter and adjusted if necessary. The measurements
were performed with a dim ambient room light. A
black funnel-shaped extension between the monitor
and the animal blocked the ambient room light. The
calibrations were performed before and under iden-
tical stimulus conditions as during the measurements.

Data analysis

In the present article only the first order kernels of the
responses are considered. The differences between
responses were quantified without any a priori
assumptions about the ERG components that are
mainly involved. The responses were compared with
those measured at equivalent retinal areas in the same
eye at the first baseline measurement and in the
fellow eyes at the same session.

The differences in response waveform with those
measured at the first baseline measurement were
quantified by summing the absolute differences at
each discrete signal sample during the first 90 ms of
the response. These responses were normalized to the
amplitude of P1 (the first positive peak between 20
and 40 ms after stimulus onset) in the first baseline
measurement. Owing to the normalization procedure,
the results of the different individual animals and the
different retinal locations can be compared. Thus a
temporal response change (Dyn,.) was calculated as
follows:

Z?:] |Rb,i - Rm.i|

Diime =
tme max (Ry)

(1)

in which R, is the baseline response and R, is the
response at the current recording session; x is the
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number of the discrete samples of the signal (109
with the used settings). The analysis is based upon
changes in the complete waveform. Although this
analysis does not consider that certain components
may be primarily affected it takes into account the
complete ERG trace and can be expected to detect
any significant change.

The same equation was used to quantify the
response differences between the left and the right
eyes (inter-ocular response difference, D.y.). The
differences were normalized to Pl in the non-
coagulated eye. The inter-individual variability
before laser treatment (Dj,q) was quantified using
the same equation, but now the responses in the right
eyes of the six animals were compared with the
responses in the right eye of a seventh animal. The
maximal response in this animal was also used for
normalization. All values of D are dimensionless.

This analysis is not meant to replace any other
analysis method that may be more informative on the
physiological substrates that are primarily affected by
OHT. It is rather meant to be a method which reveals
whether there are changes at all. This method may
suffice in testing of drugs or therapies or in the
screening of the development of a disorder in which
the aim is to follow the ERG changes per sé.
Furthermore, if information on which ERG compo-
nents are affected by OHT is needed, a pre-analysis
with the above-described method might be helpful,
because in those cases in which no differences or
changes are revealed it will be difficult to detect
changes or differences with other methods. In those
cases the component analyses may be confined to
those cases in which a difference was found.

In order to study whether retinal regions were
differently affected, the responses of the macula
(Mac) and the averages of responses in four concen-
tric rings around the macula (R1, R2, R3, and R4) and
in four quadrants (Q1, Q2, Q3, and Q4) were
calculated. The descriptions of the regions are
summarized in Fig. 1 in which a monitor view of
the responses is presented. The responses shown in
Fig. 1 were recorded during a baseline session. The
responses of R1, R2, R3, and R4 are the averages of
responses to stimuli in 6, 12, 18, and 24 hexagons
respectively. The rings did not overlap. Responses in
quadrant Q1, Q2, Q3, and Q4 are averages of the
responses in the inferior nasal quadrant, the inferior
temporal, the superior nasal and the superior temporal
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Fig. 1 Definition of the nine used retinal areas. In the left trace
array the rings in which the responses are averaged are color
coded. The responses are averages of responses in 6 (R1), 12
(R2), 18 (R3) and 24 (R4) hexagons. The quadrants are defined
as shown in the right panels. They are averages of responses to

retinal quadrant respectively. The quadrants are
averages of the responses to 12 hexagons. The
quadrants did not overlap and the responses along
the horizontal and vertical meridians were not
included in these averages.

Results
10Ps

In Fig. 2 the IOPs measured at the beginning of each
recording session (typically at about 8 a.m.) are
displayed as a function of the day of recording. The
arrows indicate the days at which the animals underwent
laser-coagulation. The IOPs in the treated eyes were
increased after one to three laser-coagulations. It was
found, however, that the IOPs often decreased at later
times during the day. Furthermore, in most animals the
IOPs recovered partially 50-100 days after laser-
coagulation.

Waveform variability analysis

In Fig. 1 typical mfERG responses at 99% stimulus
contrast are shown. The macular response (the central
response) has a maximal amplitude. The amplitudes
are similar for responses of retinal regions with
approximately the same distance to the macula

a2 e Do e B

Bl -

0 120ms

12 hexagons. The central black trace is the macular response
(Mac). The four encircled traces display a region with
decreased response amplitudes originating from a region close
to the optic nerve head

identified by the different rings. Furthermore, the
responses at the location of the optic nerve head (the
encircled region) have a smaller amplitude. The
position of the optic nerve was typically about three
hexagons nasally from the macula. Furthermore, the
responses display regional variations described
before [18, 22, 28, 29]. For instance, high-frequency
components can be observed nasally from the macula
(this was especially the case at lower contrasts; data
not shown).

We first analyzed the response variability by
comparing the response waveforms before OHT
was induced. For that, we calculated the intra-ocular
response differences at the first and second baseline
measurements (Dgme) {1}, the inter-ocular response
differences (Deye) at the second baseline session {2},
and the inter-individual response differences (D;,q) at
the second baseline session {3} using Eq. 1.

Figure 3a shows the intra-ocular response differ-
ences (Dgne) between the first and the second
baseline measurements. The means and standard
deviations of Dy, across the six different animals
are shown separately for the nine defined retinal
regions and for the three stimulus contrasts. Fig-
ure 3b shows two macular responses to a 99%
contrast stimulus measured in the right eyes of one
animal (G9) at the two baseline measurements. Di;me
between the two displayed responses was 20.3, which
is about the average for the macular response of all
animals (compare with Fig. 3a). The intra-ocular
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Fig. 2 Intraocular pressures measured in the six monkeys over
the period of measurements. The treated eyes display increased
IOPs, but sometimes the laser treatment had to be applied more
than once, to obtain a clear ocular hypertension. A recovery

differences are largest for the macular response,
probably because here the response to the stimulus in
only one hexagon is involved which therefore is more
sensitive to small misalignments. Moreover, the
central hexagon stimulates the retinal region in which
the photoreceptor and retinal ganglion cell densities
change most dramatically with eccentricity thereby
increasing the sensitivity to misalignments. Further,
Diime 1s generally slightly larger for the lower
stimulus contrasts probably because of a smaller
signal to noise ratio.

In Fig. 3c the means and standard deviations of the
inter-ocular response differences (Dy.) measured at
the second baseline session are shown. The differ-
ences are larger for the macular response (as in
Fig. 3a) and lower stimulus contrasts. D.y. is gener-
ally smaller than Dy, (compare with Fig. 3a and c),
indicating that the response differences between the
two eyes within a session is smaller than the response
variability in the same eye at different recording
sessions (paired #-test; P < 0.00001). An example of
two macular responses to 99% contrast stimuli in the
two eyes of monkey G9 at the second baseline
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Day after laser

over time was generally observed. When the intervals between
two measurements were more than 100 days (monkeys G9 and
G10) the data points were not connected

measurement is shown in Fig. 3d (Dey in this
example was 7.65).

In Fig. 3e the inter-individual response differences
(Ding) are displayed separately for the different retinal
areas. The responses measured in the right eyes
during the second baseline session were compared
with those measured in the right eye of monkey GS.
A seventh animal was included in this comparison so
that the same number of comparisons (six) is used. It
can be seen that the inter-individual differences are
generally larger than the differences between the
responses measured in the same individual (compare
with Fig. 3a and c). Assuming that the ERG reflects
the functional organization of the retina, this suggests
that the functional organization of the retina is similar
in the left and right eyes of the same animals but can
be more variable in different individuals. However,
the quantification of the inter-individual differences
is confounded by differences between recording
sessions. Nevertheless, the inter-individual differ-
ences are significantly larger than the inter-session
differences (paired #-test P < 0.00001). In Fig. 3f, the
macular ERG responses to 99% contrast stimuli of
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Fig. 3 Differences between signals. (a) The intra-ocular
differences between the responses measured at the first and
second baseline measurement (Dyjp,e). (b) An example of the
macular responses measured at first and second baselines
session in monkey G9. (¢) The inter-ocular response differences
(Deye) measured at the second baseline session. (d) Examples of

three animals (G8, G9 and G10) at the second
baseline measurement are displayed. The values of
D;ng were: 48.3 (G8 vs. G9) and 31.6 (G8 vs. G10).

We now consider the changes in mfERG after
experimentally induced ocular hypertension. Exam-
ples of the changes of the responses in the macular
hexagon and the four rings are displayed in Fig. 4 for
three animals. These responses in the OHT and the
normotensive eyes were measured at about 180 days

measured macular responses in the left and right eyes of
monkey G9. The ERG components N1, P1 and N2 are identified
in this plot. (e) Inter-individual response differences (Dj,q)
measured in the right eyes at the second baseline measurement.
(f) Macular responses measured in the three different animals
(G8, G9 and G10) during the second baseline session

after the last coagulation so that recovery in IOP has
completed. Animal G10 displayed distinct differences
between the responses measured in the two eyes. The
difference in animal G8 are much smaller and monkey
M6 there were no or only few differences.

The most obvious changes were visible in monkey
G10. This monkey underwent laser coagulation once.
The values of Dyjpe and Dy are displayed in Fig. 5
as a function of the day of recording. Dy, in the
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G10 day 179

G8 day 375

M6 day 178

Fig. 4 Original responses to 99% contrast stimuli measured
about 180 days after the last coagulation. The days at which
the measurements were performed are given above the traces.
In the five rows the ERGs in the macula and rings 1-4 are
displayed. Red traces are the ERGs in OHT eyes. The black

coagulated eye increased directly after treatment
(Fig. 5a—c), whereas Dy, in the non-coagulated eye
(Fig. 5d—f) did not alter. In agreement with this
finding, the inter-ocular response difference (Deyc)
increased directly after laser coagulation (Fig. 5g—i).
The increase was similar for all retinal fields (macula,
rings 1-4 and quadrants 1-4). Furthermore, changes
were present for all stimulus contrasts although the
changes were more prominent at 99% contrast
probably because of the larger signal-to-noise ratio.
The effects of laser-coagulation were tested using
an analysis of variance (ANOVA). In a first test, the
effects of laser-coagulation and retinal field, on Deye
were studied. Furthermore, the interaction between
laser-coagulation and retinal field was tested, to study
whether the effects of laser-coagulation were differ-
ent for different retinal location. These tests were
repeated for the different animals and stimulus

@ Springer

traces are the ERGs in non-treated eyes. OHT eyes in G10 and
M6: OS; in G8: OD. Vertical bars: 200 nV; Horizontal bar:
20 ms. Shown are the responses in a 90 ms window which is
the window used for data analysis

contrasts. In a second series of tests, the effects of
laser coagulation, the measured eye and the retinal
field on Dy, were statistically compared, separately
for the different animals and stimulus contrasts. The
interaction between laser-coagulation and eye was
studied to test differential effects of laser-coagulation
on the two eyes. In addition, the combined interaction
of laser-coagulation, eye, and retinal location was
studied to test the possible differential effect of laser-
coagulation at the various retinal fields. For those
animals that underwent laser-coagulation more than
once, Dijme and Dy, before and after the last
coagulation were compared. For monkey G8 the
values of Dyiyme and Dey. after the last (third) laser-
coagulation were compared with those before the
second laser-coagulation, because the IOPs and the
values of values of Dy, and D, displayed a gradual
increase between these two laser sessions (see Fig. 2
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Fig. 5 Changes in the responses measured in monkey G10
caused by laser coagulation. The intra-ocular response
differences (Dyme) in the treated eye (OS; left panels) non-
treated eye (middle panels) and the inter-ocular response

and below). For all animals and stimulus contrasts, no
significant interactions with retinal field were found,
showing that the effects of laser-coagulation were
similar for the different retinal fields on the value of
D. That does not mean that using other (such as
morphological or psychophysical) techniques and
other types of analysis might not reveal any regional
differences, but it suggests that the ERGs are changed
in a similar manner in the different retinal fields. The
results of those tests, in which the differential effects
of laser-coagulation on the left and right eyes are
compared (thus on Dg, and on the interaction
between Dy, and eye), are summarized in Table 1.

differences (Dey.; right panels). The results for the responses to
99%, 58% and 31% contrast stimuli are shown. In each plot the
results are shown for the nine defined retinal areas

Laser-coagulation had a significant effect on the ERG
responses of three animals (G8, G9, and G10) at all
stimulus contrasts. In the remaining animals the
effects of laser coagulation were significant for only
one stimulus condition, suggesting no or only very
mild changes. Furthermore, Dy, is apparently more
sensitive to detect laser-induced changes than Dy,
for which a more indirect test on the interaction
between laser-coagulation and eye is necessary.
Since the effects of laser-coagulation were similar
for all retinal fields, in the subsequent analysis, the
averages of Diime and Deye of the macula and of rings
1-4 were used. This is a weighted average, because the
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Table 1 Results for the statistical analyses on Dijme and on Dey.. Furthermore the estimates of the free parameters of eq. (2) to the
data are given

Animal Contrast (%) Comparison with Ist baseline Treated eye Non-treated eye
Diime (interaction between
eye and laser coagulation) Do a Xo b Do a Xo b
G7 99 n.s. 13.1 8.6 385 43 13.4 15.2 406 17.2
58 n.s. 14.4 9.4 387 239 12.4 14.9 392 8.5
31 n.s. 16.6 13.6 377 354 12.9 16.4 395 12.8
G8 99 P <0.001 1.7 11.8 91 59.0 154 0 - -
58 P <0.001 11.5 9.8 136 37.3 14.3 0 - -
31 P < 0.001 19.0 10.0 216 4.1 20.1 0 - -
G9 99 P < 0.001 14.8 6.7 —24 2.0 13.1 0 - -
58 P < 0.001 9.4 10.8 —25 0.2 20.1 35 - -
31 P < 0.001 20.8 10.0 -23 1.9 29.4 44 - -
G10 99 P < 0.001 16.8 159 0 10.0 16.5 0 - -
58 P < 0.001 12.8 15.1 —22 1.1 18.1 0 - -
31 P < 0.001 10.0 19.2 11.9 4.5 17.5 0 - -
M6 99 n.s. 17.2 0 - - 18.7 1.5 - -
58 n.s. 24.5 0 - - 22.5 0 - -
31 n.s. 20.1 0 - - 23.7 0 - -
M7 99 P = 0.023* 144 1.1 - - 19.2 0 - -
58 n.s. 152 1.1 - - 18.6 0 - -
31 n.s. 16.4 20 - - 19.6 0 - -
Animal  Contrast (%) Comparison OD-OS D,y (influence of laser coagulation) Dy a Xo b
G7 99 n.s. 122 14 - -
58 n.s. 198 0 - -
31 P =0.001 13.8 0.6 - -
G8 99 P < 0.001 142 7.6 120 112
58 P < 0.001 158 9.2 166 234
31 P < 0.001 19.6 8.1 214 04
G9 99 P < 0.001 114 6.0 1 1.0
58 P < 0.001 140 6.7 1 1.0
31 n.s. 218 24 - -
G10 99 P < 0.001 5.0 284 1 22.4
58 P < 0.001 125 131 -4 1.1
31 P < 0.001 152 179 1 2.3
M6 99 P < 0.001 8.9 4.8 23 1.0
58 n.s. 13.1 23 - -
31 n.s. 138 23 - -
M7 99 P < 0.001* 11.5 1.5 - -
58 n.s. 133 0 - -
31 n.s. 139 0 - -

* Significant influence because Dy, in the eye, that was not laser-coagulated (OS), decreased
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responses themselves are means to stimuli in a
variable number of hexagons. The response of the
macular hexagon is thus weighted 24 times more
strongly than a hexagon in ring 4 (which is the average
of the responses in 24 hexagons). The reason for
choosing this average is that the density of cones is
larger in the center. This procedure implies that similar
numbers of cones are stimulated by the macular
hexagon and by each ring. We estimated the numbers
of stimulated cones in the central hexagon and the
different rings for human subjects based on anatomical
data [30, 31]. The cone densities in macaques are
similar to those in humans [32]. The ratio of stimulated
cone numbers was approximately 1:2:2.6:2.3:3.3 for
the central hexagon and R1-R4. Although these
estimates are only rough approximations (also because
there can be large inter-individual variability), they
show that the numbers of stimulated cones are indeed
in the same order of magnitude in the four rings. The
central hexagon stimulates only half to one third of the
numbers of the cones stimulated in the rings. We
nevertheless used this weight because for some ERG
components a weighting according to the numbers of
stimulated postreceptoral cells (bipolar cell and retinal
ganglion cells) might be more appropriate than one
reflecting the numbers of stimulated cones. Moreover,
because the values of D are not significantly different
for different retinal fields, the weightings will only
have minor influence on the results.

Using the Excel97 solver routine, the averaged
values of Dyjye and Dey. were fitted with a sigmoidal
curve described by the following equation:

a

D =Dy + =
1+ ef( 7

(2)

in which D is the response difference as a function of
x which is the date at measurement; Dy, xo, @ and b
are free parameters. Parameter D, is the initial
response difference. Parameter a indicates the max-
imal response difference relative to D, (i.e., the
difference of the value of D at the plateau of the
sigmoid curve and D) and was constrained to
positive values, forcing the values of D to increase
or remain stable as a function time. x; is the date at
which a half maximal response difference was
reached. b determines the speed of response change.
By using this equation we implicitly assumed that a
laser-induced change in the ERGs would cause an
increase in response difference over time which will

then level off when end stage is reached. Possible
subsequent recovery was not considered. Although
the function is empirical it gives adequate descrip-
tions and the parameters can easily be interpreted. We
constrained the fits by requiring that Dy is smaller
than 5. The values of xy and b are meaningless when
a (the change in ERG response induced by ocular
hypertension) is small (approximately <4.5). Fur-
thermore, the accuracy of the estimation of xq is
limited to a few days. The accuracy further decreases
with decreasing values of b (in the extreme case,
when b is very small there is a increase from Dy to
Dy + a between two measurements, so that x, can
only be estimated with an accuracy of less than
14 days, depending on the time that elapsed between
two measurements). The estimated parameters
obtained from the fits are summarized in Table I
(The values of xy and b were omitted when a < 4.5).

The curves in Fig. 5 are fits of this function to the
above-described averages of Dgme and Dy, for
animal G10. Obviously, Dgne in the eye with
increased IOP (left panels) and Dy (right panels)
increase after laser coagulation with values between
7.9 and 28.4 (a in Table 1), whereas Dy, in the
fellow eye (middle column panels) has not changed.
For all the other animals, only the data at 99%
stimulus contrast are shown. In Fig. 6, the results for
the two other monkeys (G8, right panels and G9 left
panels), that displayed significant changes, are pre-
sented. In agreement with the statistical analysis, and
similar to the data on monkey G10, Dy, in the eyes
with OHT (upper panels) and D.y. (lower panels)
increased whereas Dy in the fellow eyes (middle
row panels) were not altered. However, the changes
were smaller than those for G10 (with values of a
between 7.6 and 11.8 for G8 and between 2.4 and
10.8 for G9). The statistical analysis showed that the
smallest change of D.y. in monkey G9 (by 2.4 at 31%
stimulus contrast) was not significant.

The values of x, correlated well with the time of
coagulation and of IOP increase (days O for monkeys
G9 and G10; between second and third coagulation at
days 136 and 193, indicated by the arrows in Fig. 6, for
monkey G8). In monkey G8 there are indications that
some changes might have occurred after the first laser
treatment that resulted in a transient increase in IOP.

The results of the animals which showed no or only
mild changes correlated with increased IOP, are
shown in Fig. 7 (M7 left, G7 middle column and
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Fig. 6 Averaged waveform changes in the treated and non-
treated eyes and the inter-ocular comparison for two monkeys
(G9 left panels; G8 right panels) obtained with 99% contrast
stimuli. The data points and error bars are the means and
standard deviations of the responses in the macula and

M6 right panels). The arrows indicate the dates of
laser coagulation. In none of the cases there are clearly
detectable changes. The statistical analysis showed
that the increase in Dey. by 4.8 (compare with
Table 1) in monkey M6 (lower right panel) is
significant. The other changes in Dy, that were
statistically significant did not display large changes

@ Springer

rings 1-4. Although the data are seemingly noisy, a change
related with ocular hypertension can be found in the treated
eye. The arrows in the right plots indicate the days of laser
coagulation. Animal G9 was laser coagulated at day 0. The
curves are fits of sigmoid functions to the data

(value for a in G7 at 31% contrast: 0.6; value for a in
M7 at 99% contrast: 1.5). Taking into account all data,
the fits are in agreement with the statistical analysis.

An additional factor that made the analysis less
straightforward for monkeys M7 and G7 was the fact that
during some session the values of Dy, were strongly
increased in both eyes (indicated by arrow heads).
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Fig. 7 Response differences in monkeys M7 (left panels), G7
(middle column panels) and M6 (right panels) obtained with
the 99% contrast stimuli. No or only weak response waveform
changes, that are related to treatment, can be found. However,

However, the values of D, were not altered at these
days, indicating that similar response changes were
present in the two eyes during these sessions.
Furthermore, the days of the response changes were
not correlated with laser coagulation or a change in
IOP. Finally the changes were reversible at least in
monkey M7. We, therefore, conclude that the
response changes in these animals were not related
to laser coagulation and increased IOP.

Time (Day)

large changes were found in both eyes of monkeys M7 and G7
(indicated by arrow heads). These changes were similar in the
two eyes, not correlated with ocular hypertension and
reversible at least in monkey M7

Discussion

Variability in the normal retina

The values of Dy, are generally small, suggesting
that the measurements of ERG responses can be
reproducible and indicating that the recording tech-

nique and the procedure of centering the stimulus
screen can be performed accurately (see also the
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recordings in Figs. 3 and 4). Surprisingly, the inter-
ocular ERG responses differences (D.y.) were even
smaller than the intra-ocular response differences at
different sessions (Dygme). This indicates that the
variability, caused by differences in the conditions of
the animals and the positions of the electrodes in
different sessions, is larger than the differences
between the two eyes. Dyn. was generally small.
However, in monkeys M7 and G7 Dy, Was occa-
sionally strongly increased. This increase was
reversible. This suggests that in some animals
different ERG response may occur even under
seemingly normal circumstances. Possibly, general
factors, such as depth of anesthesia, may have
influenced the ERG response in these animals.
Although these reversible increases in Dyy,e do not
occur often, they may pose an important problem in
interpreting the data and identifying OHT-induced
retinal changes. To be able to take these larger
intersession changes into account, it might be neces-
sary to increase the number of baseline measurements
and to use an average of the baseline measurements
as a reference for calculating Dype.

Changes related to ocular hypertension

All animals displayed prolonged ocular hypertension
after one to three laser treatments even though most
animals displayed a partial recovery of the IOP
during the first 80-100 days after coagulation
(Fig. 2). A similar IOP recovery was described
before [12]. Not all animals showed laser induced
changes in the mfERGs, suggesting that ocular
hypertension, even over an extended time, does not
always lead to functional changes that can be
revealed by mfERG. Such variable results were also
obtained before [12]. Nevertheless, animal G10
displays the highest IOPs in the laser treated eye
and the largest mfERG changes. In Fig. 8 the values
of a (the maximal changes in the mfERG) of
individual animals and for the different stimulus
contrast conditions, obtained from the fits of Eq. 2,
are plotted against the averaged IOP in the laser
treated eye (left plots) and against the averaged IOP
difference between the OHT and the normotensive
eyes (right plots) in the same animal. The IOP
measurements more than 100 days after the last laser
coagulation were used to calculate the averages. All

@ Springer

plots indicate a positive correlation between ERG
change and IOP. But for the ERG comparison with
the first baseline measurement in the same eye (Dyjme;
lower panels) the positive correlation is only caused
by the large changes in monkey G10. The other
animals do not show a correlation. When the
comparison between left and right eyes (Dey.; upper
panels) were used to quantify the ERG changes, the
correlation is clearer especially when the IOP differ-
ence between the two eyes is used (upper right plot).
We conclude that a comparison between the two eyes
may give more reliable results than a comparison in
the same eye over time. This conclusion is in
agreement with previous observations [12, 20, 21].
The data also show that, although moderate OHT not
necessarily leads to functional changes, there is a
correlation between IOP and mfERG changes.

From the three monkeys that displayed significant
functional changes associated with laser coagulation,
only one (G10) showed clear alterations. The changes
in the ERG signals in the two other animals were
relatively subtle and the values of Dype and Deye
were not larger than the normal inter-individual
response differences (Dj,q; compare with Fig. 3e).
Thus a decision that a response is pathologic solely
on the basis of the responses without any comparison,
either with a condition before induction of ocular
hypertension or with a normal fellow eye, is difficult.
This is the problem a clinician is facing, because
these comparisons are seldom possible. However, an
averaged normal ERG waveform could be obtained
and a comparison with this waveform may then be
performed. Owing to the larger inter-individual
variability, the sensitivity of the method to detect
OHT induced changed is impaired in comparison
with the monkey data described in the present article.
However, this problem is not specific for the method
described here.

In order to reach the objective of the present study
a sensitive method was developed with which
changes in the ERGs can be detected. The complete
mfERG waveform was considered so that all possible
changes could be captured. This method may be
useful to detect changes per sé and also to screen the
progression of disorder and the success (or absence
thereof) of a therapeutic treatment. However, a
conclusion about which ERG components were
affected and thus on the physiological substrate, that
is affected, is not possible. The method may be useful
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Fig. 8 The waveform change in the mfERG at steady state in
Eq. 2 (parameter a) as a function of the averaged IOP in the
OHT eye (left panels) and the difference in averaged IOP
between the OHT and normotensive eyes (right panels). The
data points represent data from individual animals and from
different stimulus contrasts. In the upper panels, the values of

in identifying those ERG data on which other analysis
methods can be applied. The disadvantage of the
analysis of amplitudes and delays of ERG compo-
nents can be that only a limited number of data of the
ERG recordings are used which under certain
circumstances may result in an increased variability
of the data and, therefore, a decreased sensitivity to
detect changes. This may happen when two compo-
nents, such as P1 and oscillatory potentials, appear
superimposed in the signal. Small changes in the
relative locations of the two components may lead to
large changes in the estimated amplitude and delay of
P1. A compromise can be that analyses of waveform
differences, as described in the present article, are
performed within predefined time windows. The first
20 ms of the ERG may give information about the
change in the responses directly driven by the
photoreceptors and early postreceptoral mechanisms
[33, 34]. The next 20-30 ms might give information
of changes in the P1 component, and the analysis

50

10 15 20 25 30 35
averaged IOP difference between
OHT eye and normal tension eye

parameter a were obtained from the comparison between left
and right eyes (Dcyc). For the lower panels, the ERG data in the
eye with OHT were compared with the Ist baseline measure-
ment (Diime). The positive correlation is clearer when Dy, and
when the IOP differences rather than the IOP in the OHT eyes
were used

within the time window starting about 40-50 ms after
stimulation could detect change in the N2 component.
Of course, once components are identified that are
sensitive to OHT (e.g., the optic nerve head compo-
nent, OPs, particular frequency components or the
photopic negative response [4, 18, 19, 28, 29])
concentrating data analysis upon these components
may be more sensitive.

We observed that in monkey G10 oscillatory
responses diminished which is in agreement with
previous observations [9]. Furthermore in G10 a
decrease in the amplitude of a negative component at
40-80 ms is agreement with observations that the
photopic negative response in the Ganzfeld ERG is
diminished in animals with experimental glaucoma
[6, 19] as well as in glaucoma patients [4].
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