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Abstract

Focal macular cone electroretinogrums (ERGs) and multifocal ERGs were recorded to study the maculur function in patients with the
complete-type of congenital stationary night blindness (cCSNB). The waveforms of the focal macular cone ERGs and the on- and off-
responses of the multifocal ERGs in the cCSNB patients were similar to those recorded from monkey retinas treated with L-2 amino-4-
phosphonobutyric acid (APB), suggesting that patients with cCSNB have a complete defect of the on-pathway even in the central retina,
The results also demonstrated that there was a paradoxical positive response in the central retinn of ¢cCSNB patients, as compared to the

negative full-field ERGs in the same subjects,
© 2007 Elsevier Ltd. All rights reserved.

Keywords: Electroretinogram (ERG); Foeal mocular cone ERG; Congenital stationary night blindness (CSNB); Complete-type; APB (L-2 amino-4-

phosphonobutyric acid)

1. Introduction

The complete-type of congenital stationary night blind-
ness (¢CSNB) is a non-progressive retinal disease charne-
terized by congenital night blindness with a moderate
decrease of the visual acuity and myopia (Miyake, Horigu-
chi, Suzuki, Kondo, & Tanikawa, 1997; Miyake, Yagasaki,
Horiguchi, Kawase, & Kanda, 1986). The inheritance pat-
tern of ¢cCSNB is usually X-linked or autosomal recessive.
It was recently reported that most X-linked c¢CSNB
resulled from mutations in the NYX gene (Bech-Hansen
et al., 2000; Pusch et al., 2000), and some cases of autoso-
mal recessive ¢CSNB resulted from mutations in the
MGR6 gene (Dryja et al., 2005).

cCSNB patients have very characteristic electroretino-
grams (ERGs). When elicited by a bright stimulus after

¥ Gram support: Grant-in Aid 14770952 (M.K.), and 14370557 (H.T.)
from the Minisiry of Education, Science, Sports and Culture, Japun.
* Corresponding author. Fax: +81 52 744 2278
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0042-6989/5 - see front matter © 2007 Elsevier Ltd. All rights reserved.
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dark-adaptation, the ERGs are the negative-type with an
a-wave of normal amplitude and a b-wave that is smaller
than the a-wave. When a long-duration photopic stimulus
is used, the b-waves of the ERGs of ¢CSNB patients are
severely reduced while the off-response d-wave is well-pre-
served (Houchin, Purple, & Wirtschaller, 1991; Miyake,
Yagasaki, Horiguchi, & Kawase, 1987; Young, 1991).
These ERG wavelorms are very similar to those in the
monkey photopic ERGs after an intravitreal injection of
2-amino-4-phosphonobutyric acid (APB), which blocks
neurotransmission from photoreceptors to the on-bipolar
cells (Evers & Gouras, 1986; Knapp & Schiller, 1984; Siev-
ing, Murayama, & Naarendorp, 1994). These results dem-
onstrated that the defect in the neural pathway of cCSNB
patients lies in the signal transmission from the photore-
ceplors to the depolarizing on-bipolar cells (DBCs) in both
the rod and cone pathways. Recent ERG analysis using
sinusoidal and ramping on/off flicker stimuli also indicated
that the deficit in eyes with ¢cCSNB is localized to the DBC
pathway with no apparent involvement of the hyperpolar-
izing ofl-bipolar cells (HBCs) (Khan et al., 2005).
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Although there are many electrophysiological studies on
the full-field ERG in patients with cCSNB, there are very
few studies on the macular function of eyes with cCSNB
using either the multifocal or focal macular cone ERG tech-
niques (Kondo et al.,, 2001; Leifert, Todorova, Prunte, &
Palmowski-Wolfe, 2005). During our extensive studies of
the complete and incomplete type of CSNB, we have been
gaining the impression that the cone on-pathway may be
functioning relatively well only in the central retina in
¢CSNB because these patients have relatively good visual
function in the central field (Mivake et al., 1997; Terasaki
et al., 1999).

The purpose of this study was to investigate the macular
function of patients with cCSNB in more detail using focal
macular cone ERGs and multifocal ERGs. To accomplish
this, we separated the on- and off-responses of the photopic
ERGs using long-duration photopic stimuli in the macular
area of patients with cCSNB, and then compared the
obtained waveforms with those recorded from monkey ret-
inas in which the on-pathway was completely blocked
pharmacologically by an intravitreal injection of L-2
amino-4-phosphonobutyric acid (APB).

2. Materials and methods
2.1. Patients with complete-type CSNB

From the patients with cCSNB examined in our clinic (Department of
Ophthalmology, Nagoya University Hospital), we selected three patients
who agreed o participate and were cooperative with the electrophysiolog-
ical examinations (Table 1), a\ll patients had poor night vision from birth
and had no fundus abnormalities except for myopic changes. Their cor-
rected visual acuities were 0.4, 0.4, and 0.6, and the rod branch of the
dark-ad ion curve was missi asd:lcﬂmnndbypaydm‘phynu]daﬂ
mlapmmeu'y The full-field ERG rod I were ble, and the
rod and cone mixed maximal ERG had a negative-shape with no detect-
able oscillatory potentials.

An infi /| was

btained from the three patients after a full

planation of the p All studies were conduﬂcd in accordance
with the principl 1 in the D of Hi
2.2, Animals
Four rhesus (Macaca mul k were died under protocols

approved by Nagoya University School o!' Medicine. All experiments were
conducted in ! with NIH guidelines on animal use and with the
ARVO statement on the Use of Animals in Ophthalmic and Vision
Rescarch. The animals were anesthetized with intramuscular injection of
ketamine hydrochloride (7 mg/kg, 5-10 mg/kg/h maintenance dosc) and
xylazine (0.6 mg/kg). The respiration and heart rate were monitored,
and hydration was maintained by a slow, i infusion of | d
Ringer solution. The cornen was anesthetized by topical 1% tetracaine,
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2.3. Drug application to animals

The drugs were injected into the vitreous with a 30-gauge needle
mserted through the pars plana approximately 3 mm posterior to the lim-
bus. The drugs (Sigma Chemical Co., 5t. Louis, MO) were dissolved in
sterile saline and injected in amounts of 0.05-0.07 ml. The intravitreal con-
centration was 1-2mM for L-2 amino-4-phosphonobutyric acid (APB)
and SmM for cis-2, 3 piperidine dicarboxylic aad (PDA). Recordings
were begun about 60-90 min after the drug injections, and studies were
completed within 5 h. Although the drug effects are mostly reversible afler
a recovery period of several weeks, the results that are presented were
recorded from the eyes not previously treated.

2.4. Focal macular cone ERG

Focal macular cone ERGs were elicited by stimulating the macula with
small sumulus spots {Miyake, 1988b; Miyake, Shiroyama, O, & Horig-
uchi, 1988a). The position of the spot on the fundus was monitored during
the recording with a modified infrared fundus camera. The Bunan-Allen
bipolar contact lens electrode (Hansen Ophthalmic Development Labora-
tories, lowa City, IA) which was used to record the focal macular cone
ERGs, allowed a clear view of the fundus on the television monitor.
The luminances of the stimulus and the background were 30.0 cd/m’
and 3.0 cd/m’, respectively. A 5-Hz rectangular stimulus {100 ms-on and
100 ms-off) was used with a stimulus spot of 15 degrees in diameter. A
total of 512 responses were averaged by a signal processor, and the time
constant was 0,03 s with a 300-Hz high-cut filter. The ERG responses pro-
duced by this method are generiated by the cone system, and the responses
elicited by the spot stimuli are considered to be local responses (Miyake,
1988h; Miyake et al., 1988a).

2.5. Recording muliifocal on- and off-responses

Qur method for recording on- and off-responses of the multifocal
ERGs has been described in detail (Kondo & Miyake, 2000; Kondo,
Miyake, Horiguchi, Suzuki, & Tenikawa, 1998). In briel, multifocal ERGs
were obtained with the VERIS system (EDI, San Mateo, CA). The stim-
ulus array d of 61 h | el that were displayed on a
CRT monitor (GDM, Sony, Tokyo, Japan) and driven at 75 frames/s.
Al a viewing distance of 27 cm, the sublense of the visual ficld was approx-

imately 50°.
To obiain on- and off-responses with the VERIS qm:ln we used
consecutive white TV frames. Each h was Jul

two stimulus patterns according to a binary m-sequence: cl;ht consec-
utive white frames fi i by eight ive durk frames (pattern
A) or 16 consecutive dark frames (pattern B). In this stimulus setting,
a stimulus is not continuously bright during its bright phase because
the focal Mash decays within a few milliseconds. However, there is
evidence that a high-frequency train of flashes can roughly simulate
the effects produced by a long-duration stimulus and thus can pro-
duce a corneal positive off-response (Saeki & Gourns, 1996; Young,
1991).

Based on our preliminary s‘-tudy the following stimulus parameters
were found to be suitable for elici imal on- and off-resy from
each local retinal arca: stimulus i mlmmy of 120 ed/m” with s duration of §
l'rlmeu{l.l)ﬁ ms) on a 20 ed/m® background illumination. The m-sequence

and the pupil was dilated with topical 0.5% tropicamide, 0.5% ph

JIEP

rate was, therefore, 4.7/s and the base intervil was 213.3 ms

rine HCL, and 1% atropine. {Kondo & Miyake, 2000; Kondo et al., 1998).

Table 1

Clinical characteristics of three patients with complete type CSNB

Case Age Sex Inheritance pattern Relractive error (D) Visual acuity
Case | 54 M Autosomal recessive -4.0 04

Case 2 20 M X-linked -95 04

Case 3 15 F Autosomal recessive =6.0 0.6
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The signals were amplified by 100 K and filtered between 3 and 300 Hz
(Grass, Quincy, MA). The daia sampling rate was 1200 Hz. To reduce the
artifacts due to cye movements, an “artifact rejection™ algorithm (VERIS
software, EDI) was used once (Marmor et al., 2003). The length of the m-
sequence used was 2''-1. Thus, the total recording took 7.3 min, and it
was divided into 16 segments,

For recording multifocal ERGs from monkeys, a modified ophthal-
moloscopic technique was used to locate the projection of the fovea on
the center of the stimulus pattern (Rangaswamy, Hood, & Frishman,
2003). This modified ophthalmoscope was kindly provided by Dr. L
Frishman (University of Houston). The position of the fovea was checked
frequently before and after the multifocal ERG recordings

2.6. Recording full-field ERGs

Full-field ERGs were recorded with long-duration stimuli (166 ms
or 100 ms) using a denscly-packed array of 102 green LEDs (525 nm
peak wavelength; 50 nm at half-amplitude). The array was positioned
at the top of the Ganzfeld dome and covered by a diffuser (Ueno
et al., 2006). The LEDs were controlied by a digital function gener-
ator (WF1945, NF Corporation, Tokyo, Japan). The stimulus inten-
sity and background illumination measured in the dome was
120 cd/m” and 40 cd/m’, respectively. In the last experiment, the stim-
ulus intensity and background illumination was set at 30 cd/m’ and
3cd/m?, respectively, in order 10 compare the waveforms of full-field
ERG and focal macular cone ERG at the same stimulus and back-
ground condition.

After 10 min of light adaptation, ERGs were recorded with a Buni-
an-Allen bipolar contact lens electrode (Hansen Ophthalmic Develop-
ment Labs, Iowa City, 1A). A g d el de was hed to the

il I car. R wmnmpl.lﬁed by 10K and the bandpass
wus set to 0.3-1000 Hz. The data were digitized at 4.3 kHz, Twenty
responses were averaged (Power Lab, AD Instruments, Castle Hill,
Australia),

Focal macular cone ERG

bwave  gwave

3. Results
3.1. Focal macular cone ERGs in cCSNB

Representative focal macular cone ERGs recorded from
a myopic control (38-year-old man; refractive error,
—5.50 D) and the three patients with cCSNB are shown
in the left panel of Fig. 1. The waveforms from the three
patients are clearly different from those of the myopic con-
trol: the amplitudes of the a-waves are normal, but the
amplitudes of the following positive wave are smaller than
the b-wave of the myopic control (see also Table 2). These
changes resulted in a reduced b-wave to a-wave (b/a) ratio.
In addition, the implicit times of the a- and b-waves in

Table 2
Amplitudes and implicit times of focal macular ERGs (FMERGs) from
three patients with complete type CSNB and 15 patients with myopic
controls

Amplitude (uV)
a-wave  b-wave  b/a ratio

Imphicit times (ms)

a-wave b-wave

Case | 24 24 1.0 214 47.2
Case 2 1.9 29 1.56 28.0 46.8
Case 3 24 31 129 28.0 59.5

Myopic 20405 5109 251044 196+17 409+3.0
controls

(n=15)

Data in myopic controls are expressed as the mean + SD.

Full-field cone ERG

b-wave

Case 2

[ 4 v

| 15pv

I

0 100 ms

0 166 ms

Fig. 1. Focal macular cone ERGs (left panel) and full-field ERGs (right panel) elicited by long duration stimuli recorded from a myopic control and three
patients with complete-type congenital stational night blindness (cCSNB). Note that the amplitude ratios of the positive wave to the a-wave was <1.0 for
the full-field ERG, but >1.0 for focal macular cone ERGs in the cCSNB patients.
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¢CSNB patients were prolonged (Table 2). The d-waves
seen at the offset of the stimulus was not so prominent
for both myopic controls and patients.

The full-field, photopic ERGs elicited by a long-dura-
tion stimulus (166 ms) from the same subjects are shown
in the right panel of Fig. 1. In all three cCSNB patients,
the b/a amplitude ratio was clearly <1.0 resulting in a “neg-
ative” ERG waveform.

3.2. Focal macular cone ERGs in monkey retina after APB

It is known that the on-response b-wave of the photopic
long-flash ERG originates mainly from the neural activity
of the cone depolarizing bipolar cells (DBCs) (Knapp &
Schiller, 1984; Sieving et al., 1994). Based on the focal mac-
ular cone ERGs in the ¢cCSNB patients, we thought that
the function of cone on-pathway may be preserved to some
degrees in the central retina of the cCSNB patients. To test
this hypothesis, it was necessary to record the focal macu-
lar cone ERGs from the monkey retina after the cone on-
pathway was completely blocked pharmacologically by
APB, and to compare these waveforms with those from
cCSNB patients.

The focal macular cone ERGs recorded from two rhesus
monkeys before and after intravitreous injection of APB
are shown in Fig. 2. After the APB injection, the a-wave
amplitude became larger, and the peak time of the a- and
the following positive wave became prolonged. The d-wave
was slightly enhanced after APB. The ratio of the b-wave

A

Untreated

[ oN_ ]

B e a-wave
After APB

to the a-wave amplitudes became smaller than controls,
but was still larger than 1.0 (monkey #1, 1.24; monkey
#2, 1.33).

We initially interpreted this to indicate that remaining
positive wave might be caused by an incomplete blockage
of APB and thus injected more APB. However, the addi-
tion of APB did not change the waveforms of the focal
macular cone ERGs, and the b/a amplitude ratio still
remained greater than 1.0 even after increasing the APB
concentration to twice the original concentration (2 mM).

The similarity in the waveforms between cCSNB
patients and monkeys treated with APB indicated that
the cone on-pathway seemed be completely blocked even
in the central retina in cCSNB.

3.3. Multifocal on- and off-responses in cCSNB and APB-
treated monkey

We also noted that the waveforms of photopic ERG
with long duration stimuli were different between full-field
cone ERGs and focal macular cone ERGs in ¢CSNB
patients; the amplitude of remaining positive wave was still
larger than that of the a-wave, whereas the amplitude ratio
of the positive wave to the a-wive was always less than 1.0
for the full-field ERGs (Fig. 1). However, these differences
in the waveform could be due to the different stimulus and
recording conditions in the two methods. Therefore, we
next compared these waveforms between the central and
peripheral retinas directly in a patient with ¢cCSNB. For

Stimius spot
(diamater, 15 degrees)

Monkey "2

|1pv
ON

0 100 ms

0 100 ms

Fig. 2. Stimulus location and focal macular cone ERGs recorded from two monkeys. (A) Fundus photographs showing the stimulus spot. The 15°

spot (d ) was fi
rhesus monkeys. Intravitreous concentration of APB was 1.0 mM.

d on the fovea. (B) Waveforms of focal macular cone ERGs before and after intravitreal injection of APB for two
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Fig. 3. Multifocal on- and off- responses using eight consequtive white frames. (A) R

~ .. Center

Its from a myopic control, (B) R

Its from a patient with cCSNB

(Case 1). (C) Normalized waveforms from five eccentric rings. Note that in cCSNB, the amplitude ratio of the positive wave to the a-wave is >1.0 in the

central retina, but gradually become smaller towards 10 the periphery.

this purpose, we recorded the multifocal on- and off-
responses (Kondo & Miyake, 2000; Kondo et al., 1998).
The multifocal on- and off-responses recorded from a
representative myopic control (A), and a patient with
¢CSNB (B, Case 1 of Table 1) are shown in Fig. 3. It
was clear that when compared to myopic control, the
amplitudes of the positive wave are reduced at all locations
in cCSNB. However, the amplitude of the positive wave is
relatively preserved in the central retina, and the relative
amplitude of the positive wave to the a-wave became small
from the center to the periphery. The changes in the wave-
forms were clearly seen when the responses were grouped
for each eccentric rings (Fig. 3C). The remaining positive
wave is well preserved in the central retina, but gradually
became smaller towards the peripheral retina. The ampli-
tude ratio of the positive wave to the a-wave was >1.0 in
the central retina, but <1.0 in the periphery. These findings
are consistent with our combined findings of full-field ERG
and focal macular cone ERGs in patients with cCSNB.
We also confirmed these results in a monkey retina after
treatment with APB (Fig. 4). The remaining positive
response was relatively large in the central retina, but the
relative ratio of the positive wave to the a-wave gradually
became smaller towards the periphery (Fig. 4C). These find-
ings were quite similar to those in patients with cCSNB.

3.4. Origin of the remaining positive wave of photopic ERG
ar central retina

One question that still remained was the origin of the
remaining positive component of the focal macular cone
ERG seen even after blockage of cone on-pathway. To

study the retinal origin of this component, we added
PDA to block the neural activities of post-synaptic off-
pathways and horizontal cells in monkeys. Fig. 5 shows
the changes in the waveforms of photopic ERG with long
duration stimulus before and after APB and PDA applica-
tion for full-field and focal macular cone ERGs in a rhesus
monkey. In this experiment, the same stimulus (30 cd/m?)
and background (3 cd/m?) intensities were used for both
full-field and focal macular cone ERGs, because the wave-
form of photopic ERG is dependent on the stimulus and
background intensities (Kondo et al., 2000; Ueno. Kondo,
Niwa, Terasaki, & Miyake, 2004). We found that after the
PDA injection, the remaining positive wave of focal macu-
lar cone ERGs completely disappeared (lower traces of
Fig. 5).

4. Discussion

We compared the waveform of focal macular cone
ERGs recorded from ¢cCSNB patients with those from
APB-treated monkeys, and found that the waveforms were
very similar: the amplitude of the a-wave was normal or
slightly larger than control; a positive wave was still present
after the a-wave, and the amplitude of this positive wave
was larger than that of the a-wave; and the implicit time
of the positive wave was delayed. These similarities in the
waveform of focal macular ERG between the ¢cCSNB
patients and APB-treated monkeys suggested that the cone
on-pathway is nearly completely blocked even in the cen-
tral retina of the cCSNB patients,

Although the waveform of the a-wave and the following
positive wave were very similar for cCSNB patients and
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Fig. 4. Multifocal on- and off-resp before and after intravitreous injection of APB in a rhesus monkey. Intravitreous concentration of APB was

1.0 mM. Unstretched hexagonal elements (same size) are used for these monkey experiments, (A) Multifocal ERGs before APB. (B) Multifocal ERG after
APB, (C) Normalized waveforms from five eccentric rings after APB application. The wavelorm after APB are very similar to those recorded from cCSNB

patients
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Fig. 5. Comparison in the waveforms of photopic ERG with long duration stimulus before and after APB and PDA application for full-field and focal
macular cone ERGs in & rhesus monkey. Five hertz square-wave flickering stimulus of 30 cd/m” was presenied on a background illumination of 3 ed/m’
for both ERGs. After APB and PDA, the remaiming positive wave at stimulus onset disappears completely for both ERGs (arrows)

APB-treated monkeys, the waveform of the d-wave at the
offset of the stimulus was slightly different: the amplitude
of the d-wave of the focal macular cone ERG was
enhanced after the intravitreal injection of APB in mon-

keys, whereas the d-wave of focal macular cone ERG in
¢CSNB patients was not larger than that of myopic con-
trol. We do not know the reason for this difference in the
waveform of the d-wave between the cCSNB patients and
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APB-treated monkeys. However, it may be partly due to
the differences between inherited human disease and the
pharmacological animal model.

Although our electrophysiological study showed func-
tional similarity between the retina of patients with cCSNB
and APB-treated monkey retinas, there still remained the
question of whether the retinal on-pathway is completely
blocked in the retina of patients with cCSNB. Two psycho-
physical studies suggested that rod on-pathway may not be
completely blocked in cCSNB patient (Allen et al., 2003;
Young, Price, & Harrison, 1986).

We also found that even afler a complete blockage of
the cone on-pathway, there still remained a sizeable posi-
tive wave of the cone ERG in the central retina. The mul-
tifocal ERG results also demonstrated that the amplitude
ratio of the positive wave to the a-wave was maximal in
the central retina, and became gradually decreased towards
the peripheral retina in a cCSNB patient and an APB-trea-
ted monkey supporting our combined findings of the full-
field ERGs and focal macular cone ERGs. These results
indicated that there is a unique spatial variation in the
waveform of the cone ERGs. Other pharmacological stud-
ies in monkeys (Hare & Ton, 2002; Hood, Frishman, Sas-
zik, & Viswanathan, 2002) also showed several spatial
variations in the waveform of the cone ERGs using multi-
focal ERG technique, but they did not separate the on- and
off-responses.

By adding PDA to APB, we found that the remaining
positive wave of the cone ERG, which was seen even after
blocking the cone on-pathway, originated from post-pho-
toreceptor neurons which are sensitive to PDA, i.e., retinal
neurons of the off-pathway or horizontal cells (Fig. 5).
However, we could not identify exactly which retinal neu-
rons/circuits contributed to this positive component. To
identify the exact origin of this positive wave, further stud-
ies are needed using other pharmacological apents which
affects specific retinal neurons.
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Recording Focal Macular Photopic Negative Response
(PhNR) from Monkeys

Mineo Kondo, Yukihide Kurimoto, Takao Sakai, Toshiyuki Koyasu, Kentaro Miyata,

Shinji Ueno, and Hiroko Terasaki

Purpose. To record the photopic negative response (PhNR)
of the focal electroretinograms (ERGs) from the macula of
monkeys and to study the properties of the focal macular
PhNRs.

Memnons. Focal macular ERGs were recorded from five rhesus
monkeys using a modified infrared fundus camera, in which a
red stimulus spot on a blue illuminated background were
incorporated. The effects of different stimulus intensities and
durations presented on a steady blue background of 100 scot
cd/m* on the focal macular PhNRs were investigated. Focal
macular PANRs were also recorded before and after an intrav-
itreous injection of tetrodotoxin (TTX)

ResuLts. Focal ERG responses from a photocoagulated retinal
site were recordable when the luminance of the red stimulus
spot was =55 phot cd/m* and was presented on a steady blue
background of 100 scot cd/m? The amplitude of the focal
macular PhNR increased with increasing stimulus intensities
and was larger than that of the b-wave at all stimulus intensi-
ties. The amplitude of the focal macular PhNR was largest at
stimulus durations of 30 to 50 ms. An intravitreous injection of
TTX essentially eliminated the focal macular PhNR

Concrusions. It is possible to record focal macular PhNRs from
monkeys by using a red stimulus spot on a blue background.
Investigations of focal PhNRs can be a useful method of study-
ing inner retinal function of local areas in normal and diseased
retinas. (fnvest Opbthalmol Vis Sci. 2008,49:3544 -3550) DOI
10,1167 /iovs 08-1798

he photopic negative response (PhNR) is a slow, negative-

going wave of the photopic electroretinogram (ERG) that
appears immediately after the b-wave. This component was
first identified by Viswanathan et al' in 1999 They demon-
strated that the PhNR was reduced in eyes of monkeys with
increased intraocular pressure and reduced visual field sensi
tivity. In addition, they reported that the PANR was essentially
eliminated by an intravitreous injection of tetrodotoxin
(TTX),' * a selective blocker of voltage-gated Na* channels *~°
These results suggest that the PhNR originates mainly from the
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spiking activity of inner retinal neurons including the retinal
ganglion cells and their axons

In clinical studies, the PhNR has been reported to be reduced
in patients with glaucoma,” optic nerve diseases,'”""* and reti-
nal vascular discases that predominantly affect the inner reti-
na'*'* We have reported thar the amplitude of the PhNR is
sclectively reduced after macular hole surgery, indicating
that there are some functional impairments in the inner
retina after this type of surgery.'® The results of these
clinical studies suggest that recordings of the PhNR can
provide a means for objective assessment of inner retinal
function.

To date, the PhNR has been clicited mainly by full-field stimuli
in both basic and clinical studies. However, the full-icld ERG is
the summed response from the entire retina, and it is difficult to
assess the function of localized retinal areas by fullficld ERGs.
There are some reponts on recording the PhNR from localized
retinal areas,””" 7% but the characteristics of the focal PhNR in
primates is less well understood, The focal PhNR is important
because many diseases, including glaucoma and optic nerve dis-
eases, affect selective areas of the retina. Therefore, we believed
that developing a technique to record focal PhINRs could be useful
for both basic research and clinical applications

Thus, the purpose of this study was to determine whether
a focal PANR could be recorded from local areas of the monkey
retina. For this, we developed a new recording system with a
modificd infrared fundus camera. A red stimulus spot was used
on a blue flluminated background, because it has been re-
ported recently that this color combination is most effective in
eliciting large PhNRs especially at weak to moderate stimulus
intensities*

METHODS

Stimulus and Observation Systems

Our new system for cliciung and recording focal PhNRs consisted of @
maodified infrared fundus camera and a stimulator that controlled the
light-emitting diodes (LEDs) used for the stimulus and background illumi-
nation (Fig 1A) An infrared television fundus camera (model VX-10,
Kowa, Tokyo, Japan) was modified 1o obtain a Maxwellian stimulaung
system (Fig 2). The image from this fundus camera was fed 10 a television
monitor with a 45° view of the posterior pole of the cye (Fig- 1B). The
pasition of the stimulus spot on the fundus was monitored on the televs
sion screen, and could be moved by the examiner with a joystick (Fig. 1A)

A red LED (A, = 627 nm, LXK2-PD12-500, Philips Lumileds, San
Jose, CA) was used as the stimulus source, and a blue LED (A, = 450
nm; L450, Epitex, Kyoto, Japan) was used for the background illumi-
nation that covered a retinal arca of 45° (Fig. 2). The 15° red stimulus
spot on the blue background that was photographed with a digital
camera placed at the position of the monkey's eye is shown in Figure
1C. The size of the stimulus spot could be changed from 5 to 15, the
15" stimulus spot was mainly used in this study

The luminance of the blue background was fixed at 100 scot cd/m?,
which is known to be high enough to suppress the rod photorecep-
tors. The luminance of the red stimulus spot was increased from 2 10
204 phot cd/m’, and the stimulus duration was increased from 5 1o 150

Investigative Ophthalmology & Visual Science, August 2008, Vol 49, No. 8B
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Picure 1. (A) Stimulus and observa
uon system for recording the focal
PhNR. This system consists of a mod
ified infrared fundus camera (1) and
LED control box (2). The infrarcd
fundus image can be observed on a
monitor (3), and the stimulus spot
can be moved with a joystick (4). (B)
Infrared fundus image of the monkey
retina. A 15" stimulus spot posi-
tioned an the monkey's macula. (C)
Image of the red stimulus spot on the
bilwe background This image was
photographed by a digital camera at
the position of the monkey's eye

ms. The stimulus intensity was also expressed in encrgy units (e,
phot cd-s/m*, for brief flashes of =30 ms). The stimulus repetition rate
was fixed at 2 Hz

The luminances of the stimulus and background illumination
were measured at the position of the comeal surface and then
converted 1o the value at the retinal surface. These luminances were
measured with a photometer (model IL 1700, International Light,
Newburyport, MA)

Recording and Analyses

ERGs were recorded with a Burian-Allen bipolar contact lens electrode
(Hansen Ophthalmic Development Laboratorics, lowa City, IA). The

Anterior Lens

Eye

Ficame 2. Duagram of the focal
PhNR recording system with fundus
monitoring with an infrared fundus
camera. A red LED was used for the
stimulus source, and a blue LED was
used for the background illumina
tion
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Retinal
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Optic di

ground elecrrode was artached o the ipsilateral ear. The responses
were amplified, and the band-pass filters were set at 0.5 1o 1000 Hz
The ERGs were digitized at 5 kHz, and 100 to 300 responses were
averaged for each recording (MEB-9100 Neuropack, Nihon Kohden,
Tokyo, Japan)

The amplitude of the PANR was measured from the baseline to the
bottom of the negative trough after the b-wave for the bnef flashes (=
30 ms), or was measured from the positive peak of the b-wave to the
negative trough after the bwave for the long-duration flashes (=50
ms), as in previous studies.' ™ The amplitudes of the & and bwaves
were measured from the bascline 10 the first negative trough and from
the negative trough 1o the next positive peak, respectively
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Ficure 3. Swudics of stray light effect in our system. (A) Fundus
photograph of a monkey whose macula was damaged by 15° in the
central area by focal laser photocoagulation (within the white dasbed
line). (B) Focal ERGs recorded with a 15" stimulus spot centered on
the photocoagulation. Stimulus luminance and stimulus duration were
changed on a steady blue background illumination of 100 scot cd/m”
Small positive (red asterisks) or negative (blue arrows) waves were
detected when the sumulus luminance was 84 cd/m® or higher, pre
sumably due to the effect of stray light

Animals

Five eyes of five rhesus monkeys (Macaca mulanta) were studied
I'he animals were sedated with an intramuscular injection of ket
amine hydrochloride (7 mg/kg inital dose; S 1o 10 mg/kg/h main
tenance dose) and xylazine (0.6 mg/kg). The respiration and hean
ratc were monitored, and hydration was maintained with slow
infusion of lactated Ringer solution. The cornea was anesthetized
with topical 1% tetracaine, and the pupils dilated with topical 0.5%
tropicamide, 0.5% phenylephrine HCL, and 1% atropine. All exper
imental and animal care procedures adhered to the ARVO Statement
for the Use of Animals in Ophthalmic and Vision Research and were
approved by the Institutional Animal Care Committee of the Nagoya
University

Drug Application

The drugs and intravitreous injection 1echniques have been described
in detail. """ The drugs were injecied into the vitreous with a
30-gauge needle inserted through the pars plana approximately 3 mm
posterior to the lmbus TTX (Kanto Chemical, Tokyo Japan) was
dissolved in sterile saline, and 0.05 1o 0.07 mlL was injected The
intravitreous concentration of TTX was 4 uM, assuming that the mon
key's vitreous volume is 2 1 mlL

Because the TTX effect reaches its maximum at approximately 60
minutes after the drug injection, recordings were begun approximately
60 to 90 minutes after the injections, and studies were completed
within 3 hours. Although the effects of these drugs are mostly revers
ible after a recovery period of several weeks, the results that are shown
were recorded from cyes not previously treated

IOVS, August 2008, Vol. 49, No 8

ResuLts
Effects of Stray Light

To determine that the PhNRs we recorded were indeed focal
responses, we investigated the effect of stray light on the
responses with our system. First, we recorded focal ERGs using
a 5° stimulus spot placed on the optic nerve head of monkeys
Different stimulus luminances (2-204 phot cd/m®) and stimu-
lus durations (5, 10, 30, and 150 ms) were prcv:med on a
steady blue background illumination of 100 scot ed/m~. There
were no detectable ERG responses (<0.4 uV) when the stim-
ulus luminance was =55 phot cd/m? for all stimulus durations
A small positive or negative response was elicited by a stimulus
luminance of 84 phot cd/m” and stimulus durations of 30 and
150 ms. The amplitudes of the response increased with increas-
ing stimulus luminance (data not shown)

We next examined the stray light effect by recording focal
ERGs 1 month after an argon laser photocoagulation of a 15°
spot in the macular area (Fig. 3A). ERGs were elicited by
stimulating the photocoagulated area with different stimulus
luminances (26-204 phot cd/m?®), stimulus durations (5, 10,
30, and 150 ms), and a 15° stimulus spot. The stimulus spot
was presented on a steady blue background illumination of 100
scot cd/m” in one monkey. We found that the response ampli-
tudes were lower than the noise level (< 0.4 puV) when the
stimulus luminance was =55 phot cd/m? for all stimulus dura-
tions. A small positive wave (Fig. 3B, red asterisks) or negative
wave (blue arrows) was recorded when the stimulus lumi-
nance was =84 phot cd/m?. These small responses were more
prominent at stimulus durations of 30 and 150 ms and were
most likely due to stray light, because the central retina within
15% had been completely photocoagulated

Based on these results, we concluded that stimulus lumi-
nances of =55 phot cd/m” presented on a steady blue back-
ground of 100 scot cd/m? are the optimal stimulus for eliciting
focal ERGs in our system

Effect of Stimulus Intensity

Representative focal macular ERGs elicited by stimulus lumi-
nances of 2 to 55 phot cd/m? for four stimulus durations of 5,
10, 30, and 150 ms are shown in Figure 4. It is clear that the
amplitude of the focal PhNRs increased with increasing stim-
ulus luminance for all stimulus durations

Stimulus duration

5ms 10ms 30 ms 150 ms

|- S .___-—-—-— —— — N~

!

|
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Ficums 4. Representative focal ERGs elicited from a rhesus monkey
by different stimulus luminances (2-55 phot cd/m®) and different
stumulus durations (5, 10, 30, and 150 ms). The amplitude of PhANR
increases with increasing stimulus luminances
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The relationship berween the stimulus intensiries and the
average amplitudes of the focal macular PhNRs is shown in
Figure SA. The amplitudes of the focal macular PhNR are
plotted as a function of stimulus energy for brief flashes (5, 10,
and 30 ms, left), and are plotted as a function of stimulus
luminance for long flashes (150 ms, right). We found that when
the stimulus duration was shorter than the integration time of
PhNR (= 30 ms), the amplitude of the focal macular ERG was
dependent on the stimulus energy (Fig. 5A).

One of the interesting findings was that the amplitude of
PhNR was larger than that of the b-wave for all stimulus
intensities and was more than double the b-wave amplitude at
a stimulus duration of 150 ms at all stimulus luminances (Fig
5B).

Effect of Stimulus Duration

We also examined the effects of stimulus duration on the focal
macular PANR of monkeys. Representative focal macular ERGs
clicited by different stimulus durations of 5 to 150 ms at a
constant stimulus luminance of 55 phot cd/m* are shown in
Figure 6A. The stimulus energy (phot cd-s/m?) is also indicated
for the brief flashes of <30 ms.

The amplitude of the focal macular PhNR increased with
increasing stimulus durations when the stimulus durations
were shorter than 30 to 50 ms. This increase in the amplitude
is most likely due to the increase in the stimulus energy (see
also Fig. 5A) Further increases in the stimulus duration led to
a slight decrease in the PhNR amplitude (Fig. 6B)

We also found that the implicit time of the PhNR was
dependent on the stimulus duration. The implicit time of the
PhNR was approximately 75 ms for a stimulus of 5 ms duration
and became longer with increasing stimulus durations and then
reached a maximum implicit time (110 ms) at approximately
50 ms duration (Fig. 6A, red dashed vertical lines). This gradual
increase in the implicit time of the PhNR most likely resulted
from an increase in stimulus energy and the increase in the
midpoint of the stimulus. Further increases in the stimulus
duration did not change the implicit time of the PhNR

We also found that another slow negative response (Fig. 6A,
asterisks) developed after the stimulus offset for longer stimu-
lus durations of 100 to 150 ms This ncgative response was
thought 1o be a homologue of the PhNR to the stimulus offset
(PhNR4), which has been reported in studies of full-field
photopic ERGs. '~

Effect of Intravitreous Injection of TTX

Finally, we studied whether the focal macular PANR recorded
from monkeys changed after an intravitreous injection of TTX,
which blocks voltage-gated sodium channels and prevents the
generation of sodium-based action porentials. Representative
waveforms of focal macular ERGs recorded before (black) and
after (red) an intravitreous injection of TTX are shown in
Figure 7. The stimulus luminance was set at 55 phot cd/m”,
and the responses (o stimulus durations of 5 to 150 ms are
shown We found that blocking the spiking activitics of inner
retinal neurons by TTX essentially eliminated the focal macular
PhNR, which was similar to the effect of TTX on the full-field
photopic ERG.'*

For long-duration stimuli of 100 1o 150 ms, the slow nega-
tive potential that was found after the light offset (PhNR 4, Fig.
7, asterisks) was also not present after TTX. Similar effects have
been reported for fullfield ERG studies '3

Although the major effect of TTX was seen in the PhNR,
other ERG components of the focal macular ERG were also
slightly altered after TTX. The amplitude of the a-wave became
shightly smaller, and the implicit times of the bwave were
delayed. These minor changes were also very similar to those
reported for full-field PhANR studies.'*

Discussion

Our results showed that focal PhNRs can be recorded from the
macular area of monkeys by using our newly developed sys-
tem. In this system, a red stimulus spot was presented on a blue
background, which was earlier shown to be the optimal stim-
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ulus conditions to elicit large PhNRs especially at low to inter-
mediate stimulus intensities * In addition, our system allowed
us to monitor the position of the stimulus spot on the mon-
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Figure 7. Focal ERGs before and after intravitreous injection of TTX

in one monkey. The focal ERGs before (Black lines) and after TTX (red
lines) are superimposed Stmulus luminance was fixed at 55 phot
cd/m’, and stimulus duration was changed from 5 to 150 ms. Note that
the amplitude of focal PhNR was greatly reduced after TTX. The other
slow necgative response 1o the stimulus offset (PhNRq, asterisks) was
also reduced after TTX

55 phot cd/m’ Vertical dotted line
peak of the PANR. The values of stim-
ulus energy (cds/m*) are also indi
cated for brief flashes of 5 to 30 ms
(B) Supenimposed focal ERG wave-
forms recorded with different sumu-
lus durations (5-150 ms). Stimulus
luminance was fixed at 55 phot
cd/m?

key's fundus during the recordings. Our ability to record focal
PhNRs from monkey eyes is important, because this will allow
us to manipulate the recording conditions or alter the normal
PhNR with drugs known to affect specific neural elements to
study the physiological properties of the PhNRs

To establish a technique to record focal ERGs, it was im-
portant for us to determine the optimal combination of stim-
ulus and background intensities *'** Based on the results of
trying to elicit focal ERGs from the optic nerve head and from
a retinal site damaged by focal laser coagulation, we found that
a 15 red stimulus spot of =55 phot cd/m* presented on a
steady blue background of 100 scot cd/m*, will elicit a focal
ERG. For stimulus intensities =55 phot cd/m?, small responses
were recorded even from the retinal site damaged by focal
laser coagulation, and this response was most likely due to
stray light (Fig. 3). The stray light effect was dependent on the
stimulus intensity and was greater for longer stimulus durations
of 30 and 150 ms (Fig. 3B).

We studied the response characteristics of the focal macular
PhNRs recorded by our system, and found the following: (1)
The focal macular PANR was a slow, negative response, with
an implicit time of approximately 75 ms for short-duration
stimuli and approximately 110 ms for long-duration stimuli
(Fig. 6); (2) for long-duration stimuli, the PANR was seen after
both the onset and the offset of the stimulus (Figs. 4, 6); (3) the
amplitude of the focal macular PANR increased with increasing
stimulus intensiry (Fig 5); and, (4) the amplitude of the focal
macular PhNR was greatly reduced after an intravitreous injec-
tion of TTX

These results showed that the response characteristics of
focal PhNRs recorded from the monkey's macula were very
similar to those of the full-field PhNR,'“*'" and that this neg-
ative response originates mainly from the action potentials of
the inner retinal neurons.

One interesting finding in our study was that the amplitudes
of focal macular PhNRs recorded by our system were large;
the maximum PhNR amplitude reached 6.1 pV for a 10-ms
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duration stimulus and 8.3 uV for a 150-ms duration stimulus,
The amplitudes of the focal PANR recorded from the 15°
macular area were relatively large when compared with the
amplitudes of the full-field PhNR which were 25 to 40 uV in
carlier monkey studies.'*'" Large PhNR amplitudes in our
focal ERGs can also be understood when one examines the
amplitude of the b-wave and PhNR. The amplitude of PhNR
was larger than that of the b-wave in all stimulus conditions and
was more than twice that of the b-wave for long-duration
stimuli of 150 ms (Fig. 5B)

The reason for the relatively large PANR amplitude in the
macular region in monkeys was not examined, but may be
explained by two possibilities. First, the density of ganglion
cells (number/mm?) is highest in the central retina of mon-
keys,”™** and the slope of ganglion cell number as a function
of retinal eccentricity is steeper than that of cone cells in the
human retina.** This high ganglion cell density in the central
retina may contribute to the large amplitude of the macular
PhNR. And second, we used a red stimulus spot on a blue
background. This combination was recently shown to be op-
timal for eliciting maximum PhNR amplitude. Using various
stimulus and background color combinations, Rangaswamy et
al.* concluded that at weak to moderate stimulus intensities,
the amplitude of PhNR is larger in response to stimuli that are
relatively more cone specific

The amplitude of macular PhNR increased with increasing
stimulus durations up to 30 w0 50 ms, because of due 1o the
increase in the simulus energy. However, further increases in
the stimulus duration led to a decrease in amplitude. The
decrease in amplitude may be explained by the separation of
the two PhNR components: PhNR,,,, elicited by stimulus onset
and PhNR , elicited by stimulus offset, both of which are
superimposed when a bricf-flash stimuli (=50 ms) is used A
second possibility is that this amplitude decrease may be due to
factors other than the spiking activitics of inner retinal neu-
rons. As seen in Figure 7, the longer duration stimuli tended to
elicit prolonged b-waves (plateau) when the PhNR was elimi-
nated by TTX, whereas the brief-flash responses generally lev-
cled off at the baseline.

There remain some critical matters that should be addressed
in future studies. First, we did not show how full-field PhNR
and focal macular PANR are different with regard 1o the inten-
sity-response function, duration-response function, and the
effect of TTX. To determine these differences, we must com-
pare the fullkficld and focal PhNRs in the same stimulus and
recording conditions. Second, although we succeeded in re-
cording focal PhNRs from the macula of monkeys, we did not
examine whether there are any regional variations across the
retina in the waveform or amplitude of the PhNR. We are
currently comparing the focal PhNRs between upper and
lower retinas, or nasal and temporal retinas by using semicir-
cular stimulus spots. Finally, in this study we used only one
type of electrode, the Burian-Allen bipolar contact lens elec-
trode. However, it is known that the speculum of this elec-
trode, which also acts as the reference, can pick up signals that
can cancel out the signals picked up by the comeal electrode
It may be better to place the reference farther from the record-
ing clectrode (e.g., fellow cye), to maximize the response of
small signals **3¢

In conclusion, we successfully recorded focal PhNRs from
the macula of monkeys by using a red stimulus spot on a blue
background. Although there are still many factors that need to
be tested, we believe that examinations of the focal PhNRs can
be a useful technique for studying the inner retinal function of
local retinal areas in normal and diseased retinas

Focal Macular PhNR in Monkeys 3549
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Correlation between Macular Volume and Focal Macular
Electroretinogram in Patients with Retinitis Pigmentosa

Tadasu Sugita, Mineo Kondo, Chang-Hua Piao, Yasuki Ito, and Hiroko Terasaki

Puwrose, To determine whether a significant correlation exists
between the morphology of the macula measured by optical
coherence tomography (OCT) and the amplitude of focal mac-
ular electroretinograms (fmERGs) in patients with retinitis pig-
mentosa (RP).

Memions. fmERGs were recorded in 43 patients with RP and 43
age-similar normal subjects, with a 15° stimulus spot, 5.6 to 5.8
mm in diameter on the fundus. The sum of the volume of the
neuril retina in the central 6 mm (total macular volume) was
measured with the OCT system. The length of the photorecep-
tor inner segment/outer scgment junction (15/0S line) in a
6mm diameter macular area was also measured in the OCT
images.

Resurrs. There was a weak correlation between the total mac-
ular volume and the fmERG amplitudes (correlation coeffi-
cient, 0.46 for the as-wave and 0.54 for the b-wave). The fmERG
amplitudes in the patients with RP with IS/0S line longer than
Z mm were significantly larger than those in patients with RP
with 15/08 line shorter than 2 mm, but the correlations be-
rween these two factors were weak. One major reason for the
low correkwions between the macular morphology  and
fmERGS was that there were some patients with RP who had
normal macular volume and long 15/08 line, but had severely
reduced focal macular ERGs.

Conansions. Although the macular volume and length of the
IS/OS line correlmted weakly with the amplitude of the
mERGs, a preserved macular morphology does not necessarily
guaraniee normalamplitude fmERGs in patients with RP. (In-
vest Opbthalmol Vis Sci. 2008;49:3551-3558) DOI1:10.1167/
i0vs.08-1954

elinitis pigmentosa (RP) is a subset of inherited retinal
discases characterized by a progressive loss of the rod and
cone photoreceptors.'™ Past histopathologic studies on pa-
tients with RP"" have shown that the earliest anstomic
change is a shortening or distortion of the rod and cone
photoreceptor outer segments. This change is followed by the
loss of rod and cone photoreceptors beginning in the periph-
ery and progressing toward the central retina,
It is imporant o evaluate the functional and structural
changes in the macular area of patients with RP because the
central retina is relatively better preserved until the late stages,

and various subjective and objective examinations have been
used. Focal ERGs”** and multifocal ERGs'*~*! have been used
to assess the macular function of eyes with RP, because these
techniques can examine the neural activities of the macular
area objectively.

Optical coherence tomography (OCT) is a noninvasive tech-
nique that can assess the morphology of the retina, especially
the macula in vivo. This technique is especially useful in pa-
tients with RP, because OCT enables the investigator to eval-
uate the anlmlugk changes in each retinal layer and the
overall retina.**-** It has been shown that the OCT-determined
crosssectional retinal images were well-comrelated with retinal
histology in animal models of retinal degeneration.®™%° In
addition, there is evidence that the OCT-determined structural
changes in the central retina correlite with subjective visual
functions including the visual acuity and visual threshold in
patients with RP.*"39343¢ However, there is only one report
on the relationship between the morphologic changes mea-
sured by OCT and macular function measured by focal macular
ERGs (fmERGs) in patients with RP.** The relationship be-
tween the macular morphology and function in patients with
RP can provide important information on the treatment of
paticnis with retinal degeneration, *-31-33

Thus, the purpose of this study was to determine whether
a significant correlation exists between the amplitude of the
fmERGs and the sum of the volume of the neural retina in the
central 6 mm of the macula (total macular volume) or the
length of the photoreceptor innerfouter segment junction
(I5/08 line) measured by OCT images in patients with typical
retinitis pigmentosa (RP).

MEeTHODS
Subjects

This prospective study included 124 consecutive patients with RP who
visited one ophthalmologist (MK) in the Dep of Ophthalmol
oy, Nagoya University Hospital, from January to December in 2006,
The clinical diagnosis of RP was based on the ocular history, fundus
copic findings, visual ficlds, and ISCEV (Intemational Society for Clin-
ical Blectrophysiology of Vision) standard full-ficld ERGs.*' The inclu-
sion criterta were a diagnosis of RP with a complete medical
examination, including best corrected visual acuity (BCVA) measured
by the standard Japanese decimal visual acuity chart, fundus examing-
tion, Gokd kinetic visual ficlkds, fullficld ERGs; BCVA had to be
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=0.3. The exclusion criteria were atypical RP (e.j, central RP, sector
RP, or unilateral RP), opacities in the media including cataracts, and
cystokd macular edema identified by the OCT. Based on these inclusion
and exclusion criteria, 43 eyes of 43 patients with RP (19 males, 24
females; mean age, 41.7 years; range, 16-66) were analyzed. If both
eyes met these criteria, then the data from only the right eye were used
for the analyses

The inheritance pattern was autosomal dominant in 6 (14%) pa-
tients, autosomal recessive in 6 (14%), and sporadic in 31 (72%). None
of the patients was found to have Nlinked RP. The best corrected
visual acuity ranged from 0.3 to 1.2, and the mean logarithm of the
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angle of (logMAR) was 0.052 units
For controls, fmERGs and OCT were recorded from 43 age-sinilar
normal subjects (14 males, 29 females; mean age, 42.7 years, range,
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16-67). None had known abnormalities of the visual system, and their
visual acuity was =1.0 in all

The research was conducted in accordance with the Institutional
Guidelines of Nagoya University and conformed to the tenets of the
World Medical Association's Declaration of Helsinki. Informed consent

was obtained from each of the patiemts after they were provided
sufficient information on the procedures to be used.

Focal Macular ERGs

The stimulus and recording systems used to record fmERGs have been
described in detail '*4*4* Briefly, an infrared fundus camera equipped
with a stimulus light, background illumination, and fixation target was
used. The image from the camera was fed to a television monitor, and
the examiner used the image on the monitor to maintain the stimulus
on the macula. A stimulus spot size of 15° was selected because ocular
biometry** % has shown that a 15° stimulus spot covers a retinal area
of 5.5 o 5.8 mm, which is approximately the size of the OCT-deter-
mined macular diameter (6.0 mm). The background light subtended a
visual angle of 45°, and additional backg 1 illumination ide the

10VS, August 2008, Vol. 49, No. 8

pigment epithelium and choriocapillaris complex. To asses the rela-
tionship between the morphologic changes in the photoreceptor layer
and the amplitude of the fmERGs, we classified the 1S/0S line in
patients with RP into three types: type 1, distinct 15/0S line longer than
the central 2 mm; type 2, distinct 15/08 line only within the central 2
mm; and type 3, absence of 15/05 line within the central 6 mm (Fig. 1.
To perform this classification, we reviewed the six tomographic im-
ages of each eye on a gray scale with an alignment image protocol,
because the 15/06 line is more clearly visible on gray-scale tomographic
images.”® The classification was performed by TS in a masked manner.

Statistical Analyses

The significance of the differences between the patients with RP and
normal control subjects was determined by nonparametric Mann-Whit-
ney U tests. The correlations between the macular volume and the
fmERG amplitudes were determined by the Spearman’s rank correla-
tion. Differences In the amplitudes among the throe groups (types 1, 2,
and 3) based on the length of the 1S/08 line were analyzed with the

central 45° produced a homogencous background for nearly the entire
visual field. The luminances of the white stimulus light and background
light were 29.46 and 2.89 cd/m?, respectively. Although this lumi-
nance of background light was not strong enough o suppress all the
rod activity, we have shown that the fmERGs elicited by this method
are generated mainly by the cone system, and the responses elicited by
spot stimuli of 5 to 15° are local responses. >4

A Burian-Allen bipolar contact lens electrode was used o record
the fmERGs. This contact lens electrode system had low electrical
nolse and permitted a clear view of the fundus by the camera during
the recordings. After the pupils were fully dilated with 0.5% tropicam
ide and 0.5% phenylephrine hydrochloride, fmERGs were elicited by a
flicker train consisting of a square waves presented at $ Hz (100-ms on
and 100-ms off). Then, a series of 512 responses were averaged in a
single cycle by a signal processor. The time constant of the hioampli-
fier was set at 0.03 seconds with a 100-Hz high-cut filter to record the
a and b-waves.

The amplitude of the a-wave was measured from the baseline to the
first negative trough, and the amplitude of b-wave was measured from
the trough of the a-wave to the positive peak of the b-wave

OCT Measurements

The morphology of the macula was eval i by a high 1
optical coherence tomograph (Stratus moded 3000, software ver. 4.0.1;
Carl Zeiss Meditec, AG, Oberkochen, Germany). After the patients’
pupils were fully dilated with 0.5% tropicamide and 0.5% phenyleph-
rine, the sum of the volume of the neural retina in the central 6 mm of
the macula (total macular volume) was measured using six scans of 6
mm in a radial pattern intersecting at the lixation point.

It is known that the automatic fast macular thickness map (FMTM)
protocol often fails to identify the outer borders of the neural reting,
which can lead to recording of erroncous retinal thicknesses and
volumes.*” Therefore, we used a program developed in our laboratory
(Ishikawa K, et al. JOVS 2005;46:ARVO EAbstract 1550),*" by which
the total macular volume was measured more precisely than that
calculated by the conventional FMTM system. In this program, the user
was able to set 20 cursors above and below a sclected arca manually.
The inner cursors were set on the internal limiting membrane (ILM),
and the outer cursors were set on the retinal pigment epithelinum
(RPE}- choriocapillaris hyperreflective complex borderiine. Another
set of cursors was set on the fovea of the OCT images. Then, each OCT
radial scan was analyzed as a retinal map, and the total macular volume
was calculated precisely by our software.

Past studies with the Stratus OCT and ultrmhigh-resolution OCT
demonstrated that there are two welldefined, parallel, highly reflective
lines (HRLS) in the outer retinal layer.***? It has been shown that the
inner HRL comresponds to the photoreceptor inner/outer segment
junction or the 15/05 line, and the outer HRL corresponds to the retinal

nong tric Kruskal-'Wallis test and Scheffé's test, as the multple
comparison procedures. Differences and cor 1 were cons 1
to be significamt when P < 0.05.

REesuLTs

Representative OCT images and fmERGs recorded from one
normal subject and three patients with RP are shown in Figure
2. The amplitudes of the ImERGs in case 1 were relatively well
preserved, and the macular volume was within the normal
range. The amplitudes of the fmERGs in case 2 were reduced,
and the macular volume was close to the lower borderline of
normal. The fmERGs in case 3 were nonrecordable, and the
micular volume was severely reduced.

Box plots of the IMERG amplitudes (a- and b-waves) and
total macular volume for 43 normal control subjects and 43
patients with RP are shown in Figure 3. As expected, both the
amplitudes of the a- and b-waves of the fmERGs and the total

Normal

Type 1

Type 2

Type 3

Ficume 1. The photoreceptor IS/0S junction line in the OCT image
can be divided into three categories; type 1, distinct 15/05 line over
central 2 mm; type 2, distinct I5/08 line only within central 2 mm; type
3, absent I5/05 line. Red lines. the length of the 15/05 line, which was
detected on the grayscale OCT image,
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Friaame 2. OCT images and fmERGs
recorded from a normal subject and
three representative  patients  with
RP.

macular volume in patients with RP were significantly smaller
than those of normal subjects (P < 0.001).

Correlation between Amplitude of fmERG and
Macular Volume

Because changes in the macular morphology should lead to
functional changes.* we investigated whether there was a
correlation between the amplitude of ImERGs and the total
macular volume in our 43 patients with RP, The amplitudes of
the & and b-waves for 43 patients with RP are plotted against
the total macular volume in Figures 4A and 4B, respectively.
For both graphs, the gray area shows the 2.5 10 97.5 percen-
tiles of normal control subjects

A significant but weak correlation was found between the
fmERG amplitude and total macular volume (ewave, p =
0.458, F < 0.01; b-wave, p = 0,540, P < 0,01, Spearman’s rank
correlation). One of the reasons for this relatively weak corre-
lation berween the fmERG amplitude and total macular volume
was that there were four patients with RP who had normal
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macular volume but severely reduced ImMERG (e.g., patients
4-7, Fig. 4). In contrast, there were no patients with RP who
had normal a- and b-wave amplitudes with severely reduced
macular volume. There were two patients with RP who had
normal a-wave amplitude with reduced macular volume, but
their macular volumes were still near the lower borderline of
normal, and their bwave amplitudes were lower than the
normal range

Correlation between fmERG and Length of
IS/0S Line

We artempted to measure the thickness of each retinal layer
(i.e., outer, middle, and inner retinal layers) separately, but
found that it was very difficult to identify the border between
these layers, especially in patients with relatively advanced
stages of RP. The total macular volume s the sum of the
volume of the neural retina in the central 6 mm of the retina
and was used in the analyses. In addition, we used the length
of the photoreceptor inner segment/outer scgment junction




