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Abstract

Purpose To investigate, by focal macular

electroretinography (ERG), the change of

photopic negative response (PhNR) in the

recovery of visual function in patients with

optic neuritis.

Methods Focal macular ERG was recorded

from nine patients with acute optic neuritis

(38.6±10.2 years). The photostimulator device

projected 151 visual angle spotlight onto the

macula. Focal macular ERG recording was

performed at the onset and at 1 month and

6 months after the onset of optic neuritis.

The results were compared between each

recording for seven of the patients.

Results All patients decreased in the

vision below 20/100 and had central scotoma.

Vision improved more than 20/20 within

1 month and full-visual field recovered within

6 months after the onset in all patients. The

amplitude of the a-wave, b-wave, and PhNR

of focal macular ERG at the onset was

significantly attenuated in eyes with optic

neuritis (66.8±15.5, 65.8±17.7, and

65.2±14.4% of normal control, respectively).

The amplitude of the a-wave and b-wave

increased gradually after steroid pulse

therapy. The increase in a-wave amplitude was

significant at 6 months (P¼ 0.046), whereas the

PhNR amplitude did not show any significant

change over 6 months after the onset of

optic neuritis.

Conclusions Our results suggest that

inflammation at the onset of optic neuritis

leads to functional deficits that extend to at

least the inner nuclear layers of the retina,

and that all but the ganglion cell layers of

retina recover.
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Introduction

The photopic negative response (PhNR) is

a slow, negative-going wave of the photopic

electroretinogram (ERG) that appears

immediately after the b-wave. In experiments

in primate glaucoma, the amplitude of the

PhNR was found to be reduced after the action

potentials of the retinal ganglion cell (RGC)

that are blocked by an intravitreal injection of

tetradotoxin.1,2 A number of studies suggest

that the PhNR in the photopic ERG originates

primarily from activity of RGCs and their

axons.1–9 In clinical studies using full-field

ERGs, the PhNR amplitude was reduced in

various diseases that involves RGC

damageFfor example, glaucoma,3–5 retinal

vascular disease,6,7 and optic nerve diseases.8–10

Several researchers measured PhNR by

using focal macular ERG in humans and

monkeys.11–15 Focal macular PhNR detected

early glaucoma with higher sensitivity and

specificity than full-field PhNR.5,15

Most patients with acute idiopathic

demyelinating optic neuritis have good visual

acuity. However, 5–10% of patients recover

poorly,16 and many more patients notice

residual qualitative deficits.17 In 20% of patients,

optic neuritis is the first manifestation of

multiple sclerosis,18 and in 38% multiple

sclerosis develops within 10 years.19–21

Although optic neuritis is used to study

demyelination, the mechanisms of damage

and repair in this disease are not completely

understood. Moreover, there are no effective

treatments to improve vision for people who

have this condition. Understanding the

mechanisms underlying damage and repair in

demyelinating diseases of the central nervous

system is important to devise better treatments.

A previous histopathological study showed that

optic nerve axonal count correlated with retinal

nerve fiber layer (RNFL) thickness.22 Moreover,

optic atrophy and RNFL thinning have been
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noted in many patients with multiple sclerosis.23,24

Therefore, RNFL thickness, as measured by optical

coherence tomography, has been suggested as an

indicator of axonal loss in the optic nerve.25,26

Furthermore, recent studies that used ultrahigh-

resolution optical coherence tomography suggest that

retinal ganglion cell loss in the macula occurs

concomitantly with RNFL thinning.27–29 Burkholder

et al30 showed that peripapillary RNFL thinning is

associated with reduction in macular volume among

eyes of patients with multiple sclerosis and with or

without optic neuritis.

A number of studies have been done on recording

PhNR from the macula in patients and monkeys with

optic nerve disease, including glaucoma and optic nerve

atrophy,2,11,12,15 however, to our knowledge, the change in

the focal macular PhNR during vision recovery from

optic neuritis has not been investigated yet. This is

important to gain a better understanding of the

functional mechanisms during vision recovery, and

the prediction of visual prognosis of optic neuritis.

In this study, we investigated the change of focal macular

ERG at the onset and at 1 and 6 months after the onset

of optic neuritis. We also investigated the functional

mechanisms during vision recovery from optic neuritis.

Patients and methods

Subjects

Nine subjects with clinically diagnosed acute unilateral

optic neuritis of first onset (5 males and 4 females,

mean age 38.6±10.2 years, range 25–55 years) were

examined between December 2007 and November 2009

at the Neuro-ophthalmology Service of Kyoto University

Hospital (Kyoto, Japan). All patients were treated

with systemic corticosteroids, and had improved

best-corrected visual acuity (that is, equal to or better

than 20/20 in the Snellen equivalent) and visual field

but not optic nerve atrophy.

Optic neuritis was diagnosed by a consultant neuro-

ophthalmologist and was based on clinical findings such

as unilateral visual loss, pain on eye movement, relative

afferent papillary defect, and color vision deficiency.

The patients underwent comprehensive ophthal-

mological examination including Snellen visual acuity, slit-

lamp biomicroscopy, indirect ophthalmoscopy, and kinetic

or static visual field perimetry. Individuals with a neuro-

logical disease or a history of diabetes or corticosteroid

use were excluded. Other exclusion criteria were eyes

with any type of retinal pathology, opaque media, or a

history of retinal laser procedure or surgery. All patients

received intravenous methylprednisolone (1 g per day

for 3 days) followed by an 11-day oral prednisolone taper.

The procedures used in this study conformed to the

tenets of the Declaration of Helsinki and the study was

approved by the Institutional Review Board and Ethics

Committee of the Kyoto University Graduate School of

Medicine. After a full explanation of the nature and

possible consequences of the study, informed consent

was obtained from each individual who served as a

subject.

Focal macular ERG recording

The stimulation system for obtaining focal photopic

ERGs was integrated into the infrared fundus camera

(Mayo Co., Nagoya, Japan); this system was originally

developed by Miyake et al.31–36 We recorded focal

photopic ERGs by projecting a 151 visual angle circular

spotlight onto the macula (Figure 1c). During ERG

recordings, all subjects were instructed to fixate on the

point at the center of the visual field, and whether the

center of the stimulus spot remained on the fovea was

monitored by the infrared fundus image. The luminance

values of the white stimulus light and white background

illumination were 181.5 and 6.9 cd/m2, respectively.

The stimulus duration was 150 ms.

ERG recording was performed after the pupils have

been maximally dilated with topical applications of

0.5% tropicamide and 0.5% phenylephrine. The Burian–

Allen bipolar contact lens electrode (Hansen Ophthalmic

Laboratories, Iowa City, IA, USA) was inserted into the

conjunctival sac. The left ear served as a ground. Focal

ERGs were recorded with 2-Hz rectangular stimuli

(light on for 150 ms and light off for 350 ms). A total of

200–300 responses were averaged by a signal processor

(Neuropack MEB-2204; Nihon Kohden, Tokyo, Japan).

The focal ERG response was digitized at 10 kHz with

a band-pass filter of 5–500 Hz.

Focal macular ERG recording was performed at the

onset and at 1 and 6 months after the onset of optic

neuritis. The amplitude and implicit times of the a-wave,

b-wave, and PhNR were measured in each recording.

The a-wave and PhNR amplitude was measured from the

baseline to the peak of the a-wave and PhNR, respectively.

The b-wave amplitude was measured from the trough of

the a-wave to the peak of the b-wave (Figure 1a). Results

of the focal ERG responses were normalized by values

obtained from 17 age-matched normal controls.

Statistical analyses

To compare focal macular ERGs between patients with

optic neuritis and normal controls, unpaired t-test was

used. To analyze significant differences in focal macular

ERG among the onset and at 1 and 6 months after the

onset of disease, one-way analysis of variance was
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performed with post hoc Bonferroni correction. Statistical

analyses were performed using PASW Stats version 17.0

(SPSS Inc., Chicago, IL, USA). Statistical significance

was set at Po0.05.

Results

Visual acuity and visual field

Visual acuity was worse than 4/20 (mean±SD,

0.07±0.08, decimal vision) in the onset of optic neuritis.

However, visual acuity recovered to 20/20 or better

within 1 month of the attack in all patients. All nine

patients had a central scotoma in their visual field.

They had undergone Goldmann perimetry test and/or

Humphrey field analyzer (Carl Zeiss Meditec, Dublin,

CA, USA) with the SITA (Swedish Interactive Threshold

Algorithm) standard 30-2 program at the onset of optic

neuritis and at 6 months after the onset. Four of nine

patients, who had Goldman perimetry test, improved

their visual field without central scotoma within 6

months. Six of nine patients, who had Humphrey field

analyzer with SITA 30-2 program test, improved their

visual field within 6 months (mean MD±SD:

�28.52±5.64 at the onset; �1.96±0.59 at 6 months).

Representative case

Representative ERGs recorded from the affected eyes

at the onset of optic neuritis in patient four are shown

in Figure 1b. The normalized a-wave, b-wave, and PhNR

amplitude of focal macular ERG was significantly

reduced in the affected eye (42.9, 30.7, and 45.5%,

respectively). Subsequently, the normalized a-wave and

b-wave amplitude of focal macular ERG gradually

increased in the affected eye (42.9, 73.6, and 79.8% in

a-wave, 30.7, 61.5, and 97.8% in b-wave at onset, at

1 month and 6 months, respectively). On the other hand,

the normalized PhNR amplitude did not show any

change during 6 months after the onset of optic neuritis

in the affected eye (45.5, 50.0, and 50.0% at onset, at

1 month and 6 months, respectively). No differences in

the peak time of focal macular ERG were observed

during the 6-month follow-up period.

Focal macular ERG of the patients with optic neuritis

Focal macular ERG was significantly attenuated in the

affected eyes (66.8±15.5, 65.8±17.7, and 65.2±14.4%

of the normal control, respectively). The normalized

amplitude of the a-wave, b-wave, and PhNR in the

nine affected eyes was significantly smaller than that of

normal controls (Po0.001 in all cases). The normalized

peak time of the a-wave, b-wave, and PhNR in the

affected eyes was 100.4±6.0, 101.6±3.5, and 94.8±5.3%,

respectively. No significant difference was observed in

the peak time of the a-wave and b-wave between the

affected eyes and normal controls; however, the peak

time of PhNR in the affected eyes was significantly

earlier than that of normal controls (P¼ 0.008).

eyes with optic neuritis

150  msec

20 msec

2 µV

PhNR

PhNR

a-wave

a-wave

b-wave

b-wave
PhNR

a-wave

b-wave

1 M

onset

6 M

PhNRa-wave

b-wave

150  msec

20 msec

2 µV

Central macula

normal control

Figure 1 (a) A representative normal example to show focal macular PhNR recording. (b) Stimulus areas for focal macular PhNR
recordings. The 151 circular stimulus is positioned in the macula. (c) A representative focal macular ERG was recorded from the central
macular area at the onset and at 1 month and 6 months after the onset of optic neuritis in the eye of a 47-year-old male.
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Comparison in focal macular ERG between the onset and

at 1 and 6 months after the onset of optic neuritis

We recorded the focal macular ERG of seven eyes of

seven patients with optic neuritis at the onset and at

1 and 6 months after the onset of symptoms. We also

investigated the change in focal macular ERG at patient

follow-up. Although there were no significant differences

in the normalized a-wave amplitude between onset and

1 month after onset, and between 1 month and 6 months

after onset, the normalized a-wave amplitude

significantly increased at 6 months after disease onset

(P¼ 0.046). The normalized b-wave amplitude gradually

increased after steroid pulse therapy. However, the

increase in b-wave amplitude did not reach significance.

On the other hand, the normalized PhNR amplitude did

not show any significant change over 6 months after the

onset of optic neuritis. For the normalized peak time,

there were no significant differences in the a-wave,

b-wave and PhNR between the onset of optic neuritis,

and at 1 month and 6 months after treatment (Figure 2).

Discussion

PhNR reduction is correlated with the loss of visual field

sensitivity in patients with glaucoma.12,15 PhNR is also

selectively reduced in eyes with optic nerve atrophy,

which is induced by trauma, compression, inflammation,

ischemia, or gene mutation.8–10 Our results provide

additional evidence that focal macular PhNR is

immediately and strongly attenuated by the onset of

optic neuritis and that PhNR did not improve even after

patients were treated with systemic corticosteroids,

which resulted to improved visual acuity and visual field

but not optic atrophy.

Reduction of focal macular ERG in patients with optic

neuritis

Our results showed that the amplitude of the a-wave,

b-wave, and PhNR of focal macular ERG was

immediately and significantly reduced at the onset of

optic neuritis symptoms. A previous report has shown

that PhNR amplitude remained unchanged in the early

stages of optic neuropathy and that PhNR was reduced

or completely lost as RNFL thinning progressed.9

However, they recorded PhNR in patients with optic

nerve atrophy by using full-field ERG, which is the

summed response from the entire retina. Therefore,

full-field ERG is not an ideal tool to assess the function of

localized retinal areas. Recent studies have used focal

macular ERG to record the PhNR from localized retinal

areas.12–15 Machida et al12,15 suggested that focal PhNR

can detect early glaucoma with higher sensitivity and

specificity than full-field PhNR. Therefore, the reduction

of focal macular PhNR amplitude in patients with optic

neuritis suggests that an inner retinal dysfunction of

the macula already exists at the onset of symptoms.

Inflammation, demyelination and conduction block

in the optic nerve occur during the acute phase of the

disease.37 The finding that the amplitude of the PhNR,

a-wave, and b-wave were reduced at the onset stage of

optic neuritis indicates that at least the retinal inner
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Figure 2 Changes in the mean PhNR amplitude in all seven eyes of seven patients with optic neuritis after disease onset.
Each value at onset, 1 month and 6 months is expressed as the normalized amplitude (a–c) and peak time (d–f) in focal macular ERG.
Error bars indicate the SEM.
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nuclear layer, or mechanisms for generating ERG signals

from the layer are also affected in acute stages of optic

neuritis, not just ganglion cellsthe axons of which are

from the optic nerve. For the a-wave, amplitude

reduction could be post-receptoral as OFF pathway

contributes to a-wave, but effects on the photoreceptors

cannot be ruled out.

Change in the focal macular PhNR after steroid therapy

The amplitude of the a-wave and b-wave was

significantly reduced at the onset of optic neuritis,

but it gradually improved toward the normal range

after steroid pulse therapy. On the other hand, PhNR

amplitude was significantly reduced at the onset of optic

neuritis and did not show any further changes. Gotoh

et al9 reported that PhNR amplitude was considerably

reduced at 1 month after onset in their study of full-field

PhNR in patients with optic nerve disease. Our results

are consistent with their report. At the onset of optic

neuritis, inflammation, demyelination, and conduction

block in the optic nerve occur.38 Therefore, the amplitude

of the a-wave, b-wave, and PhNR might be reduced at

the onset of optic neuritis. However, over subsequent

weeks, inflammation resolves and electrical conduction

improves, although there is significant evidence for

persistent optic nerve demyelination.37,39 The

improvement in electrical conduction caused an

increase in the a-wave and b-wave amplitude in

focal macular ERG at 1 and 6 months after the onset

of optic neuritis. The remaining reduced amplitude

of focal macular PhNR suggests that an inner retinal

dysfunction remains in the macula after treatment of

optic neuritis.

Comparison with the pattern ERG

Pattern ERG is known to be correlated with retinal

ganglion cell activity.40,41 Some researchers recorded

pattern ERG for patients with optic neuritis.42–45

The positive peak of the pattern ERG is produced by

retinal structures that are not myelinized,46 whereas

the negative component of the pattern ERG is mainly

affected in optic nerve diseases if the pattern ERG is

abnormal.47 Berninger and Heider43 showed that the

positive component of the pattern ERG (P50) was

reduced in all acutely affected eyes in comparison with

the fellow eye in acute retrobulbar optic neuritis.

In addition, they showed that the amplitude of the

positive pattern ERG component increased to normal

during recovery of optic neuritis. On the other hand,

Plant et al45 observed permanent reduction of the pattern

ERG amplitude in some patients during remission of

optic neuritis by using the steady-state response, which is

dominated by the negative component. Their

observations are in accordance with our findings in this

study. As for the peak latency for the eyes with optic

neuritis in the pattern ERG, Huban et al44 reported that,

although the mean P50 latency did not show significant

difference between the affected eyes and the unaffected

eyes, the mean N95 latency in the affected eyes was

significantly shorter than that in the unaffected eyes.

Our result does not conflict with their findings. However,

we do not know very well why the peak latency of

PhNR in the eyes with optic neuritis was significantly

faster than that of normal controls. Further investigation

will be made.

In summary, we investigated the change in focal

macular ERG at the onset of optic neuritis and after

steroid pulse therapy of patients with optic neuritis.

We suggested that inflammation at the onset of optic

neuritis leads to functional deficits that extend to at least

the inner nuclear layers of the retina, and that all but the

ganglion cell layers of retina recover. Measurement of

focal macular ERG in patients with optic neuritis can be

useful to understand the pathological mechanisms of the

disease. Moreover, focal macular ERG might have the

potential to predict the visual prognosis of the disease.

We are required to evaluate many more patients with

optic neuritis by using focal macular ERGs and to

compare with other clinical findings. Further

investigation will be needed.
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