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Abstract The purpose of the study is to characterise

retinal function using light-adapted electroretino-

grams (ERGs) in a series of young children with

ONH, congenital dysplasia of retinal ganglion cells.

ERGs were recorded with chloral hydrate sedation in

27 children with ONH (18 with bilateral and 9 with

unilateral ONH, age 4–35 months) and an adult

reference population (n = 12). Stimuli included

ISCEV standard flash, oscillatory potentials (OPs)

and standard flicker as well as a light-adapted

luminance–response series (photopic hill). The disc

diameter to disc macula (DD:DM) ratio was mea-

sured from fundus photographs. The results are eyes

with ONH, classified by DD:DM, were severe

(B0.15, n = 22), moderate (0.16–0.30, n = 22), mild

(0.31–0.35, n = 1), and fellow eyes ([0.35, n = 9),

all had prolonged ERG implicit times and smaller i-

waves than those of adults. Eyes with moderate or

severe ONH also had smaller amplitudes for OPs and

flicker ERGs and required stronger flashes to obtain

the peak b-wave amplitude. Abnormalities of the

photopic hill were a common but inconsistent feature

of ONH and were not indicative of ONH severity.

Abnormalities of the photopic hill of the ERG suggest

that some cases of ONH may have retinal dysfunction

with specific deficits in the ON or OFF pathways of

the retina. ONH is a complex and heterogeneous

condition that may involve dysfunction distal to the

retinal ganglion cells.
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Introduction

Optic nerve hypoplasia (ONH) is a non-progressive

dysplasia of the retinal ganglion cell layer, which

occurs during foetal development [1]. The small

appearance of the optic nerves in ONH is associated

with a reduced number of axons (optic nerve fibres).

ONH may occur as an isolated abnormality in one or

both eyes, or in association with a heterogeneous

group of disorders of the brain [1–3]. The pathogen-

esis may involve underdevelopment or increased

apoptosis of retinal ganglion cells [4]. Vision in eyes

with ONH ranges from near normal to no light

perception. Visual field defects, strabismus, nystag-

mus, high refractive errors, and deficits of brightness

and colour perception are also associated [1, 2, 5–7].
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As ONH frequently occurs in conjunction with other

malformations of the central nervous system, early

diagnosis, and prognostic information is important to

avoid confusion with amblyopia and to mitigate

adverse outcomes associated with visual impairment,

endocrine dysfunction, and developmental delay [8–

13]. Reliable strategies for objective diagnosis of

ONH based on the optic disc size relative to other

fundus features have been devised [14–17].

Electroretinograms (ERGs) to flash stimuli are

typically normal in ONH [18–20], consistent with the

notion that the deficit is isolated to the retinal

ganglion cells. However, ERG abnormalities have

been reported in some cases of ONH, suggesting

retinal dysplasia distal to the ganglion cell layer in a

subset of cases [21–24].

The light-adapted flash ERGs consist of two main

components, a negative a-wave generated primarily by

spiking cells of the inner retina and a positive b-wave

arising primarily from the middle retinal neuropile. In

brief, the b-wave represents the sum of the activity

generated by the ON and OFF pathways of the retina

[25, 26]. The ON pathway response increases with

stronger flashes and reaches a plateau for very strong

flashes, while the OFF pathway response contributes to

the b-wave for dim and moderate flash stimuli but is

diminished and delayed for stronger flashes. Thus,

the combined luminance–response function for the

photopic b-wave characteristically increases in ampli-

tude up to an optimum value then decreases to a

plateau. This function has been termed the ‘photopic

hill’ [27].

We have recorded standard light-adapted ERGs

and plotted luminance–response functions in a cohort

of young children with ONH to investigate the

function of the outer and middle retinal layers in this

condition.

Methods

Participants were recruited to a long-term prospective

study of prenatal and clinical risk factors of ONH at

Childrens Hospital Los Angeles (CHLA). Eligible

children are diagnosed with ONH and referred to

the study before 36 months of age. In addition to

electrophysiology testing, participants have visual,

developmental, neuro-radiographic, and endocrino-

logic evaluations and are followed annually until they

reach 5 years of age. The present study reports data

from 23 consecutive participants recruited after

August 2003, when the photopic ERG protocol was

introduced. As it is not ethical to sedate a control

population of infants, data were compared according

to the severity of ONH, including fellow eyes in

unilateral cases. There were insufficient fellow eyes in

the original cohort, so four additional participants with

unilateral ONH were added to the cohort after the

consecutive series to improve the power of compar-

isons. Children with ONH were sedated with oral

chloral hydrate (100 mg/kg) for examination, clinical

electrophysiology and ocular biometry. Cycloplegia

was achieved with three drops of a combination

preparation (0.5% tropicamide, 0.4% phenylephrine,

and 0.5% cyclopentolate). An adult reference popula-

tion (n = 12) was tested at Glasgow Caledonian

University without sedation. Adult data are reported

for one eye; pupil dilation and topical anaesthesia were

achieved with two drops each of Tropicamide (0.5%)

and proxymetacaine (0.5%).

Approval was obtained from the appropriate ethics

committees at each establishment and fulfilled the

requirements of the Helsinki agreement. Signed

consent was obtained prior to participation from each

participant, parent or guardian, following explanation

of procedure and withdrawal rights.

ONH severity

An expert neuro-ophthalmologist (MSB) assessed the

horizontal diameter of the optic disc (DD) and the

distance from the temporal disc margin to the centre

of the macula (DM) from fundus photographs

recorded during sedation. The centre of the macula

was identified as the centre of the macular pigment

when a foveal pit was not apparent. The temporal

margin is easily identified and avoids controversy

about locating the centre when discs are irregular.

Four categories of ONH were defined based on the

DD/DM ratio: severe (DD:DM B 0.15), moderate

(DD:DM 0.16–0.30), mild (DD:DM 0.31–0.35), and

fellow eye (DD:DM [ 0.35) [9, 10]. MSB also

assessed retinal vessel appearance for tortuosity, the

double ring sign and optic nerve head pallor from the

photos, while blind to clinical and functional details

of the patient. All adult subjects had DD:DM ratios

greater than 0.35.
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Electroretinography

Electroretinograms were initially recorded using a

standard Burian–Allen (BA) bipolar contact lens

electrode, but insertion awakened the initial partici-

pant from the light sedation; he then required re-

settling. Subsequent ERGs were recorded using a

Dawson, Trick, Litzkow (DTL) fibre electrode placed

in the inferior cul-de-sac referenced to a skin electrode

near the ipsilateral outer canthus [28]. Data from one

ONH subject (two eyes) were collected using a BA

electrode. A subset of adults was tested with both

electrode types, demonstrating that waveforms and

implicit times are similar but amplitudes recorded

with the BA electrode are approximately double.

Amplitude data collected with the BA electrode are

excluded from quantitative comparisons.

Electroretinograms included the three ISCEV

standard light-adapted tests [29]: the single flash

ERG, the light-adapted oscillatory potentials (OPs)

and the 30 Hz flicker ERG. We used 4 ms flashes

with time-integrated (t-i) luminance of 2.55 cd�s/m2.1

The ‘photopic hill’ luminance–response series was

recorded for 12 flash stimuli presented in a fixed

order of increasing strength from 0.01 cd�s/m2 to

26 cd�s/m2 in approximately 0.4 log unit increments.

All stimuli were full-field white flashes delivered uni-

ocularly on a full-field standard background (25.5 cd/

m2) by a hand-held mini Ganzfeld (Color Burst�,

Diagnosys, UK). The tested eye was held open

manually and the untested eye was covered with a

light excluding black patch. ERG acquisition and data

processing used the Espion, E2� evoked potential

system (Diagnosys, UK). All good quality sweeps

accepted after manual rejection of blink artefacts

were averaged for the final ERG waveforms.

Amplitude and implicit time of the ERG compo-

nents for flash ERGs (a-wave, b-wave, and i-wave

amplitudes and implicit times) and the individual OP

amplitudes, implicit times, and the summed OP

amplitudes (SOP) were measured (Fig. 1). Flicker

ERG magnitude and phase were estimated from the

peak-to-peak amplitude and from the position of the

peaks relative to the flash onset [29, 30]. For

‘photopic hill’ analysis, b-wave amplitudes were

plotted against the log of the t-i luminance of the

stimuli and the curves were interpolated using the

sum of a Gaussian and a Naka–Rushton function [31].

The maximal stimulus was not strong enough to

define the high luminance plateau level, so plateau

levels were not compared. We defined three features

of the photopic hills manually from the interpolated

curve: the maximum b-wave amplitude, the strength

of the flash at this maximum, and on the ascending

portion of the curve, the flash strength that produced

half the maximum b-wave amplitude (Fig. 2) [32].

Quantitative comparisons are reported for the ran-

domly selected eye of the adults and the left eyes of

trial participants. (Comparisons were repeated for

right eyes and did not differ except that there was

only one fellow eye that was a right eye, so there

were insufficient data to compare fellow eyes with

ONH eyes for the right eyes.)

Light-adapted ERGs

i-wave

a-wave

b-wave

-50 0 50 100 150 200

Time (ms)

Oscillatory Potentials

Single flash

30 Hz Flicker

Fig. 1 ISCEV standard light-adapted ERGs for single flash

(upper), OPs (middle), and 30 Hz flicker (lower) are illustrated

for a right eye with moderate ONH (DD:DM = 0.21) of a

15-month-old child with unilateral ONH. Vertical arrows
indicate the locations of OP1 to OP5. The double arrow shows

the measurement for phase (time to peak/inter-flash interval 9

360�)

1 This stimulus complies with the ISCEV standards for

electroretinography (2004 update) and earlier standards but

not the 2008 update which specifies the standard flash as

3.0 cd�s/m2 (±10%) [30]. Our stimulus is slightly weaker than

the new standard.
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Results

Participants and success rates

A total of 27 participants [age range 17.5–153 weeks

(4–35 months)] included 18 children with bilateral

ONH and nine children with unilateral ONH. Bilat-

eral cases were comprised of seven children with

severe ONH, eight with moderate ONH, and three

with asymmetric ONH (one moderate and one severe

eye in all three). The affected eyes in unilateral cases

had severe ONH (n = 5), moderate ONH (n = 3),

and mild ONH (n = 1). The participants had the

expected range of associated abnormalities: 12 had

hypoplasia of the corpus callosum, three had other

major cerebral malformations, five children had

seizure disorders, and 19 had nystagmus. All except

one child (with bilateral moderate ONH) had stra-

bismus; 14 had esotropia; and 12 had exotropia.

Ocular signs of ONH included double ring sign (41

eyes), tortuous retinal vessels (10 eyes), and pale

optic nerves (temporal pallor 10 eyes, complete pallor

17 eyes). Each of these ocular signs was more

frequently observed in eyes with more severe ONH

(P \ 0.01 Kendall’s rank correlation).

Electroretinogram data were obtained from 53 of

54 eyes (94%) from the 27 participants with ONH.

The numbers of successfully completed ERGs for

each stimulus are summarised in Table 1. ERG

testing was incomplete when the infant recovered

from sedation prematurely. The single eye with mild

ONH was excluded from comparisons of the severity

groups as were the amplitude data collected using a

BA electrode.

Standard light-adapted flash ERGs

In all participants, the standard flash ERG showed the

expected waveform with a negative a-wave preceding

a positive b-wave and a smaller positive i-wave on

the descending limb of the b-wave (Fig. 1; Table 2).

The a-wave and the b-wave amplitudes did not differ

among the groups of eyes (ANOVA, P [ 0.1). Adult

i-wave amplitudes were larger than those of all three

groups of children’s eyes: the fellow eyes, ONH

moderate, and ONH severe eyes, but these eyes did

not differ from each other [ANOVA F = 33.6,

P = 0.001; post hoc test for differences between

groups was Fisher’s protected least significance

difference (PLSD), P \ 0.01].

Both a-waves and b-waves peaked earlier in the

adult eyes than in all severity groups of children’s eyes

(F = 13.0 and F = 31.1, respectively, P = 0.001,

Fisher PLSD, P \ 0.01, Table 2). The implicit time

for the adult i-waves was also earlier, and this reached

significance for the severe and moderate ONH groups

(F = 7.9, P = 0.001, Fisher PLSD, P \ 0.01,

Table 2). The i-wave implicit times in the fellow eyes
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Fig. 2 ERGs for a light-

adapted luminance–

response series (left) are

plotted as a photopic hill

(right) for the left eye with a

DD:DM of 0.12 in a 17-

month-old child with severe

bilateral ONH. The

empirical parameters

measured from the

interpolated curve on the

right graph are the maximal

B-wave amplitude, the flash

producing this maximal

amplitude and the flash at

half the maximal b-wave

amplitude
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were intermediate between adult values and those for

the ONH eyes; numbers are small and these differ-

ences did not reach significance.

Light-adapted OPs

The waveform of the OPs is shown in Fig. 1. Table 2

gives the amplitudes for individual OPs and SOP, for

each group of eyes. For OP1, OP3, and SOP, the adult

amplitudes were greater than those of eyes with

moderate or severe ONH (separate ANOVAs,

F [ 4.2, P \ 0.01, with Fisher PLSD P \ 0.03).

The OP1, OP3, and SOP amplitudes in the fellow

eyes fell between those of the adult and the ONH

eyes, but these differences do not reach statistical

significance. For OP2, no difference was apparent

Table 1 ERGs completed for each ONH severity group, protocol, and electrode type (from 27 participants with ONH)

Fellow eyes

n = 8 (1)

Mild ONH

n = 1

Moderate ONH

n = 22

Severe ONH

n = 21 (1)

DTL (BA)a DTL DTL DTL (BA)a

Luminance–response function ‘‘photopic hill’’ 7 1 22 17

Light-adapted standard flash ERG 8 (1) 1 22 20 (1)

30 Hz flicker 5 (1) 1 20 17 (1)

Oscillatory potentials 6 (1) 1 22 16 (1)

a Number in brackets indicates eyes tested using BA electrode. Numbers not in brackets indicate eyes tested using DTL fibre

electrode

Table 2 Components of light-adapted ERGs in ONH

Light-adapted flash ERG Adult eyes Fellow eyes Moderate ONH Severe ONH

n = 12 n = 8 n = 22 n = 20

Amplitude lV median (interquartile range)

a-Wave 22.7 (20.5–26.5) 26.0 (23.4–29.9) 19.2 (13.8–23.9) 25.3 (18.1–30.3)

b-Wave 93.8 (85.4–103) 82.1 (78.5–92.5) 68.7 (56.5–90.3) 77.2 (66.1–98.3)

i-Wave 19.2 (7.9–20.5) 6.6* (1.8–9.6) 1.4* (0–4.3) 3.2* (2.1–6)

Implicit time ms (±SD)

a-Wave 13.8 (±0.8) 15.4 (±1.0)* 15.4 (±0.9)* 15.6 (±0.8)*

b-Wave 28.3 (±0.8) 32.9 (±1.7)* 34.4 (±2.1)* 33.6 (±1.4)*

i-Wave 48.3 (±1.8) 53.9 (±6.6)* 58.0 (±4.8)* 55.2 (±5.1)*

Light-adapted OPs n = 12 n = 6 n = 22 n = 16

Amplitude lV median (interquartile range)

OP1 17.6 (11.5–30) 14.6 (11.7–16) 8.3* (5.7–10) 8.0* (6.7–9.1)

OP2 11.4 (8.5–20) 18.5 (4.1–20) 10.7 (6.5–13) 10.6 (8.7–14)

OP3 30.8 (16–36) 21.8 (15.–30) 14.0* (6.6–22) 16.3* (11–23)

OP4 14.8 (12–17) 7.8* (6.7–10) 4.9* (4.1–7.5) 6.1* (4.5–8.8)

SOP 64.5 (58–89) 41.1 (35–61) 27.1* (20–42) 37.8* (25–47)

30 Hz flicker n = 15 n = 5 n = 20 n = 17

Amplitude lV median

(interquartile range)

101 (76–132) 69.8 (63–96) 66.5* (46–77) 67.4* (54–90)

Phase degrees (±SD) 276� (±20) 313� (±24)* 328� (±23)* 319� (±24)*

Data for the single eye with mild ONH are not shown

* Significantly different from adult values (ANOVA with Fisher’s PLSD, P B 0.05, based on left eyes)
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among any of the groups (P [ 0.1). For OP4, the

adult amplitudes were greater than for each of the

three groups of children’s eyes (ANOVA, F = 15.6,

P = .0001, with Fisher PLSD P \ 0.01).

These data suggest that OP1 and OP3 may be

selectively under-developed in the eyes with severe

or moderate ONH, while OP4 demonstrates general

immaturity in young eyes including the fellow eyes

of those with ONH. To further evaluate the associ-

ation between OPs and ONH, we set a criterion for a

‘normal’ OP1 of larger than 8 lV, the lower limit of

the adult range. The eye with mild ONH and all seven

fellow eyes tested had ‘normal’ OP1 amplitudes

giving 100% specificity for small OP1 amplitudes

(\8 lV) occurring in eyes with severe or moderate

ONH. However, many of the eyes with ONH had

large OP1 amplitudes ([8 lV) so the sensitivity for

detecting severe or moderate ONH based on a small

OP1 was only 51% (20/39 eyes).

Flicker ERGs

Flicker ERG amplitudes were larger in the adult eyes

than in eyes with severe or moderate ONH (ANOVA

F = 4.6, P \ 0.01, Fisher PLSD P \ 0.01); the

difference between adult eyes and ONH fellow eyes

did not reach significance (P [ 0.1). The flicker

phase demonstrated lower values (advanced phase) in

the adult group compared to those of the trial

participants (F = 15.1, P \ 0.001, Fisher PLSD

P \ 0.01). The average phase difference of 43�
between adult and the children’s flicker ERGs was

equivalent to a 4 ms delay in the children.

Standard photopic ERGs and age

In addition to the differences with adult values as

noted earlier, maturation of ERGs was expected for

children within the age range tested. To examine this

maturation, two-way comparisons were made with

ONH severity and age groups [4–9 months (n = 13),

9–18 months (n = 24), and 18–30 months (n = 21),

excluding adult eyes]. The youngest group showed

significant immaturity in two parameters: smaller

i-waves and delayed flicker phase that are not

associated with differences in DD:DM (separate

two-way ANOVAs, F [ 7.5, P \ 0.01, with DD:DM

and age groups, Fisher PLSD P \ 0.01). None of the

clinical signs, such as tortuous vessels or the asso-

ciated conditions such as brain malformations were

associated with a specific anomaly of the standard

ERGs.

Luminance–response ERG series

A typical ERG luminance–response series for the

b-wave peak amplitude (measured from the a-wave

trough) is shown in Fig. 2. The majority of eyes with

ONH showed this characteristic ‘photopic hill’ curve

with a maximum b-wave and a decrease in b-wave

amplitude for stronger stimuli. The values for the

amplitude of the maximal b-waves in eyes with ONH

ranged from supra-normal (n = 2) to subnormal

(n = 6) relative to the adult values and showed no

difference between the groups (Table 2). However,

eight eyes (five with moderate and three with severe

ONH) did not show a peak or descending phase of the

photopic hill up to the maximum available flash of

26 cd�s/m2.

Overall the eyes with ONH required stronger flashes

to generate the maximum b-wave. Specifically, t-i

luminance the flash that produces the maximal b-wave

was significantly higher for the ONH moderate and

ONH severe eyes than for the adult group (ANOVA

F = 4.8 P \ 0.01, Fisher PLSD P \ 0.01). For the

ONH fellow eyes, flash stimulus at the peak was

midway between the values for adult eyes and for eyes

with ONH and did not differ significantly from either

Table 3 Key features of the luminance–response functions for the light-adapted ERG b-waves in ONH

Adult eyes Fellow eyes Moderate ONH Severe ONH

n = 12 n = 7 n = 22 n = 17

Peak B-wave amplitude (lV) median (interquartile range) 96.5 (86–109) 101 (92–127) 82 (70–112)* 98 (85–131)

Peak flash (±SD) (t-i luminance, cd�s/m2) 3.6 (±1.6) 6.5 (±2.4) 11.1 (±9.0)* 11.9 (±9.1)*

Flash for the half-maximal b-wave ±SD (cd�s/m2) 0.81 (±0.2) 1.09 (±0.8) 0.89 (±0.3) 1.12 (±0.6)

Data for the single eye with mild ONH are not shown

* Significantly different from adult values (ANOVA with Fisher’s PLSD, P B 0.05, based on left eyes)
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ONH group (Table 3). The t-i luminance at half of the

b-wave maximum in the ascending phase of the

photopic hill did not differ significantly among any

of the groups, showing no evidence of differences in

sensitivity for the b-waves (Table 3).

The statistical differences in the photopic hill

parameters are inadequate to describe the range of

the photopic hills in eyes with ONH. Four types of

curve were observed: (1) entirely within the normal

adult range (n = 23 eyes), (2) supra-normal b-wave

amplitudes with normal a-waves (n = 2), (3) curves

requiring flashes stronger than 7 cd�s/m2 to produce

the b-wave peak or no evidence of a peak up to

26 cd�s/m2 (n = 22), and (4) diminished maximal

b-wave (\50 lV, n = 1). Figure 3 illustrates partic-

ularly large inter-ocular differences in two individuals

with severe bilateral ONH and similar DD:DM ratios

in their two eyes. One case shows an overall difference

in b-wave amplitudes between the eyes; the other has a

lower amplitude and lower sensitivity in the right eye.

Characteristics of the luminance–response func-

tions for the light-adapted b-waves were not related

to the severity of ONH or to the age group within the

range of children tested (two-way ANOVA, P [ 0.1).

The location of the maximum b-wave amplitudes on

the luminance–response functions for all participants

are shown in Fig. 4; each point represents the peak of

the photopic hill for an eye, with adult values

enclosed within the solid black oval. The oval also

encloses 4/7 of the ONH fellow eyes, 8/22 eyes with

moderate ONH, and 5/17 eyes with severe ONH.

Two eyes of different participants with ONH have

supra-normal b-wave peak amplitudes relative to the

adult eyes. Points to the right of the adult range depict

subjects who required stronger flashes to generate the

peak of the photopic hill (lower sensitivity). These

include two fellow eyes, nine eyes with moderate,

and nine eyes with severe ONH. The remaining

photopic hills have maximal b-waves for stimuli

within the adult range but with peak amplitudes

below the adult range.

In summary, there is surprising heterogeneity in

the b-wave luminance–response curves of eyes with

ONH. Abnormalities can occur uni-ocularly and do
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not appear related to the severity of ONH. Addition-

ally, ONH fellow eyes may show abnormalities; in

the present series, two fellow eyes required stronger

flash stimuli to reach the b-wave amplitude peak.

Discussion

The present study demonstrates that standard light-

adapted ERGs are well developed in young children

with ONH. The a-waves and b-waves in the chil-

dren’s eyes with or without ONH showed no

differences in amplitude compared with adult eyes,

although both components have prolonged implicit

times. This is similar to data reported for typically

developing children in this age range, as light-

adapted ERGs mature earlier than responses from

the rod system [33–35]. These data suggest that inner

retinal mechanisms that generate a-waves [26], and

the ON and OFF retinal pathways underlying b-wave

generation are functional and developing in chil-

dren’s eyes with ONH, even those with severe ONH

[25, 26, 29].

On the descending limb of the b-wave, the positive

i-wave was smaller and later in the children’s eyes

than in the adult eyes and amplitude increased within

the age range of children tested. The i-wave, which is

associated with the OFF retinal pathways, is

enhanced with damage or chemical blockage of the

inner retinal spiking cells [36, 37]. Therefore, we

predict that congenital ganglion cell deficits might

also result in enhanced i-waves. We found no

association with the severity of ONH but the numbers

in this study may not provide sufficient power to

detect differences when there is an interaction with

the child’s age.

The light-adapted 30 Hz flicker ERG also showed

an immaturity in amplitude and an age-related

immaturity in phase in the children’s eyes regardless

of ONH severity. This is expected as flicker ERGs

mature later than the single flash ERGs in typically

developing children [33]. The disassociation with

ONH severity was also expected as proximal retinal

neurons make a negligible contribution to flicker

ERGs at this standard, 30 Hz, flicker frequency

[38–42].

In typical children, light-adapted OPs mature

unevenly; OP2 and OP5 mature before OP3 and

OP4 [38, 43]. The present data show smaller OP

amplitudes in the children’s eyes that reached signif-

icance for all except the early maturing OP2. OP1 is

not usually reported, as it is not independent of the

a-wave [44]. However, the light-adapted OP1 is the

ERG component that best differentiates the adult and

fellow eyes (DD:DM [ 0.35) from the eyes with

moderate or severe ONH. Large OP1 amplitudes

were a consistent feature of eyes with normal

DD:DM values in this normal range; however, many

of the eyes with ONH have OP1 amplitudes in the

normal range giving low specificity for this measure

(57%).

Photopic luminance–response functions for the b-

wave reflect the combined contributions of the ON and

OFF pathways of the retina [26]. Although many

children’s eyes with ONH were entirely within the

range found for healthy adults, these ‘photopic hills’

showed a range of abnormalities. We identified two

eyes with supra-normal b-waves similar to those in two

previous reported cases [21, 22]. Our cases differ from

previous reports in that they were asymmetric; both

had bilateral asymmetric ONH with supra-normal,

light-adapted b-wave amplitudes in their less affected

eyes. The opposite eyes, each had normal b-wave

amplitudes with poorly defined ‘photopic hills’ and

reduced sensitivity (i.e. the luminance–response func-

tions are shifted to the right as shown in Fig. 3, upper).

The luminance-response functions also showed

several eyes with small amplitude light-adapted

b-waves although none had a ‘negative ERG’

(a-wave C b-wave). Previous reports of negative

ERGs in a subset of children with ONH have used

scotopic ERG protocols [23, 24], not included in the

present study. Some eyes with ONH failed to

demonstrate the decline in amplitude for strong flash

stimuli; for other eyes the entire function was shifted

to the right, indicating reduced sensitivity. [We found

this reduced sensitivity in 41% (9/22) eyes with

moderate ONH, in 53% (9/17) with severe ONH, and

in 29% (2/7) fellow eyes.] Thus, it appears that retinal

dysfunction distal to the ganglion cells is inconsistent

in children with ONH and can be asymmetric even

when DD:DM ratio is similar. This precludes the

association of retinal dysfunction with a distinct

pathogenesis within individuals with ONH.

Complete representation of the photopic hill,

including satisfactory determination of the high

luminance plateau in an adult population, requires

stimulation up to 200 cd�s/m2. Even higher levels
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might be required for infants and for eyes with

dysfunction [26]. Higher flash luminance and

increased testing time would require careful consid-

eration in a young sedated population but would

permit examination of the b-wave plateau values,

which are not available in the present study.

Conclusion

Photopic ERG testing demonstrates that retinal dys-

function involving the photopic b-wave and OP

generators is common, but variable, in eyes with

ONH. Standard, photopic ERGs were recordable and

of the expected morphology in all eyes with ONH;

none of the cases were associated with severe retinal

dysfunction or undetectable photopic ERGs. Abnor-

malities reflected the photopic b-wave luminance–

response function (photopic hill) suggests that retinal

dysfunction may selectively affect either the ON or the

OFF pathways of the middle retinal layers in some, but

not all, eyes with ONH. If a single stimulus has been

used in cases with abnormal photopic hills, b-wave

amplitudes may be either reduced or enhanced relative

to adult eyes, depending on the luminance of the

stimulus. ONH is a complex and heterogeneous

condition; retinal dysfunction is not always isolated

to the retinal ganglion cells.
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