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Abstract The purpose of the study is (1) to demon-

strate the anatomical variation of cone photoreceptor

density across normal retina as a sectoral amplitude

asymmetry of photopic multifocal electroretinogram

(mfERG) and (2) to study the potential presence of

sequential or differential, functional cone photorecep-

tor damage in glaucoma using this amplitude asym-

metry. A 37-Block scaled mfERG was recorded from

22 controls and 27 glaucoma subjects. The N1 and P1

amplitudes of averaged responses from corresponding

zones nasal and temporal to fovea were analyzed for

asymmetry in controls and glaucoma subjects. Ampli-

tude asymmetry was demonstrable for both N1

(p \ 0.001) and P1 (p \ 0.001) parameters in control

subjects. Although this amplitude asymmetry was

preserved in glaucoma subjects with moderate field

defects, it was not demonstrable in patients with

advanced field defects. The anatomical variation in

cone photoreceptor distribution across normal retina is

demonstrated as an amplitude asymmetry in first order

kernel responses of mfERG. The cone photoreceptors

in the region nasal to fovea appear to be affected only

in advanced glaucoma possibly suggesting that pho-

toreceptors could follow a sequential damage like the

overlying neuroretinal rim in glaucoma.

Keywords Electroretinography � Glaucoma �
Retinal cone photoreceptor cells � Retinal

bipolar cells � Optical coherence tomography

Introduction

The multifocal electroretinogram (mfERG) technique

records multiple local responses from the central

retina [1, 2]. The current knowledge suggests that the

‘N1’ wave of first order kernel response of photopic

mfERG has its origin from the cone photoreceptors

and cone ‘OFF’ bipolar cells; whereas the ‘P1’ wave

arises from the cone ‘ON’ and cone ‘OFF’ bipolar

cells [3, 4]. The density of human cone photorecep-

tors has been reported to be high, in the quadrant

nasal to fovea, than the quadrant temporal to fovea at

all eccentricities [5, 6]. We hypothesized that the

anatomical difference in cone photoreceptor density
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across the retina could be demonstrated as an

amplitude asymmetry of the N1 wave across the

fovea in healthy controls.

In glaucoma, the neuroretinal rim (NRR) thins in a

sequential manner [7–13]; nasal NRR and papillo-

macular bundle being the last to be affected. A

sequential or differential functional impairment of

outer retinal layers underlying the ganglion cell layer

could occur in the natural history of progression of

glaucoma. Previous histological studies conducted on

enucleated glaucomatous eyes, demonstrated varied

results with regard to photoreceptor layer involve-

ment [14, 15]. An attempt therefore has been made to

assess if the amplitude asymmetry in mfERG could

be used to detect the potential presence of sequential

or differential, functional cone photoreceptor damage

in the central ±24� in glaucoma.

Methods

This is a prospective, cross-sectional, case–control

study. The protocol adhered to the Declaration of

Helsinki and was approved by Institutional Ethical

Board. All the subjects signed informed consent after

the procedures were well explained to them.

Human subjects

The mfERG was recorded from 22 eyes of 22 control

subjects (group A; range: 27–74 years, median age–

54 years) and 27 eyes of 27 glaucoma subjects

(Range 27–79 years). All glaucoma subjects had

undergone Humphreys field analysis and they either

had moderate (group B; N = 13) or advanced (group

C; N = 14) visual field defects as defined in Hodapp,

Parrish and Anderson’s classification [16]. The

median age of glaucoma patients in group B was 58

(range 27–78 years); the median in group C was 55

(range 38–79 years). Seventeen patients had primary

open angle glaucoma (POAG), and ten had primary

angle closure glaucoma (PACG). All glaucoma

patients underwent detailed ophthalmological evalu-

ation including best corrected distant and near vision

assessment, applanation tonometry, gonioscopy, slit

lamp biomicroscopic evaluation of optic disc,

Humphreys 30—2 visual field analysis and retinal

nerve fiber layer (RNFL) thickness measurement by

stratus optical coherence tomography (OCT). All

subjects of POAG or PACG with a best corrected

distance visual acuity[20/40 and best corrected near

visual acuity of N6 were included. Any subject with

co-existing retinal or optic nerve pathology was

excluded. Patients on miotics and cases of secondary

glaucoma were excluded. Subjects with systemic

diseases like diabetes mellitus and hypertension were

also excluded. The intraocular pressure (IOP) of all

the subjects was on adequate control (\21 mm Hg) at

which sitting mfERG was done.

Before recording mfERG, the pupil was fully

dilated with 1% tropicamide and 2.5% phenylepher-

ine. The cornea was anaesthetized with 0.5% propar-

acaine hydrochloride, and jet electrodes were used for

recording. All subjects were given full refractive

correction at the testing distance of 30 cm.

Stimulation

The mfERG was recorded using the Metrovision

ERG system (Pérenchies, France). The stimulus array

Fig. 1 a The 37 Block

scaled hexagonal stimulus

array; b demonstrate the

corresponding zones nasal

and temporal to fovea used

in the analysis
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consisted of 37 scaled hexagons (Fig. 1a; central

hexagon 4�, peripheral hexagon 8�) covering ±24� of

the visual field. Relatively low number of hexagons

was used to obtain high-intensity response from each

hexagon. The stimulus array was displayed on a high-

resolution cathode ray tube monitor of a mean

luminance of 200 cd/m2 and a contrast of 95%. A

uniformly illuminated background of 30 cd/m2 sur-

rounded the stimulus screen. Each element of the

sequence constituted of 3 bright frames followed by

4 dark frames achieving a stimulus frequency of

17.14 Hz (120 Hz/7). This was done for reducing

temporal interactions between responses to succes-

sive stimuli. The low- and high-pass filters were kept

at 72 and 0.1 Hz, respectively. The amplification gain

was 20,000, and the sampling rate was 1 kHz. An

experimental run consisted of a sequence length of

511, which was repeated twenty times so as to

achieve a very high signal to noise ratio. The total

recording time was 9 min 30 s. The first order kernel

responses from each of the 37 scaled stimulus patches

were converted into response densities and responses

from selected regions were analyzed.

Methods of analysis

The responses were averaged from selected hexagons

nasal to fovea and corresponding hexagons temporal

to fovea (Fig. 1b); converted to ratios (average of

response densities nasal to fovea: average of response

densities temporal to fovea) and analyzed. These

hexagons were chosen because: (a) the cone photo-

receptor density is highest along the horizontal raphe

nasal to the fovea and (b) this region includes

papillomacular bundle and nasal RNFL both of which

are affected late in glaucoma. The response from the

zone adjacent and overlying the optic nerve head and

the corresponding zone temporal to fovea were not

considered as photoreceptor density in and around the

optic nerve head is less.

Statistical analysis

Paired ‘t’ test was done in control subjects (group A)

to evaluate asymmetry between averaged responses

nasal and temporal to fovea for both amplitude and

implicit time parameters of N1 and P1. Amplitude

asymmetry ratios were then calculated for all the

three groups; group A (control), group B (glaucoma

subjects with moderate field defects) and group C

(glaucoma subjects with severe field defects). One-

way ANOVA and post hoc Bonferroni tests were

done to measure the difference among the three

groups with regard to age, N1 amplitude asymmetry

and P1 amplitude asymmetry. Further, unpaired ‘t’

test was done to test for any difference in N1 and P1

waveform parameters between subjects with POAG

and PACG.

Results

Age characteristics in the three groups

The mean age in groups A, B and C were

50.23 ± 14.79, 57.38 ± 15.38 and 56.43 ± 10.60,

respectively. One-way ANOVA analysis did not

show any statistically significant difference in age

between the groups (p = 0.255).

Analysis of control subjects

The mean of averaged N1 and P1 waveform param-

eters from zones nasal and temporal to fovea in group

A are given in Table 1. Paired ‘t’ test showed

statistically significant difference between the zones

for both N1 and P1 amplitude parameters (p \ 0.001

for both) but not for N1 and P1 implicit time

parameters (p = 0.69 and p = 0.09, respectively).

The amplitude asymmetry was calculated as a ratio

(average of response densities nasal to fovea: average

of response densities temporal to fovea) for both N1

and P1 parameters, and the mean for group A was

found to be 1.24 and 1.19, respectively.

Table 1 Mean amplitude and implicit time parameters for N1

and P1 in the zone nasal and temporal to fovea in controls

N = 22 Mean ± SD

Nasal zone Temporal zone

N1 amplitude

(nV/deg2)

-26.641 ± 6.043 -21.505 ± 4.949

P1 amplitude

(nV/deg2)

53.432 ± 11.347 45.068 ± 10.442

N1 implicit time

(ms)

23.727 ± 1.334 23.79 ± 1.41

P1 implicit time (ms) 42.364 ± 1.544 42.239 ± 1.731
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Comparison of amplitude asymmetry ratio among

control subjects, glaucoma subjects with moderate

field defects and glaucoma subjects with

advanced field defects

The N1 amplitude asymmetry ratio (NAAR) and P1

amplitude asymmetry ratio (PAAR) for each subject

in the three groups are shown in Fig. 2a and b,

respectively. The mean NAAR in the groups A, B and

C are 1.24, 1.17 and 1.00, respectively (Table 2). The

mean PAAR in groups A, B and C are 1.19, 1.10 and

0.95, respectively (Table 2).

One-way ANOVA analysis showed statistically

significant difference among the three groups for both

NAAR (p \ 0.001) and PAAR (p \ 0.001). Post hoc

test showed a statistically significant difference

between groups A and C for both NAAR (p \ 0.001)

and PAAR (p \ 0.001). Post hoc test also showed a

statistically significant difference between groups B

and C [NAAR (p \ 0.001); PAAR (p \ 0.001)] but

not between groups A and B [NAAR (p = 0.167);

PAAR (p = 0.06). Figure 3 shows averaged mfERG

responses from the corresponding zones nasal and

temporal to fovea of 2 subjects from each group.

Unpaired ‘t’ test did not reveal statistically signif-

icant difference for NAAR (p = 0.17), and PAAR

(p = 0.27) between subjects with POAG (N = 17)

and PACG (N = 10). There was no statistically

significant difference in N1 (p = 0.33) and P1

(p = 0.75) implicit time parameters between subjects

with POAG and PACG.

Analysis of individual subjects in advanced

visual field defect group

The group C subjects, with NAAR and PAAR values

C1.08 and C1.02, respectively, were further assessed.

These cutoff values for asymmetry were obtained

from group B subjects by calculating their mean

minus standard deviation for the respective parame-

ter. Three patients (P3, P14 and P18) had values

greater than the cutoff for both NAAR and PAAR,

thus demonstrating amplitude asymmetry. These

three patients had a mean RNFL thickness of

50.8 lm when compared to the other eleven in group

C (mean RNFL thickness—42.9 lm).

Fig. 2 Scatter plot showing amplitude asymmetry ratio

between zones nasal and temporal to fovea for both N1 and

P1 amplitudes in each subject of the three groups. X-axis

represents the group and Y-axis represents amplitude asymme-

try ratio. Note that N1 and P1 amplitude asymmetry ratios are

\1 in few cases of advanced glaucoma. a Scatter plot shows

amplitude asymmetry ratio for N1 amplitude in all the three

groups. b Scatter plot shows amplitude asymmetry ratio for P1

amplitude in all the three groups

Table 2 Mean amplitude asymmetry ratio for N1 and P1

amplitude in the groups

Amplitude asymmetry

parameter

Group Mean ± Std.

deviation

N1 Amplitude Normal 1.24 ± 0.12

Moderate visual

field defect

1.17 ± 0.09

Advanced visual

field defect

1.00 ± 0.08

P1 Amplitude Normal 1.19 ± 0.10

Moderate visual

field defect

1.10 ± 0.08

Advanced visual

field defect

0.95 ± 0.09
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Discussion

In this study, both N1 and P1 averaged response

amplitudes are significantly higher in the quadrant

nasal to fovea than those obtained from the corre-

sponding zone temporal to fovea in controls (group

A). Previous anatomical studies have demonstrated a

significantly high cone photoreceptor density in the

region nasal to fovea in enucleated human and

monkey eyes [5, 6, 17, 18]. This naso-temporal cone

density difference ratio is reported to be 1.25 at the

optic disc (along horizontal meridian), further

increasing to 1.40–1.45 at 9 mm eccentricity from

the fovea [6]. The mean value of NAAR in group A is

1.24 ± 0.12. Since the cone photoreceptors contrib-

ute to the N1 waveform of mfERG, this amplitude

asymmetry between corresponding quadrants nasal

and temporal to fovea in group A represents the

reported histological asymmetry. The visual field

covered in the study being ±24�, a NAAR value of

1.24 correlates well with the reported histological

naso-temporal cone density difference within that

eccentricity. Previous studies have described a

latency component of naso-temporal disparity in

mfERG across the retina in monkeys [19, 20] and

humans [20, 21]. At higher contrast, since outer

retinal contributions are predominant [22], only a

small latency difference could be demonstrated [21].

In this study, the authors have used high contrast and

high luminosity to extract activity from the cone

photoreceptors and bipolar cells. There is no implicit

time difference demonstrated across the retina for

both N1 and P1 parameters in group A subjects.

Further, the authors introduced 4 dark frames

between light presentations to reduce temporal inter-

action. Higher order kernel responses were not

detectable in group A subjects confirming the reduced

temporal interactions; implying that ganglion cell

contribution to the first order responses in this study

can be presumed to be negligible.

The NRR of the optic nerve head is broadest in the

inferior region, followed by superior, nasal and

temporal regions [23, 24]. In glaucoma, a primary

ganglion cell disease [25], the NRR thins in a

sequential manner [7–13]; nasal NRR and papillo-

macular bundle being the last to be affected. Hence, a

sequential or differential involvement of cone photo-

receptors underlying the ganglion cell layer could

occur in glaucoma and this has not been studied

previously. Previous histological studies conducted

on glaucomatous eyes report variably; some sugges-

tive of photoreceptor preservation [14] whereas

Fig. 3 Averaged mfERG recordings from two subjects in each

group. Red tracing represent averaged mfERG from the

quadrant nasal to the fovea, whereas green tracing represent

averaged responses from the quadrant temporal to fovea. The

x-axis represents time (100 ms total) and in the y-axis each

division represents 500 nanovolts. a Shows recordings from

two group A subjects. The N1 and P1 amplitude parameter

from the zone nasal to fovea is larger than that obtained from

the corresponding zone temporal to fovea. b Averaged

responses from two group B subjects showing characteristics

similar to group A subjects. c Averaged mfERG recordings

from two group C subjects demonstrating the fact that the

response from the zone nasal to fovea is equal or smaller than

the response from the corresponding zone temporal to fovea
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others suggestive of photoreceptor loss [15]. Electro-

physiological studies done with full field/flash ERG

in glaucoma has shown changes in scotopic and/or

photopic responses [26–28] suggesting generalized

photoreceptor damage. The changes in ERG were

found to be more pronounced in advanced cases [29–

31]. However, a more recent study in experimental

glaucoma reported normal photopic amplitude

parameters [32]. The cause for photoreceptor impair-

ment in glaucoma has been attributed to multiple

factors, including retrograde cell degeneration [26–

29]. In this study, the N1 amplitude asymmetry

demonstrated in control subjects was also seen in

glaucoma subjects with moderate visual field defects.

The explanation for this amplitude asymmetry pres-

ervation in group B subjects being; the papillomacu-

lar bundle is known to be preserved in moderate

glaucoma and the underlying cone photoreceptors do

not develop retrograde degeneration at this stage.

However, both N1 and P1 amplitude asymmetry were

not demonstrable in glaucoma subjects with advanced

visual field defects. The absence of N1 amplitude

asymmetry in group C patients suggest significant

cone photoreceptor impairment nasal to fovea in

advanced glaucoma. The papillomacular bundle and

nasal NRR are known to be affected in advanced

glaucoma. This could lead to retrograde degeneration

of higher number of underlying cone photoreceptors

causing disappearance of N1 amplitude asymmetry in

advanced cases. The reversal of NAAR and PAAR

was seen in eight group C subjects (P1, P2, P13, P15,

P16, P17, P19 and P10). The reversal of NAAR

further confirms this differential cone photoreceptor

impairment in advanced glaucoma. However, this

functional cone photoreceptor impairment need not

necessarily translate into a structural one, which

possibly explains the presence of normal cone density

in glaucoma as reported earlier [14].

Further analysis revealed three group C subjects

(P3, P14 and P18) to have preserved amplitude

asymmetry. The mean RNFL was thicker in this

subset of patients when compared to others in this

group. The relatively thicker RNFL could have

contributed to less severe retrograde degeneration of

underlying photoreceptors in these three subjects.

In conclusion, the N1 amplitude asymmetry dem-

onstrated in first order kernel responses of photopic

mfERG in control subjects is the functional equivalent

of the reported histological asymmetry of cone

photoreceptors across the retina. The cone photore-

ceptors in the region nasal to fovea appear to be

affected only in advanced glaucoma possibly suggest-

ing that photoreceptors could follow a sequential

damage like the overlying NRR. The presence of P1

amplitude asymmetry in control subjects could suggest

a regional asymmetry of bipolar cells distribution

across the retina. Previous mfERG and multifocal

pattern ERG (mfPERG) studies reported limited

success in localizing inner retinal layer damage in

glaucoma [20, 33–35]. In this study, the authors have

demonstrated noticeable regional outer retinal dys-

function in the central ±24� in advanced glaucoma.
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