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The association
between multifocal
electroretinograms
and OCT retinal
thickness in retinitis
pigmentosa patients
with good visual
acuity

Abstract
Aims To investigate relationships between
retinal morphology and retinal function in
patients with retinitis pigmentosa (RP) using
optical coherence tomography (OCT) and
multifocal electroretinography (mfERG).
Methods 1In all, 14 patients with RP who had
visual acuities of 0.21o0gMAR or better and
Humphrey central fields of 10° or larger
participated in the study along with 16 normal
control subjects. The amplitudes and timings
of the mfERG responses were compared with
spatially corresponding measures of retinal
layer thickness from OCT within the macula
region (central 12°).

Results Eyes with RP showed thinning of the
photoreceptor retinal (PR) layer and
thickening of mid-inner retinal (MIR) layers
beyond the fovea. mfERG amplitude was
reduced in all regions, whereas mfERG timing
was only significantly delayed at a retinal
eccentricity of 6-12° and was otherwise
preserved within the foveal and parafoveal
retina (0-6°). PR layer thickness was correlated
with mfERG amplitude across the macula
region. mfERG timing was correlated with the
total change in retinal thickness (combined PR
thinning and MIR thickening) at an
eccentricity of 6-12°.

Conclusions The relationship between
mfERG timing and retinal thickness in RP is
dependent on the retinal eccentricity.
Preserved timing in the central retina (0-6°),
despite significant disruption to retinal
laminar structure, could be suggestive of inner
retinal remodelling or functional redundancy.

CJ Wolsley'2, G Silvestri?, J O'Neill?, KJ Saunders'
and RS Anderson'#

Cone system activity derived from mfERG
amplitude appears to be related to the
thickness of the photoreceptor layer in the
macula region.
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Introduction

Retinitis pigmentosa (RP) is an inherited disease
causing degeneration of retinal photoreceptor
cells. Currently, there are no treatments, which
can recover lost vision or halt disease
progression. However, there is optimism for the
future with the development of novel
treatments including gene replacement,'” tissue
transplantation,®” and retinal prosthesis.®”
Common among these approaches is their
targeting of the subretinal and epiretinal layers.
However, as it is known that retinal remodelling
can occur during the course of retinal
degeneration (rd) in RP*'° the success of any
therapeutic approach could rely on our ability
to form an accurate evaluation of the status of
the structure and function of individual retina.
Thus, a non-invasive assessment of the
morphological and physiological changes of the
retina in RP is likely to be essential in
establishing the extent of treatable retina as well
as being useful for patient selection and
monitoring.

Optical coherence tomography (OCT) images
of the human retina in RP demonstrate changes
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in retinal thickness, including thinning of the outer
nuclear layer (ONL), thought to reflect the loss of
photoreceptor outer segments and thickening of the
inner retina, suggestive of progressive retinal
remodelling.’®!" Evidence exists to show that retinal
thickness and the status of the inner and outer segment
junction (IS/OS) of the photoreceptors can be associated
with visual acuity (VA) in RP.'**® Furthermore, OCT
images of rd animal models have a predictable
relationship with histology and demonstrate potential for
monitoring structural progression of the degenerative
retina.'”"*

Multifocal electroretinography (mfERG) allows for the
simultaneous recording of focal retinal responses and can
be used to provide information about localised retinal
function in RP?*>* In particular, mfERGs can be useful in
monitoring macular cone system function in RP and
indeed mfERG responses have been shown to be
associated with the subjective visual field size.*'**2¢

To date, relatively few studies have combined OCT and
electrophysiology techniques to investigate the
relationship between retinal morphology and function in
human RP7° and in particular, studies of structure—
function changes at a local level are limited. The current
study compares the spatial variation in mfERG with OCT
changes in RP. The study of the functional consequences
of changes to retinal structure in human RP aims to
develop our understanding of retinal degeneration.
Furthermore, improving the techniques used to
characterise retinal status in vivo could provide valuable
information for use in the evaluation of patients
undergoing future potential treatment options.

Materials and methods
Participants

A prospective study examined 14 patients (six female (F),
eight male (M), age range: 17-56 years, median 37 years)
with a clinical diagnosis of RP. Diagnosis was based on
full-field electroretinography (ffERG), fluorescein
angiography, and family history. All patients had a VA of
0.21ogMAR or better (12 had 0.11ogMAR or better),
functional visual fields of at least 10° using Humphrey
field analyser, 24-2 threshold test (Carl Zeiss Meditec,
Dublin, CA, USA) and reduced/delayed ISCEV standard
ffERGs. None of the patients had clinically significant
cataract or macula oedema. Sixteen normal control
subjects (eight F, eight M, age range: 1845 years, median
31 years) with VAs of 0.11ogMAR or better and no
history of eye disease also participated. We can certify
that all applicable institution and governmental
regulations concerning the ethical use of human
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volunteers were followed during this research. Informed
consent was obtained from all participants in the study.

Multifocal electroretinography

MIfERG stimulation (VERIS 4.1, Electro-Diagnostic
Imaging Inc., San Mateo, CA, USA) was performed with
Dawson-Trick-Litzkow (DTL) corneal contact thread
electrodes using a standard protocol.*' The right eye was
fully dilated (1% tropicamide) and corrected for the test
distance with large diameter (50 mm) lenses. The left eye
was occluded. The subject fixated the centre of the
stimulus, which consisted of a 61 hexagonal element
pattern array, scaled with eccentricity and covering 30° of
the central visual field. Each hexagon was modulated
between black (<10cd/m?) and white (450 cd/m?)
according to a standard binary m-sequence. Total
recording time was 4 min. The mfERG signals were
sampled at 1KHz, filtered between 10 and 300 Hz and
amplified by 100 K. The first 80 ms of each signal from
each stimulus element was analysed to yield the N1-P1
amplitude and P1 implicit timing (Figure 1). Zero
amplitude values from undetectable responses were
included in the analysis, although these contributed no
corresponding latency value.

Retinal thickness

OCT (Stratus OCT 3.0, Carl Zeiss Meditec, Dublin, CA,
USA) images of the retina were acquired from the right
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Figure 1 Photoreceptor retinal (PR) thickness and mid-inner
retinal (MIR) thickness were measured from overlapping OCT
line scans (a). A 61 Hexagonal element array (b) was used to
generate localised mfERG responses from which N1-P1 ampli-
tude, and P1 timing were measured. Colocalised structure—
function data was determined and compared in the foveal
region (F) and four quadrants within the macula (central 12°).
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eye of each subject. Line scans were aligned with the
stimulus elements of the mfERG pattern array and
provided images of the retinal foveal region and each
of the four retinal quadrants of 12° eccentricity

(Figure 1). Overlapping 5-mm OCT line scan protocols
consisting of 512 A-scans/image were used. Accurate
central fixation was confirmed in each patient by
observing the location of the foveal depression in each
scan. Two measurements of retinal thickness were
determined; photoreceptor retinal (PR) thickness was
defined as the distance between the inner boundary of
the highly reflective border (HRB) representing the
retinal pigment epithelial (RPE; which was distinguished
from the hyperreflective photoreceptor IS/0S'7*?) to the
outer boundary of the low reflective band representing
the outer plexiform layer (OPL). Mid-inner retinal (MIR)
thickness was defined as the distance between the outer
boundary of the OPL and the outer boundary of the HRB
representing retinal nerve fibre layer (RNFL; **Figure 1).
Concerns exist regarding the accuracy of some
automated analysis techniques.***> Instead, manually
placed electronic calipers were used for retinal thickness
measurements, which were measured (at intervals of
125 ym along each scan) on two occasions, and an
average value was calculated. All

the measurements were performed by a single operator
and repeatability of the manual thickness measurements
was determined. Average retinal thickness values

were calculated for retinal regions, which corresponded
with the size and location of the mfERG stimulus
elements. These included the central region 0-2° and
measurements from each of the four quadrants at
eccentricities of 2-6° and 6-12° (Figure 1). The absolute
change in PR thickness was combined with the
absolute change in MIR thickness to calculate the

total change in retinal thickness.

Statistical analysis

As four dependent variables (PR and MIR thickness,
mfERG amplitude, and timing) were measured, a
multivariate analysis of variance (MANOVA) was
conducted to determine the effect of RP on the
combination of these variables. When this was found

to be statistically significant, the follow-up analyses

of variances (ANOVA) on each dependent variable

(at each retinal eccentricity) were conducted to evaluate
the differences between RP patients and controls. The
correlations between the measurable mfERG response
parameters and OCT retinal thickness measurements
were evaluated using linear regression analysis. The level
of significance was 0.05 (Bonferroni adjusted for
multiple comparisons).

Eye

Results

Statistically significant differences were found between
RP patients and control subjects on the combined
dependent variables at the different retinal eccentricities
(0-2°, F (4,25) =294, P<0.001; 2-6°, F(4,113) =203 4,
P<0.001; 6-12°, F (4,96) =446.0, P<0.001). Results from
the follow-up analyses using ANOVAs are given in the
sections below. Table 1 contains the median, 5th and 95th
percentiles for the dependent variables for RP patients
and controls at the different retinal eccentricities.

Retinal structure

In general, OCT images from patients with RP show
disruption of the retinal layers and reduced reflectivity in
the extrafoveal regions of the retina (Figure 2). A loss of
retinal laminar structure, including increased MIR
thickness and a greater decline in PR thickness with
increasing eccentricity was seen in patients with RP
compared with controls (Figure 3). Average PR and MIR
thicknesses in each retinal quadrant at eccentricities of
0-2, 2-6, and 6-12° were found to be significantly
different in RP eyes compared with controls in all

cases (F(1,27) =10.0-137.1, P<0.005). The coefficients

of variance for manual OCT thickness measurements
were between 2 and 6%. The line representing the
photoreceptor IS/OS junction, was well-defined in all
control subjects for the central 12° of the retina, however
in eyes with RP the IS/OS signal was unclear and could
often only be identified in the most central areas of the
retina (0—4°). Eleven of the fourteen patients with RP had
preserved foveal thickness consistent with their VA.

Retinal function

MIfERGs from patients with RP showed normal to
moderately reduced central responses and diminished/
non-detectable extrafoveal responses (Figure 2). Only
four patients with RP had any measurable responses in
regions beyond 12° eccentricity. Grouped and averaged
N1-P1 amplitudes for the central region of 0-2° and for
the stimulus rings at eccentricities of 2-6° and 6-12° were
significantly reduced in RP patients compared with
controls (F (1,28) =47.1-76.5, P <0.001; Figure 4a). P1
implicit timings were significantly delayed in RP eyes
compared with control eyes at an eccentricity of 6-12°
(F (1,28) =33.02, P<0.001). However, for eccentricities
of 0-2° and 2-6°, mfERG P1 timings in RP were not found
to be significantly different from those in the control
group (F (1,28)=0.53, P=0.47; F (1,28) =4.46, P=0.051;
Figure 4b).



Table 1 Results for retinal thickness and mfERGs at different retinal eccentricities for patients with RP and normal controls

Eccentricity

Eccentricity

Eccentricity

6-12°

2-6°

0-2°

mfERG

OCT

mfERG

OCT

mfERG

OCT

P1

NI1-P1
latency

amplitude

MIR
thickness

PR

thickness

P1
latency

P1 latency PR MIR Ni1-P1
thickness thickness
(ms)

N1-P1

MIR
thickness

PR

thickness

amplitude

(ms)

amplitude

(ms)

(nV/deg)

(um)

(um)

(nV/deg)

(um)

(um)

(nV/deg)

(um)

(um)

31.7
28.2-35.0

6.4
3.1-10.7

165
147.0-206.1

6.1
0.0-40.5

28
25.3-31.5

13.3

4.9-27.2

2105
178.0-237.5

347
6.4-91.5

27.5
25.6-29.6

329

1.4-47.2

132.3
112.8-161.3

119
51.2-155.0

RP (n=14)

26.7
25.0-28.3

3.4

2
16.7-30.3

133.4
114.3-155.9

98
82.0-115.9

35.1 26.7
25.0-28.3

23.1-43.8

180.1
160.0-199.6

69 27.5 103.2
25.8-294  92.2-119.7

51.8-88.5

107.1
84.6-119.1

139.3
124.0-158.0

Controls (n=16)

Data represent median and 5th and 95th percentiles.

mfERG and OCT in RP
CJ Wolsley et al

Structure and function

In patients with RP, significant correlation was found
between mfERG amplitude and PR thickness at all retinal
eccentricities (r (54) = 0.56-0. 75, P <0.002) (Figure 5a). In
addition, mfERG implicit timing was significantly
correlated with MIR thickness and total change in retinal
thickness at an eccentricity of 6-12° (r (35) =0.46,
P =0.005; Figure 5b). No other significant correlations
were measured.

In the most central retinal area (0-2°), 10 of the 14
patients with RP had altered retinal layer structure
(PR thinning and/or MIR thickening) and reduced
mfERG amplitude when compared to controls, however
none had abnormal mfERG timing (Figure 5). Likewise,
between 2-6° eccentricity, 95% of the retinal thickness
measurements and mfERG amplitudes were significantly
altered in RP, although mfERG timings were delayed
in fewer than 40% of cases. It is only at an eccentricity
of 6-12° that mfERG timing delays were found to
correlate with the altered retinal laminar structure
(Figure 5b).

Discussion

This study examines colocalised measurements of OCT
and mfERG from the macular region of the retina (0-12°)
in patients with RP who retain good VA and central
visual fields. The results show that although there is loss
of mfERG amplitude, which is correlated to PR layer
thinning, mfERG timing can be preserved (within 0-6°)
despite significant disruption to retinal morphology (PR
thinning and MIR thickening). At increased eccentricity
of 6-12°, mfERG timings are delayed and correlated to
retinal thickness changes, which include MIR thickening.

Several investigators have previously shown that
patients with RP can have preserved mfERG timing in
the central retina despite the loss of mfERG
amplitude.*>** mfERG timing can also be preserved
centrally in RP where there is reduced temporal contrast
sensitivity function.*® A comparison of mfERGs with
visual field testing suggests that the mfERG amplitude is
not a good predictor of visual sensitivity, but that mfERG
delays could provide an early indication of local retinal
damage to the cone system.” Indeed, it is suggested that
the pattern of amplitude loss preceding timing changes
often seen in mfERG testing in RP could reflect different
disease mechanisms; where amplitude reflects losses in
the number of cones, whereas timing could reflect the
function of the residual receptors.*** This being the case
a fall in cell numbers would reduce retinal sensitivity,
although stimulus detection and the temporal response
would be mediated by the remaining ‘normal
functioning’ cone cells.*®

1527
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ocCT

control

Figure 2 Examples of OCT images (0-6°) and mfERG responses (0-12°) from a control subject and three patients with RP. OCT shows
disruption to the retinal laminar structure, including outer nuclear layer thinning and mid-inner retinal layer thickening. mfERGs in
RP show reduced central responses and a greater decline in signal with increasing eccentricity.

PR thickness (um)

MIR thickness (um)

Retinal eccentricity (deg)

Figure 3 Average (a) photoreceptor retinal (PR) thickness and (b) mid-inner retinal (MIR) thickness derived from OCT for 14 patients
with RP for the central 0-12° of the retina. The 95% confidence limits of retinal thickness from 16 control eyes are shown in grey colour.
RP patients exhibit reduced PR thickness and thickened MIR thickness beyond the foveal region compared with controls.

The morphological changes associated with these local =~ macular volume and the integrity of the photoreceptor

functional changes have not been fully investigated. IS/0S signal,***° although it was also noted that

Earlier electrophysiology studies using focal macular preserved morphology on OCT did not always guarantee
ERGs (fmERG) show that the amplitude of the response normal function.” Using mfERG testing, we find that the
can be related to OCT structural changes reflected in response amplitudes are correlated with photoreceptor

Eye
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Figure 4 Box plots of (a) mfERG amplitude and (b) latency for RP patients and controls in the macular region depending on

eccentricity (* indicates significantly different).

layer thickness in patients with RP suggesting that
thinning of the photoreceptor layer can be directly
related to a fall in the number of active cone pathways.
This does not account for structural changes, which may
result from the primary rod photoreceptor death. Nor
does it fit particularly well with the understanding that
the mfERG response is dominated by ON and OFF
bipolar cell activity,* although evidence of photoreceptor
contribution to mfERGs,” including an influence from
the rod system pathway®® exists. No significant
relationships were found between mfERG amplitude and
MIR thickness. These findings raise the possibility that
changes to macular PR layer morphology in rd are
influenced to a greater extent by the time course of the
secondary disorganisation (loss of pigment, shortening,
and misalignment) of the cone cells. However, as
previously mentioned, the role of central mfERG
amplitudes in predicting visual function is still
questionable given their reduced sensitivity and also
their relatively high level of intersubject
variability.?*?"940

Timing of the mfERG response is related to MIR
thickness and the total change in retinal thickness but
only at an eccentricity of 6-12°. Altered retinal structure,
including both thinning of the PR layer and thickening of
the MIR layer, was not correlated with the preserved
mfERG timing within the central retinal areas (0-6°). As
the measurement of MIR thickness includes the bipolar
cell structures, it was expected that a stronger association
would have arisen between this parameter, and mfERG
timing given that mfERG timing is thought to be a
sensitive measure of local bipolar cell activity. This was

not the case; instead we find a structure—function
relationship that is dependent on retinal eccentricity,
which itself raises several issues regarding the
consequences of early retinal cell death. We speculate
that laminar remodelling and/or functional redundancy
could explain these findings. A process of neural
remodelling (following rod photoreceptor death and
secondary cone disorganisation), such as cell migration
and a rewiring of the retinal circuits, as seen in animal
studies,® may partially protect retinal function, while
possibly altering retinal structure. Although there may be
a loss in the overall numbers of active cells and
pathways, those, which remain may be ‘reorganised” and
functionally robust. The OCT changes that we have
found are consistent with other recent human RP studies
showing retinal laminar abnormalities, including
thinning of the outer retina and thickening of the inner
retina layers,'>"" and several animal studies support the
idea that ONL thinning reflects photoreceptor loss, and
inner retinal thickening reflects a secondary process of
structural remodelling, possibly neuronal-glial
remodelling.>**** In addition, functional redundancy in
the macula, possibly because of greater receptive field
overlap (coverage factor) could enable the foveal and
parafoveal retina to sustain a certain amount of structural
change or cell loss before functional measures, such as
mfERG timing and visual fields demonstrate significant
changes. Cell loss because of rd is likely to have a greater
effect on function in the peripheral retina where
receptive field overlap is less.

Although further investigation is required to
demonstrate these concepts, this study highlights the

1529
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Figure 5 (a) In RP, thinning of the PR layer is significantly correlated with the loss of mfERG amplitude at retinal eccentricities 0-2°,
2-6°, and 6-12°. (b) The total change in retinal thickness (combined PR thinning and MIR thickening) is only correlated with the timing
of the mfERG responses at the retinal eccentricity of 6-12°. Dashed lines represent the lower 95% confidence limits of the control group.

need for a localised analysis of both retinal structure and
function to provide satisfactory information in the
assessment and monitoring of patients with RP. It
supports the previously held idea that the amplitude and
timing of the mfERG response could represent different
disease mechanisms. Furthermore, it suggests caution in
exclusively using structural data, such as that from OCT
retinal imaging to reflect the status of retinal function® or
to assess the feasibility of treatment, such as retinal
prostheses in RP.'?

Future studies could improve the matching
between the mfERG stimulus and the OCT scans,
which although colocalised represent different sized
areas of the retina. In addition, it has been shown
that the relationship between morphological changes
detected by OCT and the ffERG in humans can
depend on patient phenotype,?*® and this was not
assessed in this study. Clearly, there remains a need to
perform longitudinal studies using a combination
of visual function measures and structural imaging
to investigate in vivo the progression of rd in the
human eye.
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