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Abstract

Purpose: Traditionally, contrast sensitivity (CS) has been an important component of vision measured by subjective in-office testing that can

be qualitatively, but not quantitatively analyzed without introduction of patient biases such as motivation, effort and capacity to focus. Alternatively,
Pattern Electroretinogram (PERG) provides objective, quantifiable changes in waveform amplitudes that are generated as the final common
pathway of visual processing. It is less influenced by subject bias. In this study, we have developed and validated methodology to use N95 waveform
amplitudes generated by PERG as a tool to objectively measure CS. We then applied this methodology to a second experiment to quantify changes
in CS in young healthy eyes induced by an ex-vivo lens system which incorporated different intraocular lenses (IOL). This allowed us to objectively
measure CS changes induced by different IOLs.

Methods: Five young healthy subjects with best corrected visual acuities of at least 20/20 were recruited for this study. The pERGs were
recorded using an ISCEV compliant protocol at 7 different spatial frequencies across 7 contrast intensities. The N95 amplitude and the contrast
intensity at which the N95 amplitude was 50% on maximal was determined for each subject (termed contrast threshold (CT)). The effects of IOLs
were determined using an ex-vivo lens system using four different experimental paradigms. The N95 was again measured and statistically analyzed
was preformed using SATA.

Results: Pattern ERG as a measure of CS: There was a linear decrease in the N95 amplitude as contrast intensity decreased, and across all CPD/
spatial frequency trials. In all subjects CT increased between 0.125 and 0.25 CPD and subsequently decreased until 5 CPD. This CT curve mirrored
classical contrast by logarithmic VA and normalized contrast sensitivity by CPD curves that mirror the increasing, followed by decreasing CSF at
increasing spatial frequencies. CS and Intra-Ocular Lenses: As the percent contrast increased the N95 amplitude increased as well and the highest
amplitude was recorded with no IOL or lens system in place (Paradigm 1). There was a significant decrease in the N95 progressing from no lens
system to the custom trial lens system (Paradigm 1 v 2; p <0.0001) There was however no further reduction in the N95 amplitude by placing a
neutralized monofocal lens in the lens system (Paradigm 2 v 3; p>0.05). Importantly there was a significant decrease in the N95 amplitude when
the multifocal IOL was placed (Paradigm 4) when compared to the other three paradigms (Paradigm 1 v 4; p<0.0001, Paradigm 2 v 4; p<0.0001;

Paradigm 3 v 4; p<0.0005).

Conclusion: Contrast sensitivity can be measured by pERG and this provides an objective way to measure the effects on contrast by optical

devices.

Introduction

Traditional contrast sensitivity (CS) testing, the basic form of
which has not changed for over a hundred years Moseley M] & Hill
AR [1], relies on patients’ subjective response to stimuli to generate
data points. Clinically, CS is typically measured using computer-
based software programs such as Freiburg Visual Acuity & Contrast
Test (FrACT), or Pelle-Robson charts. After data points are acquired,
they can be quantified and analyzed statistically, but as the data
is subjectively acquired, it can project biases including patient

@ @ This work is licensed under Creative Commons Attribution 4.0 License |WJOVR.MS.ID.000538.

motivation timing and effort. Alternatively, electroretinograms
(ERG) provide an objective, quantifiable, electrical amplitude from
the eye in response to stimulation. Typically, two types of stimuli
are used, flash and pattern. Pattern stimuli allow for alterations
in both contrast and special resolution independently and thus
provides the ideal stimulus for testing contrast sensitivity at
different spatial resolutions. In the first piece of this study, we
demonstrate an objective method of measuring contrast sensitivity
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using pattern electroretinogram (pERG) to quantify the electrical
potential generated by the retinal ganglion cells (RGCs) in response
to varying levels of contrast. The output of RGCs corresponds to the
final common pathway for visual output from the eye and thus this
signal, as opposed to visual evoked potentials is unfiltered and free
from post ocular processing. There is a growing body of literature
that suggesting that the use of premium, multifocal intraocular
lenses (IOLs) has a negative effect on CS, resulting in patient
dissatisfaction despite improvement in visual acuity [2-6]. There
is, however, no objective method to validate subjective patient-
reported outcomes. In the present study, we used our methodology
for assessing CS with pERG to determine the effects, of monofocal,
and diffractive multifocal IOLs have on contrast sensitivity.

Materials and Methods

Five normal subjects (mean age 25) with no known eye disease
and a best corrected visual acuity of 20/20 were selected for this
study. Informed consent was obtained, and the study was approved
by the Institutional Ethics Board of UCLA, in accordance with the
Declaration of Helsinki (World Medical Association, 2000) for the
use of human subjects in biomedical research.

Pattern ERG as a measure of CS

The pERGs were recorded using an Espion Electrophysiology
System (Diagnosys, Lowell, Massachusetts). The stimuli were
generated on a CRT monitor (SONY GDM-5402, Tokyo, Japan) with
amean stimulus luminance of 50 cd/m2. Seven different horizontal
bar grating designs were projected at 0.125, 0.25, 0.75, 1, 2, and
5 cycles per degree at seven different contrast levels (100%, 95%,
90%, 85%, 80%, 75%, 70%). The pERG was recorded with DTL
electrodes (Diagnosys, Lowell, Massachusetts) placed at the lower
limbus of the right eye. Topical anesthesia (0.5% proparacaine
hydrochloride, Alcon, Fort Worth, TX, USA) and artificial tears were
used for patient comfort. The active electrode was referenced to
the ipsilateral lateral canthi, and a Fz ground electrode. Electrical

Results

PERG as an objective measure of CS

impedance was found to be less than 5 k(. for all electrodes. Subjects
were instructed to blink normally during recording. Sweep length
was 650 msec. and 200 artifact free sweeps per cpd and contrast
were collected. Excursions exceeding 40 pV were automatically
rejected as artifact. The n35, p50 n95 components of the pERG were
automatically identified by the software.

CS and intra-ocular lenses

The effects of monofocal and multifocal lenses on the N95
component of the PERG were evaluated. One control group and
three experimental paradigms with the following characteristics
were created:

1. NoIOL or trial lenses between the monitor and the eye
2. Plano trial lens only

3. Monofocal IOL and neutralizing trial lenses

4.  Diffractive multifocal IOL and neutralizing trial lenses.

The monofocal or diffractive multifocal were mounted in
balanced salt solution in the center of a custom lens system and the
power of the IOL was neutralized by the lens system. Each subject
was refracted to 20/20 with trial lenses as part of the lens system.
A 0.75 cpd stimulus was used, as this would negate any residual
refractive error. All subjects had 20/20 or better visual acuity with

the lens system in place.

Data analysis

Data was analyzed using STATA (StataCorp LLC, TX, USA), and
an analysis of variance was used to evaluate contrast percentage,
lens, and N95 waveform amplitude. A paired students’ t-test with
equal variance was used to compare difference between lenses
across all contrast percentages. Analysis of combined variables was
done using an ANOVA. The contrast threshold (CT), defined as the
contrast percentage corresponding to half maximal N95 amplitude,
was also determined for each CPD.
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Figure 1: Aggregate N95 amplitude, peak at CPD 0.75.
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To validate PERG as an objective measure of contrast sensitivity,
subjects were tested over contrasts ranging from 70%-100% and
across 0.25-5 CPD. The amplitude of N95 waveform for the five
study subjects, whether analyzed individually or as an aggregate,
revealed a linear decrease in amplitude as contrast intensity
decreased from 100% to 70% across each CPD (average = table 1,
individuals - table 2a-2e). When data was analyzed in aggregate,
peak N95 amplitude was noted at 0.75 CPD across all contrast

sensitivities (Figure 1). When CT was graphed against CPD, CT was
noted to increase between 0.125 and 0.25 CPD and subsequently
decrease as the CPD increased to maximum tested 5 CPD (Figure 2).
This CT curve corresponds closely to both contrast by logarithmic
VA (Figure 2a) and normalized classic contrast sensitivity by
CPD curves (Figure 2b) that mirror the increasing, followed by
decreasing CSF at increasing spatial frequencies (Figure 1, 2,
2a&2b).
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Figure 2a: Contrast by logarithmic VA (open source image).
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Using the above data as proof of concept, we then applied the
PERG methodology to test for potential alterations in CS induced by
Z our custom ex-vivo lens system, held in front of the young healthy
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placed (Paradigm 4) when compared to the other three paradigms
(Paradigm 1 v 4; p<0.0001, Paradigm 2 v 4; p<0.0001; Paradigm 3
v 4; p<0.0005). Individual subject level data mirrored the aggregate
data and is shown in supplemental Figure 1 and supplemental
Table 1a-1e. Aggregate analysis of lens type, percent contrast and
N95 amplitude was done using an ANOVA. By changing the I0L

(p<0.0001), or changing the contrast (P<0.0001), a statistically
significant difference was noted in N95 amplitude. Looking at the
change to N95 amplitude by way of changing both IOL + contrast
(p=0.0198), the difference was not noted to be statistically
significant (supplemental Figure 1) (Table 1, Supplemental Table
la-1e, 2a-2e, 3).
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Supplemental Figure 1: Individual N95 vs CS.
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Table 1: Average of 5 subjects.

100% 5.701 5.749 5.463 5.884 5.644 5.454 4.766
95% 4.597 4.523 4.802 4.664 4.827 4.442 4.344
90% 3.7928 3.629 3.838 4.144 3.999 391 3.507
85% 3.094 2.967 2.723 3.456 3.329 3.522 3.162
80% 2.8646 2.695 2.896 3.018 3.183 3.186 3.443
75% 2.8386 2.495 2.582 2.916 2.965 3.493 2.769
70% 2.2292 2.257 2.319 2.471 2.607 2.701 2.554

Supplemental Table 1a: Subject 1.

100 5.711 4.084 3.662 2.344
95 4.797 3.581 3.142 2.416
90 3.938 3.364 2.854 2.305
85 3.47 2.682 2.937 2.307
80 2.634 2.573 2.985 1.835
75 2.896 2.303 2.163 1.672

Supplemental Table 1b: Subject 2.

100 5.657 4.038 3.805 2.935
95 453 3.409 3.11 2.398
90 3.894 3.064 2.705 2.045
85 3.798 2.636 2.774 2.3

80 3.608 1.992 1.443 2.174
75 2.659 2.368 1.537 1.482
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Supplemental Table 1c: Subject 3.

100 6.136 4.739 5.315 3.284
95 5.342 4.441 4.89 3.15
90 4.563 3.912 4.596 2.731
85 3.652 3.016 3.563 2.475
80 3.616 2.679 3.231 2.393
75 3.511 2.613 2.934 2.298

Supplemental Table 1d: Subject 4.

100 7.175 4.902 4.735 2.109
95 6.233 4.151 3.852 2.532
90 5.703 4.348 4.521 1.804
85 5.066 3.786 3.444 1.632
80 4.591 3.098 2.652 1.817
75 3.311 2.691 2.337 1.075

Supplemental Table 1e: Subject 5.

100 6.572 3.865 3.906 2.624
95 4.908 3.501 3.787 2.01
90 3.876 2.684 2.691 2.347
85 3.659 2.87 3.157 1.998
80 3.314 1.923 2.733 1.96
75 2.672 2.396 2.442 1.964

Table 2a: Subject 1 JT.

1 4.3 4.076 4.063 4.218 3.888 3.964 2.996
0.95 3.512 3.644 3.756 4.005 3.58 3.124 2.354
0.9 2.9372 2.606 3.282 3.133 2.603 3.151 1.628
0.85 2.65 2.046 2.602 2,674 2.39 2.37 1.294
0.8 2.22 2.14 2.024 2.368 2.132 2.272 2.307
0.75 1.877 2.347 2.005 2.227 2.28 2.702 1.916
0.7 1.13 1.709 1.705 1.53 1.493 1.349 2.121

Table 2b: Subject 2 AS.

1 5.508 5.496 4.573 4.661 4.712 4.402 4.07
0.95 4.277 3.955 3.694 3.699 3.642 3.926 3.661
0.9 3911 3.051 3.228 3.486 3.651 3.514 3.703
0.85 2.637 2.385 2.419 2.737 2.647 2.98 3.175
0.8 2.486 2.372 2.158 2.381 2.349 2.313 2.784
0.75 3.047 2.322 2.119 2.279 2.995 3.146 2.416
0.7 2.182 1.835 2.331 2.341 1.945 2.804 1.982

Table 2c: Subject 3 KTK.

1 6.25 6.725 6.18 7.661 6.34 6.172 5.934
0.95 5.748 5.509 5.549 5.799 5.874 5.041 5.646
0.9 4.584 4.138 4.844 5.446 4.81 4.453 4.337
0.85 3.525 3.797 3.256 4.408 3.803 4.515 4.421
0.8 3.296 2.799 3.814 3.076 4.141 4.025 5.005
0.75 3.072 2.633 2.853 3.34 3.302 4.429 3.841
0.7 2.341 2.631 2.776 2.843 3.223 3.361 3.607
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Table 2d: Subject 4 AL.

1 5.983 6.374 6.198 7.04 7.087 6.86 5.554
0.95 4.721 5.26 5.482 5.352 6.253 4.819 5.095
0.9 4.074 4.659 3.615 4.53 4.793 4.179 4.08
0.85 3.387 2.981 2.411 3.822 4.452 4.167 3.318
0.8 3.479 3.168 3.224 3.691 3.854 3.55 3.729
0.75 3.571 2.811 3.418 3.285 3.501 3.617 2.289
0.7 2.925 2.703 2.772 3.1 3.347 3.268 2.643

Table 2e: Subject 5 Al.

1 6.464 6.075 6.302 5.838 6.194 5.87 5.274
0.95 4.727 4.249 5.529 4.466 4.788 5.298 4.963
0.9 3.458 3.69 4.22 4.123 4.14 4.252 3.788
0.85 3.271 3.637 2.926 3.638 3.353 3.579 3.604
0.8 2.842 2.997 3.258 3.574 3.439 3.769 3.392
0.75 2.626 2.363 2.517 3.449 2.749 3.572 3.381
0.7 2.568 2.406 2.011 2.539 3.025 2.722 2.418

Table 3: Aggregate N95 amplitude across decreasing CS at 0.75 CPD.

100 5.2085 3.604666667 3.5705 2.216

95 4.301666667 3.1805 3.130166667 2.084333333

90 3.662333333 2.895333333 2.8945 1.872

85 3.274166667 2.498333333 2.645833333 1.785333333

80 2.9605 2.044166667 2.174 1.6965

75 2.508166667 2.061833333 1.902166667 1.415166667
Discussion contrast sensitivity testing modalities Figure 1, Figure 2a&2b. We

To our knowledge this is the first study to use PERG as an
objective measure of contrast sensitivity. The N95 waveform
amplitude decreased from high to low contrast for each subject,
as we expected, representing decreased signal from the RGCs. We
found that using the CT technique of half maximal N95 amplitude
to determine the threshold for each CPD produced a contrast
sensitivity function curve similar to those reported for subjective

opted to record the PERG as opposed visual evoked potentials
which could be recorded using the same testing paradigm because
PERG looks at the final common output from the eye and avoids any
post ocular processing that may take place. Looking at the PERG
amplitude gives us a measure of the electrical activity sent to the
brain from the eye. We then applied this testing modality to look
at the effects of multifocal IOLs on the electrical output to the optic
nerve [7,8] (Figure 3&3a).
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As expected, the largest N95 amplitude was seen with no
external lens impeding light pathway. The lens system alone
(paradigm 2), did significantly reduced the N95 amplitude (p
= 0.0001), though there was no further reduction in the N95
amplitude with the addition of a monofocal IOL (Paradigm 3; p =
0.05064). Importantly, the addition of the diffractive multifocal IOL
(Paradigm 4) resulted in a decreased in N95 amplitude by nearly
50% across all contrast sensitivities. This demonstrates that while
signal is lost through the ex-vivo lens system, the monofocal I0L
did not further degrade the signal, yet the multifocal IOL did. This
decrease in amplitude was statistically significant despite the
low number of subjects. Decreases in contrast sensitivity from
multifocal IOLs as measured by subjective tests has been well
established in the literature and may be an accepted consequence
of multifocal IOLs by the refractive surgery community [2-6]. What
is not readily apparent, however, is how to quantify the decrease
in contrast sensitivity evoked by these lenses as measured by
commonly employed online tests because the degree of ‘guessing’
by each patient involved cannot be measured. In an area of
controversy, such as CS loss with multifocal IOLs, having additional
objectivity should be important. In our testing methodology, pERG
testing parameters are standardized across all subjects, and the
electrical potential generated is an average of over a reproducible
hundred measurements. Using an ISCEV standard protocol we were
able to isolate the response from RGCs and generate a reproducible
electrical amplitude that is not influenced by patients’ test-taking
ability or motivation. Traditional subjective measures of CSF are
less labor intensive and costly when compared to our PERG testing
modality. However, our system provides objective, quantifiable
results which can be useful in certain clinical scenarios such as
during drug development and clinical trials were truly objective
data is valued. We performed our exams on young, healthy eyes and
found that our data was like well-established CS curves. PERG has
not yet been validated as a measure of CSF over multiple age groups
and pathologies, though it would follow that as it consistently

measures RGC function, it is a reliable tool despite a test subject’s
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underlying pathologies. Limitations of this testing modality beyond
access to the equipment and having trained technicians to perform
test include the long duration of the testing protocol. While this
can be tailored to specifically look at fewer contrasts or CPDs the
test is still time consuming. Our findings demonstrate that PERG
can be a useful tool to objectively evaluate and monitor CSF in
the appropriate research or clinical scenario. We anticipate that
this method will also be able to objectively quantify the effect on
contrast by different types of [OLs.
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