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Abstract

Introduction Multifocal — simultaneous  imaging
challenges the visual system to process the multiple
overlaps of focused and defocused images. Retinal
image processing may be an important step in neuro-
adaptation to multifocal optical images. Our aims are,
firstly to evaluate the short-term effect of different
multifocal contact lenses (MF) on retinal activity in
young healthy subjects (Experiment#1) and secondly,
to evaluate any changes in retinal activity in pres-
byopic patients fitted with MF over a 15-day period
(Experiment#2).

Methods In Experiment-#1, 10 emmetropic healthy
young subjects were included to evaluate the short-
term effect of different MFs designs. In Experiment
#2, 4 presbyopic subjects were included to wear MF
for 15 days. Following the ISCEV Standards, multi-
focal electroretinograms (mfERGs) were recorded to
evaluate different retinal regions under different con-
ditions: with single vision contact lens (SVCL) and
with center-distance and center-near MF.

Results In Exp#1 the peak time of N1, P1 and N2
were found to be delayed with the MF (p <0.040).
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There was a significant reduction for N1 amplitude
in all retinal regions (p<0.001), while for P1 and
N2 amplitudes this reduction was more significant in
the peripheral regions (p <0.005, ring 5 to 6). With
center-near MF the mean response density (nV/
deg?) showed a significant decrease in all wave com-
ponents of the mfERGs response, particularly from
Ring 3 to Ring 6 (» <0.001, all Rings). In Exp#2, the
mean mfERG response is similar between SVCL and
center-distance MF, while center-near MF showed
an increase in implicit time N1 and P1 on day 1 that
tends to recover to baseline values after 15 days of
MF wear.

Conclusions significant changes in the mfERGs
responses were found with the MF lens, being most
noticeable with the center-near MF lens design. The
present results suggest that the observed delay in cor-
tical response described during the adaptation to mul-
tifocality may partially begin at the retina level.

Keywords Multifocal Contact Lenses - Multifocal
Electroretinogram

Introduction

Multifocal simultaneous imaging optical solutions,
challenge the visual system to take advantage of the
multiple overlaps of focused and defocused images on
the retina, while being able to enhance attention to a
set of objects located at a specific distance of interest
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[1]. There are several methods that allow vision sci-
entists and lens designers to gauge the optical perfor-
mance of simultaneous image multifocal correction.
These methods include schematic optical modeling
using advanced ray tracing software and in vitro test-
ing of lenses on a bench-top, life-sized physical eye
model, visual simulators based on different active
optical elements, and by retinal image quality metrics
to quantify the visual performance in the human eye
[2]. At the same time, visual simulation techniques
have been developed to give patients the visual expe-
rience of a multifocal correction before applying it to
the eye, helping eye care practitioners to select the
most appropriate multifocal solution for each patient
[3-6].

However, other aspects that involve the perceptual
process of these superimposed images and the mecha-
nisms beyond adaptation to multifocality, have not yet
been fully elucidated. Data obtained with functional
magnetic resonance imaging showed the existence of
a neuroadaptative process in multifocality, that leads
to the recruitment of different areas of the brain to
deal with simultaneously focused images [7, 8]. It is
recognized that these adaptive mechanisms depend on
specialized neural processes, and is a time-consuming
process that depends on individual factors such as
age, the type of optical solution, optical power profile,
some of them predictable while others are unknown.
(5, 6]

There is growing interest in objectively measure
the electrophysiological response of the visual sys-
tem [9—12] when defocused images are presented to
the eye by multifocal optics, such as multifocal con-
tact lenses (MF) or intraocular lenses (IOL), used
for myopia control [9] or for presbyopia correction
[5-7, 10, 11]. Previous studies have reported a signal-
dependent change in multifocal electroretinogram
(mfERG) with short-term optical defocus. [7] The
retina appears to be less sensitive to negative defocus
than to positive defocus in myopic eyes [9] and the
effects of peripheral myopic defocus on inhibition eye
growth can be enhanced with topical medication. .
[13, 14].

Multifocal contact lenses can be manufactured
with different optical designs and can be easily
exchanged, making them good solutions to change the
quality of the image formed on the retina and to eval-
uate their repercussions in the retina or in the visual
cortex. [15, 16].
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Visual electrophysiology, is sensitive to changes in
stimulus size, color, luminance, spatial and temporal
frequency, contrast, among others [17, 18]. Simulta-
neous image multifocal optics reduce contrast by dis-
tributing the light across different focal lengths [19,
20] and, in eyes fitted or implanted with such optical
corrections, the result in image shaping is attenuated
by the out-of-focus light that is refracted or diffracted
to focal planes other than the one of interest [6, 21].
However, between optical image formation and corti-
cal perception, image processing at the retinal level is
also an aspect that may deserve attention, since it is
the first step in the neural processing of visual infor-
mation. To date, it is unclear whether the inability to
adapt to multifocality has a physical or a neural ori-
gin, or whether they are combined.

The present study assumes the hypothesis that MF
can induce measurable changes in electrical activity
recorded at different areas of the retina with mfERG.
This may be the first evidence that the previously
reported delay in neural response, measured with vis-
ual evoked potentials [15], may start in the retina.

The first goal of the present study was to evaluate
the short-term effect of different MF designs on reti-
nal responses of young healthy subjects. The use of
center-distance and center-near MF refractive designs
is because they are the most common principles of
simultaneous vision used for MF contact lenses. The
second goal was to evaluate the changes in the retinal
activity in presbyopic patients wearing MF contact
lenses during a 15-day period of MF wear.

Material and methods
Subjects and study design

In Experiment #1, 10 emmetropic right eyes (mean
SE=0.13+0.36 D, range -0.50 to+0.50 D) of 10
healthy subjects with a mean age of 23.4+2.1 years
were included. All had logMAR visual acuity of 0.00
(6/6) or better, astigmatism less than 1.00 Diopter
(D), normal color vision and ocular health. Exclusion
criteria included any ocular pathology, media opac-
ity, systemic diseases, history of epilepsy, or taking
medication that may interfere with or contraindicate
contact lens wear.

In Experiment #2 five presbyopic subjects
(mean SE OD=1.20+0.78 D; OE=1.15+0.58
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D, mean Add=2.10+0.14 D) aged 51 to 54
(mean=53.44+1.8 years) were enrolled to wear
monthly disposable MF during 15 days (Table 1).
One subject was excluded due to attention problems
and only the data for the remaining four subjects were
included.

After detailed explanation of the study, all subjects
(Experiment #1 and #2) gave their informed consent.
This study adhered to the tenets of the Declaration of
Helsinki and was reviewed and approved by the Eth-
ics Subcommittee for Health and Life Sciences of the
University of Minho.

Contact lens

Soft contact lens of the same material (Comfilcon
A, Cooper Vision, Fairport, NY) were used in both
Experiments (#1 and #2). Multifocal and single-vison
monofocal CL were matched for material (Comfil-
con A, Cooper Vision, Fairport, NY), water con-
tent of 48%, diameter of 14.0 mm and base curve of
8.60 mm. A previous evaluation with this CL material
in situ showed only minor variations in P1 implicit
time of the mfERG when compared with naked eye
[22]. In the current study, this may indicate that the
optical design, rather than the material itself, may be
responsible for any changes that are observed in the
mfERG response. In both experiments (#1 and #2),
two MF designs were used (Fig. 1A) that yield differ-
ent focal planes (Fig. 1B). The center-distance design
(MFD) which uses aspherical optics to yield a cen-
tral zone (2.3-mm in diameter) of constant power for
distance vision, surrounded by two annular zones of
increasing power at 5.0-mm and an 8.5-mm and the
center-near design (MFN) which comprises a 1.7-
mm central zone of constant power for near vision,
surround by a 5.0-mm and an 8.5-mm annular zone
of decreasing power. For the baseline control, a

single-vision aspheric contact lens (SVCL) was used
for both of the experiments.

In experiment#l, five different CL were placed,
in random order, in each subject’s right eye: (1)
Single vision CL as control (SVCL); (2) MFD
with Add=1.50D (MFD15) and (3) MFD with
Add=2.50D (MFD25); (4) MFN with Add=1.50D
(MFN15) and (5) MFN with Add=2.50D (MFN25).
Single vision CL and MF were matched with the
same distance power (plano at distance) and all par-
ticipants achieved high contrast distance VA of 0.0
LogMar or better with both type of CL (plano single
vision and distance-plano MF).

In the Experiment #2, two types of CL were used:
a SVCL with the appropriate distance power correc-
tion as the baseline/control and a multifocal (MFD
and MFN design) with the corresponding Add power.
After a comprehensive ophthalmic examination, the
dominant eye was assessed by the sensory method
[24] and patients were prescribed such that in the
dominant eye they wore a MFD lens and one MFN
lens in the non-dominant eye during 15 consecutive
days.

Multifocal ERG stimulation

Multifocal electroretinograms  (mfERGs)  were
recorded with the RETI-port/scan21 (Roland Consult,
Wiesbaden, Germany), following the Standards of the
International Society for Clinical Electrophysiology
of Vision (ISCEV) [23]. The stimulus array consisted
of 103 hexagonal elements scaled with a distortion
and eccentricity factor of 4.0, displayed randomly
on a TFT monitor (frame rate of 60 Hz) at a dis-
tance of 28 cm, covering a field of view of approxi-
mately 50°. Each hexagon was temporally modulated
between black (luminance=1.47+0.06 cd/m2) and
white (luminance=220.32+1.23 cd/m2) according
to a pseudorandom binary m-sequence comprising 2

Table 1 Demographic

. Patient Gender Age (years) Refraction
and refractive data of
the subjects enrolled in OD (D) OS (D) Add (D)
experiment #2
1 Female 52 +0.75-0.50%x90 +1.00-0.50x75 2.25
2 Female 51 +1.75 +1.75 2.25
3 Female 55 +2.25 +1.75 2.00
4 Female 55 +0.50 +0.50 2.00
5 Female 54 +1.00 +1.00-0.25% 130 2.00
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Fig. 1 Multifocal center distance and center-near design (A).
B A schematic drawing of the different focal planes of the
multifocal lenses and a simulation of light distribution on the
retina. C DTL electrode over the contact lens. D typical wave-
form of the mfERG obtained for each evaluated area, with

[13]-1 steps using on/off with a probability of 50%.
The mean display luminance was approximately
120 cd/m [2]. 12 cycles (47 s each) were obtained to
achieve an average of 10% artefact rejection. Record-
ings were amplified (range, 100 puV) and automati-
cally bandpass filtered (filter range 10—-100 Hz).

Multifocal ERG recording

Before placing the electrodes, the skin was cleansed
with an abrasive gel, the gold-cup reference and
ground electrodes were placed 10 mm lateral to the
outer canthus of the tested eye and on the central
forehead, respectively. In both Experiments, subjects
were light-adapted for 10 min and mfERG performed
monocularly using a DTL-plus electrode (Dawson-
Trick-Litzkow) placed onto the lower fornix and in
contact with the anterior surface of the CL (Fig. 1C).
[22] For CL replacement, the CL was replaced with
the DTL in the eye and with a minimum level of dis-
comfort, the impedance was checked and the DTL
replaced if the impedance was >S5 kOhm.
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three elements of the first order kernel (N1, P1 and N2)—Peak
time (ms), Amplitude (nV). The influence of de multifocal
contact lens was evaluated in (E) 6 concentric (Ring 1 to Ring
6) and (F) 4 retina quadrants (Q1 =nasal inferior; Q2 =nasal
superior; Q3 =temporal superior; Q4 =temporal inferior)

In experiment #1, the pupil was previously fully
dilated with 1% Pheniliphrine (Davinefrina, DAVI II)
and the subjects were instructed to fixate a red cross
in the center of the stimulation screen. For baseline
measurements with the SVCL and with the MFD
the participants were optically compensated for the
28 cm distance with +3.00 D additional lens, the fixa-
tion was monitored with the system’s built-in camera
and impedance levels checked before each measure-
ment. Recordings began immediately after 15 min
of CL adaptation and took approximately 10 min to
complete each set of mfERG recordings for each par-
ticular CL condition. A 15-min washout period was
taken before the start of the next MF measurement,
making a total of about 110 min of measurement time
for each subject.

In experiment #2, baseline measures were recorded
with an SVCL fitted in both eyes with each subject’s
distance correction, followed by measurements with
the MF lens fitted according the manufacturer’s guide
and after a 15 min of lens adaptation. To ensure the
same amount of defocus in both eyes and the same
focal plane with the MF at the level of stimulus plane,
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participants were optically corrected for central
vision at a viewing distance of 28 cm. In the case of
SVCL with a+3.00 D lens, while for the MF with the
additional optical correction so that each eye achieved
the same visual acuity (1.0) for the viewing distance
of the mfERG stimulus. With the MFD lens, this
value averaged +2.00 D (range + 1.00 to + 3.00) while
withr the MFN lens it averaged + 1.25 D (range + 1.00
to+2.00). All mfERGs were obtained monocularly
and repeated after 15 days of MF wear. All recom-
mendations regarding compliance, care, use and han-
dling were carefully given. Subjects were instructed
to wear the MF at least 8 h per day and the 15-day
measurements were not taken until the 15 consecutive
days of lens wear had been completed.

In order to work under normal physiological con-
ditions of pupil size, which is a critical factor in
determining MF lens performance, mfERGs were
performed under non-dilated conditions. During
recordings, any possibility of artefacts such as eye
movements, head tilt, poor fixation or poor electrode
contact were carefully monitored.

Data analysis

The first-order kernel response (Fig. 1D) was
extracted and the conventional mfERG wave com-
ponents N1, P1 and N2 were evaluated (amplitude in
nV, implicit time in ms) according to ISCEV Stand-
ards [23]. Briefly, the amplitude of N1 was measured
from the light stimulus onset (0 ms) to the trough
of the first negative wave; P1 amplitude was meas-
ured from the trough of the N1 wave to the peak of
the positive P1-wave while N2 amplitude was meas-
ured from the trough of the P1 wave to the peak of
the negative N2-wave. The temporal properties of
the mfERG response, usually defined by the time-to-
peak (implicit time), measured from stimulus onset
to the peak of the N1, P1 and N2 components. The
scaled density regional (in nV/deg [2]), which reflect
the regional amplitude for the correct angular size
of each hexagon, was also evaluated. The 103 hex-
agonal elements were grouped into six concentric
rings: a central hexagon corresponding to the foveal
region (Ring 1 subtended 3.61 degrees, eccentricity
0) and five concentric rings at different eccentrici-
ties corresponding to the parafoveal, perifovea and
more peripheral region: Ring 2 (3.13-10.85 degrees),
Ring 3 (10.85-20.63 degrees), Ring 4 (20.63-32.46

degrees), Ring 5 (32.46-46.36 degrees) and Ring 6
(39.78-58.9 degrees) (Fig. 1E). Quadrants 1 to 4 (Ql1
to Q4) correspond to the inferior right retina, superior
right retina, superior left retina and inferior left retina,
respectively (Fig. 1F).

Statistical analysis was conducted using SPSS
v21.0 (IBM Inc. IL). The normality of the data distri-
bution was assessed with the Shapiro—Wilk test. The
effect of MF design with different Add on the differ-
ent peaks (N1, P1 and N2 for implicit time and ampli-
tude and in each region of the retina), was analyzed
using a 5 factor (baseline, MFD15, MFD25,MFN15,
MFN?25) one-way repeated measures analysis of vari-
ance (one-way -ANOVA) (normally distributed) or
Friedman-test (non-normally distributed). Post hoc
tests with Bonferroni adjustment were used to analyze
the level of significance due to multiple comparisons/
interactions effects. The level of statistical signifi-
cance was set at p <0.05.

Results

Experiment #1- The results for the different com-
ponents of the mfERG wave (N1, Pland N2) in the
different regions of the retina and for the five differ-
ent conditions, are graphically represented in Fig. 2
(implicit time) and in Fig. 3 (amplitude). The regional
response density (nV/deg [2]) is shown in Table 2

Implicit times

For the total mfERG signal, the mean NI
peak time values were 24.99+0.78 ms,
30.93+2.01 ms, 29.83+2.91 ms, 30.08+3.31 ms
and 30.34+2.65 ms for SVCL, MFD15, MFD?25,
MFDNI15 and MFN25, respectively. The mean
values of Pl peak time were 45.20+1.14 ms,
49.71+1.56 ms, 49.15+2.42 ms, 49.39+2.62 ms
and 49.51+1.90 ms for SVCL, MFD15, MFD25,
MFDN15 and MFN25, respectively, while for
N2 were 62.86+5.25 ms, 69.21+3.08 ms,
68.84+5.96 ms, 70.51 £5.59 ms and 69.45+4.36,
respectively. When compared with SVCL, all MF
designs showed a significant increase of approxi-
mately 5 ms in both N1 time (Fig. 2A) and P1 time
(Fig. 2B) in all retina regions (Ring 1 to Ring 6,
p=0.001, Friedman-test, W=0.3), except for Nl
where the differences are significant only with the
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Fig. 2 Experiment #1—Boxplot distribution of N1 (A), P1
(B) and N2 (C) of the mfERG response for the five conditions
evaluated. Compared with baseline, all MF showed a signifi-
cant increase in all peak times in all mfERG rings and with
greater evidence in superior retina. Bas baseline with single

MFN25 design in Ring 1 (p=0.004, ANOVA Eta
Squared=0.2;). On the other hand, the increase
in N2 peak time (Fig. 2C) was significant in cen-
tral regions (Ring 1 and Ring2), in particular
with MFD15 and MFD25 (p <0.04, ANOVA Eta
Squared =0.1 with both MFD designs). In the anal-
ysis by quadrants, there is also a significant increase
in N1 and P1 peak implicit time in all the four quad-
rants when compared to SVCL, particularly for the
superior retina (Q2, and Q3, p=0.001, Friedman
test, W=0.3). For N2 peak time there is also an
increase, most significantly with MFN design, in
the inferior retina in quadrants Q1 (p=0.001, Fried-
man test, W=0.4) and Q4 (p=0.038, ANOVA, Eta
Squared =0.4).
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RING

vision CL, MFD15 multifocal contact lens ‘“center-distance”
design Add 1.50, MFD25 multifocal contact lens “center-
distance” design Add 2.50, MFN15 multifocal contact lens
“center-near” design Add 1.50, MFN25 multifocal contact lens
“center-near” design Add 2.50

Response amplitude

In experiment #1, for the total mfERG
response, the mean values of N1 peak ampli-
tude were 204.10+50.92 nV, 122.27+31.72
nV, 149.66+37.97nV, 138.56+37.83n V and
138.12+33.36 nV for SVCL, MFDI15, MFD25,
MFDN15 and MFN25, respectively. The mean val-
ues of P1 peak amplitude were 587.34+102.86 nV,
396.21+80.73 nV, 438.44 +66.31 nV, 435.47 +78.86
nV and 41991+8293 nV for SVCL, MFDI5,
MFD25, MFDN15 and MEN25, respectively, while
for N2 they were 492.98 +87.97 nV, 354.51 +78.94
nV, 405.44+58.07 nV, 391.01+£69.12 nV and
357.03+£82.66 nV, respectively (Fig. 3A-C). The
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Fig. 3 Experiment #1—Boxplot distribution of N1 (A), P1(B)
and N2(C) absolute peak amplitude of the mfERG response
for the five conditions evaluated. Overall, there is a decrease in
all peak amplitudes with all MF designs, especially at central
and more peripheral regions, when compared to baseline. Bas

mean response density (nV/deg [2]) for all the ret-
ina regions is showed in Table 2. Regional analy-
sis revealed a significant decrease for N1 in Ring 1
(»=0.019, ANOVA, Eta Squared=0.2), Ring 3
(»=0.002, ANOVA, Eta Squared=0.3),) and Ring
6 (p<0.001, ANOVA, Eta Squared=0.4) and this
decrease is more evident with the MFD15, MFN15
and MFN25 lenses. For the P1 peak there is also a
decrease in all retinal regions being significant in
the more peripheral regions (Ring 3 to Ring 6) and
with the MFN designs (p<0.03, ANOVA, Eta
Squared=0.4, for both MFN designs). For the N2
component, the decreased in amplitude is only signifi-
cant in the peripheral rings specifically in Ring 5 with
MEN25 (p=0.011 ANOVA, Eta Squared=0.6,) and

5 6 QU Q@2 @ o
RING

baseline with single vision CL, MFD15 multifocal contact lens
“center-distance” design Add 1.50, MFD25 multifocal contact
lens “center-distance” design Add 2.50, MFN15 multifocal
contact lens “center-near” design Add 1.50, MFN25 multifocal
contact lens “center-near”” design Add 2.50

Ring 6 with all MF designs (p <0.001, ANOVA, Eta
Squared=0.2). For analysis by quadrants there is also
a decrease in N1 peak amplitude which is significant
in Q2 and Q3 (p<0.001, Friedman test, W=0.3, for
all MF designs), while for P1 the decrease is signifi-
cant only for Q3 and with MFN25 design (p=0.015,
ANOVA, Eta Squared=0.3).

For Experiment #2 the average mfERG response
curve of the 4 subjects and for each ring, is shown in
Fig. 4A for the MFD lens of the dominant eye and in
Fig. 4B for the MFN lens of the non-dominant eye.
The mean peak implicit time for N1 and P1 of the
mfERG Rings is shown in Table 3 and for quadrants
is shown in Table 4. By looking at the shape of the
curve, in the dominant eye, similar results are found
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Table 2 Experiment #1: Mean values and+SD of response
density (nV/deg?) for N1, P1 and N2 peak of mfERG response
for each retinal location in the 5 conditions: baseline with sin-
gle vision CL-B; MFD15 multifocal contact lens—L1 “center-

distance” design Add 1.50; MFD25 multifocal contact lens
“center-distance” design Add 2.50-L2; MFN15 multifocal con-
tact lens “center-near” design Add 1.50-L3; MFN25 multifo-
cal contact lens “center-near” design Add 2.50)-L4

Ampli- Baseline MFD15 MEFD25 MFN15 MFN25 Post-hoc test
tude B) LD (L2) (L3) (L4)
(nV/
deg”2)
N1 Sum 7.37+1.84 442+1.15 5.41+£1.37 5.01+£1.37 4.99+1.21 <0.001* B-L1;B-L2;B-
L3;B-L4
Ring 1  58.91+24.99 22.79+16.62 34.61+26.61 26.37+24.70 26.38+23.46 0.019° B-L1;B-L3;B-L4
Ring2 25.35+7.80 17.80+4.37 16.14+4.11 17.49+9.09 18.70+8.31 0.047° ns
Ring3 16.79+4.85 9.55+4.12 13.49+2.89 11.50+3.97 12.26+2.81 0.002° B-L1;B-L3
Ring 4 8.99+2.05 8.80+2.79 8.88+2.52 7.76£2.35 6.99+3.02 0.336° ns
Ring 5 6.76+1.99 4.74+2.13 525+1.22 542+1.77 5.63+1.29 <0.130° ns
Ring 6 5.61+1.53 271133 3.70+1.36 345+1.12 328+1.15 <0.001? B-LI1;B-L2;B-
L3;B-L4
Ql 7.61+£243 5.60+1.50 6.75+1.56 6.7+2.67 6.11+1.87 0.207™ ns
Q2 6.97+2.22 3.17+1.93 3.54+1.83 3.46+1.73 4.12+1.62 <0.001* B-L1.B-L2.B-
L3.B-L4
Q3 7.58£1.68 441+1.40 4.80+£2.09 3.99+1.55 4.11+1.60 <0.001* B-L1.B-L2.B-
L3.B-L4
Q4 723+1.97 5.79+3.14 7.15+1.92 6.90+2.20 6.75+2.22 0.653° ns
P1 Sum 21.22+3.72 14.32+2.92 15.84+2.40 15.73+2.85 15.17+3.00 <0.001? B-LI1;B-L2;B-
L3;B-L4
Ring 1 121.05+27.07 111.43+£36.63 116.24+35.31 104.46+31.82 100.71+31.42 0.629° ns
Ring2 58294929 57.86+11.56 5587+949 5742+1142 57.76+14.02 0.991° ns
Ring3 42.37+6.86  33.74+5.58 36.07+5.38 36.31+6.62  34.15+7.17 0.030° B-L1
Ring4  27.52+4.12  22.40+3.88 24.18+3.73 21.80+3.85 20.92+4.81 0.007° B-L3;B-L4
Ring5 20.41+4.26 13.77+3.10 14.92+2.40 16.14+2.72 15.47+2.87 <0.001* B-L1;B-L2;B-
L3;B-L4
Ring6  16.13+3.07 10.31+2.21 11.54+2.14 11.27+2.50 10.83+2.29 <0.001? B-L1;B-L2;B-
L3;B-L4
Ql 22.78+4.73 18.95+4.21 20.29+3.18 19.19+4.88 19.34+4.44 0.275° ns
Q2 19.05+3.47 16.26+3.24 17.76 +3.66 17.06 +4.23 16.43+3.44 0.426P ns
Q3 19.51+2.84 15.32+2.46 16.44+2.02 16.92+3.48 15.65+3.10 0.015° B-LI1;B-L4
Q4 23.53+4.50 18.45+5.25 20.56+3.48 20.63 +3.81 19.94+4.16 0.088™ ns
N2 Sum 17.81+3.18 12.81+2.85 14.65+2.10 14.13+2.50 12.90+2.99 0.007" B-L1;B-L3;B-L4
Ring 1 136.33+24.58 132.81+30.01 148.84+38.61 109.23+42.74 122.13+33.18 0.100™ ns
Ring2 63.02+10.93 59.98+13.74 57.90+9.54  57.65+11.82 55.60+15.82 0.735" ns
Ring3  36.50+7.97 31.75+6.58 33.85+6.39 36.04+7.14  30.57+8.62 0.309° ns
Ring4  23.62+5.19 18.76 +4.05 2145+3.64  20.47+3.60 18.74+4.38 0.068" ns
Ring5 17.20%+2.70 13.03+2.52 14.32+3.04 13.61+2.87 13.14+2.98 0.011* B-L1;B-L4
Ring6  13.72+2.50 9.20+2.24 10.79+1.76 10.10+1.82 9.18+£2.15 <0.001* B-L1;B-L2;B-
L3;B-L4
Ql 19.13+4.10 15.94+3.22 18.21+£3.28 17.42+4.00 16.39+4.91 0.373" ns
Q2 16.62+2.51 13.22+5.38 15.81+2.66 15.55+3.34 12.10+4.81 0.080™ ns
Q3 17.05+3.11 13.65+3.62 14.86+1.89 13.48+5.83 12.50+4.92 0.089™ ns
Q4 20.27+4.16 17.21+3.76 19.05+3.42 17.22+3.47 17.67+4.86 0.348° ns

(p) ANOVA repeated measures—Bonferroni post hoc test; (np) Friedman test—-Bonferroni post hoc test

ns Non-statistically significant
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Fig. 4 Experiment (A)
#2—Mean mfERG curve
response from central Ring
1 to peripheral Ring 6, in
Dominant eye with MFD
(A) and Non-Dominant
eye with MFN (B) at day

1 (solid line) and 15 days
(dashed lines) of MF wear.
There is an increase in
implicit time at day one
with MFN lens and is
reduced after 15 days and
tends to be similar to SVCL
at day 1. Solid lines rep-
resents de results at day 1
and dashed lines represents
the results for the 15-days
of lens wear. SVCL single
vision contact lens, MFD
center distance multifocal

Dominant eye

Voltage (nV)

contact lens, MFN center- AR,

near multifocal contact lens

2000V

L

10ms Time (ms)

——SVCL day 1 ——MFD dayl = ~-SVCV day 15 ==~ MFD day15

with the SVCL (red curve) and with the MFD lens
(black curve), both on day 1 (solid lines) and 15-day
(dashed lines) of lens wear. Despite the small vari-
ations observed in the regions bounded by ring 1 to
Ring 3, in general both the amplitude and implicit
time of N1 and P1 peaks are very similar between
the SVCL and MF in the dominant eye, as shown in
Table 3.

In contrast, in the non-dominant eye with the MFN
lens there is time shift on the entire mfERG response
(solid black curve) that does not persist at 15 days
of lens wear (Fig. 4B). At day 1 the N1 increases by
about 4 to 6 ms (ms) with the MFN lens when com-
pared with the SVCL lens, however this difference
decreases to 1 to 2 ms at day 15. This increase at day
1 and decrease at day 15 is very similar in all the reti-
nal regions (Ring 1 to Ring 6) as shown in Table 3.
Similar results are found for the P1 time, with an
increase with the MFN lens on day 1 of about 5 ms,
which decreases to 2 ms after the 15 days of lens
wear. After 15 days of MFN lens wear, the N1 and P1
peak time shows very similar values to those obtained
with the SVCL on day 1 (Table 3).

For the different regions of the retina analyzed
by quadrants, the results for the mean mfERG
curve are shown in Fig. 5A for dominant eye and

(B) Non-Dominant eye

Ring 1

Ring 2

=~ Ring 3 Ring 3
Ring 4 Ring 4
Ring 5 Ring 5
Ring 6 Ring 6

1oms Time (ms)
——sSVCLdayl ——MFNDdayl ==--SVCVday15 --- MFND dayl5

Fig. 5B for Non-dominant eye and the mean values
of the implicit peak times N1 and P1 are shown in
Table 3. The results also show that there is a delay
of the entire mfERG curve on day 1 with the MFN
lens and an increase in both N1 and P1 time that
is reduced considerably on day 15 (Fig. 5B). In
the inferior retina (Q1 and Q4) the increase in N1
and P1 was to 4 ms on day 1 that decreased to
about 2 ms on day 15. For the upper retina (Q2 and
Q3), on day 1 the increase was much higher, about
8 to 11 ms in either N1 or P1 which decreased to
approximately 3 ms on day 15 (Table 3). The SVCL
showed no such a trend and with the MFD lens in
the dominant eye there was no significant change in
either amplitude or implicit time.

The difference for the different individuals at
day 1 and day 15 of the N1 and PI implicit time
are shown in Table 4. The values were obtained by
subtracting the value of day 15 from the value of
day 1 and a positive value means an increase in time
from day 1 to day 15, while a negative value means
a decrease in time from day 1 to day 15. In all sub-
jects and all retinal regions, with the MF lens the
changes are higher and this difference is even higher
with the MFN lens, especially at time N1, despite
some variability.
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Table 3 Experiment #2: Mean differences and standard error of the mean (SEM)) for the N1 and P1 implicit time (in milliseconds)
of the mfERG response by Rings and Quadrants for Dominant and Non-Dominant eye at day 1 and 15-day

SVCL

MF

Dominant eye Non-Dominant eye

Dominant eye—MFD Non-Dominant eye—MFN

Day 1 Day 15 Day 1 Day 15 Day 1 Day 15 Day 1 Day 15
Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM Mean SEM
Ringl NI 29.1 06 317 12 291 13 302 23 313 07 298 60 336 40 297 33
Pl 516 21 526 04 513 27 520 39 579 31 564 25 609 03 575 2.9
Ring2 N1 299 32 295 20 278 1.1 294 14 337 25 314 25 343 0.1 304 506
P1 511 14 501 08 519 09 504 1.1 523 1.8 518 1.1 530 13 512 0.3
Ring3 N1 307 25 307 19 284 09 290 08 306 57 332 20 327 25 310 1.9
Pl 497 25 499 08 454 31 465 42 531 38 530 22 497 66 510 4.9
Ring4 N1 302 25 295 08 282 12 280 03 314 18 312 25 344 08 295 1.2
Pl 493 18 501 22 484 09 491 09 527 16 518 12 530 18 50.1 1.1
Ring5 NI 292 13 294 12 267 08 277 07 296 16 314 14 329 06 29.1 1.1
Pl 504 10 499 15 483 08 474 1.1 51.1 26 520 09 543 30 494 2.0
Ring6 N1 30.1 17 301 18 282 1.1 278 08 31.0 28 315 23 364 14 312 3.0
Pl 504 18 504 15 499 20 477 14 514 35 516 13 552 12 510 2.2
Q1 N1 284 10 287 1.1 281 15 276 08 323 53 340 48 321 29 305 1.2
P1 508 33 517 43 502 20 487 07 536 59 549 46 543 38 590 1.8
Q2 N1 280 20 280 06 278 1.1 273 04 332 39 331 44 394 05 283 1.0
Pl 519 36 515 40 490 1.7 477 12 523 6.1 532 36 607 13 514 3.5
Q3 Nl 295 14 304 07 297 24 287 15 322 29 323 10 378 1.1 29.1 1.5
Pl 496 10 509 15 488 06 495 15 519 22 521 09 588 54 504 2.9
Q4 N1 281 38 291 1.8 285 16 279 04 306 22 313 04 315 18 297 0.7
Pl 488 15 504 16 491 13 491 14 523 32 514 05 517 21 506 2.9
SVL single vision contact lens, MFD center-distance multifocal contact lenses, MFN center-near multifocal contact lenses, Q Quad-
rant
Discussion a change in retinal pathway activity in response to

In an attempt to understand whether the defocus
adaptation is entirely a cortical processor whether
it involves processes in the retina, two experiments
were performed in this study. One to understand
whether the retina is sensitive to defocus induced by
MF contact lenses of different geometries and the
other to study the retinal response during the MF
adaptation process. From the results found, both the
response amplitude and implicit time of mfERG,
both change with the induction of different level of
defocus. The changes observed in amplitude and
delay in time are very similar with the different
MF designs. On the other hand, it appears that the
changes observed in implicit time tend to decrease
with MF adaptation over time, which may suggest

@ Springer

contrast changes due to the multifocality effect.
Previous studies have shown that optical defo-
cus produces a small reduction in central macu-
lar mfERG response [26] and a signal-dependent
change to short-term imposed optical defocus [9].
It appears that the retina has a decoding system,
probably located in the near peripheral retina and
in innermost layers, that is especially tuned to low
spatial frequencies [27] and is able to differentiate
between positive and negative defocus signals. This
in some way may explain the results observed in the
present study, where a reduction in amplitude and
time delay of the mfERG response was found with
both MF designs, as seen in experiment #1. These
changes are most significant in the central and
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Fig. 5 Experiment (A)
#2—Mean mfERG curve
response for different
quadrants, in Dominant
eye with MFD (A) and
Non-Dominant eye with
MEN (B) at day 1 (solid
line) and 15 days (dashed
lines) of MF wear. There is S\
an increase in implicit time
at day one with MFN lens,
being most significant in
the superior retina, and is
reduced after 15 days. Solid
lines represents de results
at day 1 and dashed lines
represents the results for the
15-days of lens wear. SVCL
single vision contact lens,
MFD center distance mul-
tifocal contact lens, MFN
center-near multifocal 10ms

Dominant eye

Voltage (nV)

200 nV

Time (ms)
~——SVCL day 1 ——MFD dayl = =-SVCV day 15 --~MFD day15

paracentral regions of the retina, particularly with
the MF lens of higher add power and MFN design.

The reduction in luminance [27] and image con-
trast by defocus [25],potentially can decrease the
amplitude of mfERG response. [28] Therefore, appro-
priate optical correction during exam recording is
recommended to minimize the reduction in macular
response [25]. Previous studies involving ERG or
mfERG analysis with optical defocus have used strat-
egies with a single focal plane. In the current study
were applied MF lens with different focal planes,
competing with each other, and the amount of defo-
cus varies from the center to the periphery according
to the MF design. Despite the differences in design,
the total amount of light passing through the entire
of the MF lens power rings is equal in both designs,
which implies that the total of luminance reduction
is equivalent when comparing both MFs. The differ-
ence in the local distribution of focused light and a
re-distribution of energy on the retina may explain
the differences in the mfERG response observed from
the center to the periphery. However, the influence of
the luminance reduction induced by the MF lens can-
not be fully discharged, as demonstrated by the dif-
ferences in mfERGs with the SVCL lens (Experiment
1) with dilated pupil that helps control pupil size and
luminance.

Two of the most relevant factors for changes
in pupil diameter, are luminance (decrease with

@ Springer

(B) Non-Dominant eye

Quadrant 1 Quadrant 1

Quadrant 2

Quadrant 3

Quadrant 3

Voltage (nV)

Quadrant4 Quandrant4

200 nV

10ms Time (ms)

—sSVCLdayl ——MFNDdayl =---SVCVday15 --- MFND dayl5s

higher luminance) and accommodation (decrease
with accommodation effort). During both experi-
ments, we have maintained the same luminance
and accommodation conditions (correct compensa-
tion for stimulus viewing distance with additional
optical correction that varies with the MF design).
Therefore, we assume that fluctuations in pupil size
and accommodation were residual and should not
have a major effect or alter the interpretation of the
results. In experience #2, the pupil of the presbyopic
subjects was not dilated in order to preserve normal
physiological conditions as much as possible. How-
ever, senile miosis may be an important limiting
factor to record reliable mfERG signals. Consider-
ing the impact of pupil size on the performance of
multifocal optical correction, pupil dilation in these
subjects, as required by ISCEV Standards, would
completely alter the visual conditions that were
intended to be evaluated. Interestingly, the current
results show that under dilated conditions, in young
subjects, no significant differences were observed
in the mfERG response between the different MF
designs (in Experiment #1). In contrast, in Experi-
ment #2, presbyopic patients under non-dilated con-
ditions showed significant changes in the mfERGs
responses comparing the two MF designs. It would
be relevant to understand whether these changes are
design-specific and whether this information can be
used to objectively follow-up the response of the
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visual system to predict the patient’s ability to suc-
cessfully adapt to a multifocal optical correction.

The presence of a system in the retina, which pro-
duces equal sensitivity and rapid transfer of informa-
tion from increased and decreased of light and con-
trast [29-31], combined with the cellular origin of
the mfERG response [32, 33] may help to explain the
changes found with the different MFs, We found a
significant increase in implicit time in both N1 and P1
peak wave components in Experiment #1 (Fig. 2A,
B) with both MF designs. Furthermore, the increase
is more significant in the superior temporal and nasal
retina, which may suggest a different cellular con-
figuration between these regions. However, this needs
further investigation with a larger sample size and
with induction of different levels of defocus and con-
trasts between in different regions and cell origins.

In patients wearing contact lenses for presbyo-
pia correction has been reported a delayed cortical
response, measured with visual evoked potentials
(VEP), [10, 15, 16]. Degradation of the retinal images
such as those caused by image blur and reduced lumi-
nance, reduces mfERG more strongly than VEPs
[34-37]. The present preliminary results (experiment
#2) show that MFN affects the mfERG response more
significantly and this effect tends to decrease after
15 days of MFN wear. Despite the changes in ampli-
tude, with the MFN lens the implicit time N1 and
P1 showed a significant increase on day 1 that does
not persist 15 days after MF wear (Fig. 4 and Fig. 5).
These results suggest that there may be an adaptive
process in the short-to-medium term after MFs wear
that begins at the retinal level. Current results should
be interpreted as evidence that this delay in time
may be the underlying cause of the reported cortical
delays. Whether this phenomenon is due to biologi-
cal changes in the retina or to changes in image qual-
ity by the MF warrants further investigation including
measurement of VEPs to verify if the delay in cortical
response is also observed 15 days after MF wear.

A limitation of experiment#1 and #2 is that it reports
only the result to one eye, whereas vision is a binoc-
ular task and multifocal correction benefit from the
effects of binocular summation. [6, 21]. In addition,
the small sample size in experiment #2 and the fact that
no mydriatic agents were used in this subsample are
potential limitations. Therefore, the effects observed
in experiment#2, which are based on an observation of
only four cases, should be taken with caution as they

can only serve to generate hypothesis that need to be
confirmed in further experiments. The results should be
understood in the context of a hypothesis-driven study,
so that a quantitative analysis of the response time at
the retinal level may be relevant to understand the neu-
ral adaptation to challenges caused by multifocal solu-
tions in presbyopia correction. In addition, the results of
experiment #2 show that, even without pupil dilation,it
is possible to obtain consistent mfERG values from the
whole retina, which makes it possible to work under
physiological conditions and therefore to evaluate the
visual system in a clinical condition.

In summary, from these preliminary evaluations, a
reduction in amplitude and delay in time of the mfERG
wave response is observed when a different level of
defocus are induced by different MF designs. This may
suggest a change in retinal pathway activity in response
to contrast changes due to multifocality and the adap-
tive process perceived in MF wearers, may begin at the
retinal level. To the best of our knowledge, these are the
first results in this field and provide the background for
future studies.
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