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Purpose: To evaluate the performance of two experimental contact lenses (CL) designed to induce relative
peripheral myopic defocus in myopic eyes.

Methods: Ten right eyes of 10 subjects were fitted with three different CL: a soft experimental lens (Exp-
SCL),arigid gas permeable experimental lens (ExpRGP) and a standard RGP lens made of the same material
(StdRGP). Central and peripheral refraction was measured using a Grand Seiko open-field autorefrac-
tometer across the central 60° of the horizontal visual field. Ocular aberrations were measured with a
Hartman-Shack aberrometer, and monocular contrast sensitivity function (CSF) was measured with a
VCTS6500 without and with the three contact lenses.

Results: Both experimental lenses were able to increase significantly the relative peripheral myopic defo-
cus up to —0.50 D in the nasal field and —1.00 D in the temporal field (p <0.05). The ExpRGP induced
a significantly higher myopic defocus in the temporal field compared to the ExpSCL. ExpSCL induced
significantly lower levels of Spherical-like HOA than ExpRGP for the 5 mm pupil size (p < 0.05). Both exper-
imental lenses kept CSF within normal limits without any statistically significant change from baseline
(p>0.05).

Conclusions: RGP lens design seems to be more effective to induce a significant myopic change in the
relative peripheral refractive error. Both lenses preserve a good visual performance. The worsened optical
quality observed in EXxpRGP was due to an increased coma-like and spherical-like HOA. However, no

impact on the visual quality as measured by CSF was observed.
© 2014 British Contact Lens Association. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The potential relevance of relative peripheral optical defocus
and image quality on the emmetropization mechanism has been a
matter of interest among scientists. Evidence suggests that hyper-
opic defocus in the peripheral retina is associated with myopic
progression in animals [1]. In human eyes, several studies have
shown that in myopes, the relative peripheral refraction tended
to be hyperopic [2-4] and helped to explain the progression in
myopia. Furthermore, East Asian myopes showed higher values
of peripheral hyperopia compared to white myopes of the same
degree [5]. Orthokeratology has been shown to cause significant
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changes in peripheral optics. These changes were found to be signif-
icantly different from those found in conventional treatments such
as spectacles [6,7] or single vision soft CL [8]. Although the biologi-
cal mechanism behind this slowing process is not fully understood,
it has been postulated to be related to the myopic relative periph-
eral refraction induced by orthokeratology treatment [9,10].

It is therefore the manipulation of peripheral defocus that has
been proposed as a possible mechanism to slow-down myopia
development and this can be achieved with ophthalmic lenses [11]
or CL[12,13].

CLs move with the eye thus can align with the optical system of
the eye. They can be custom-designed to correct the central visual
field and to create a desired optical effect in the peripheral field
[14]. Some commercially available CL were found to create similar
effect as that created by orthokeratology treatment in some reports
[13,15,16]. The effectiveness in retarding myopic progression by
these lens designs has been evaluated in some clinical studies
[13]. Most of the available lenses for myopia retention are now
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manufactured in soft materials [13,17]. However, the potential of
rigid gas permeable (RGP) lens materials should not be neglected
as their surfaces are not easily distorted by the underlying corneal
topography. Thus, RGP materials might be more effective in repro-
ducing a desired optical effect and might provide a benefit for the
future development of optical solutions to modify the refraction
pattern across the peripheral retina.

The purpose of this work was to evaluate the impact of custom-
designed soft and rigid gas permeable CL to create a peripheral
myopic defocus in the peripheral field and to evaluate the optical
and visual performance. To our knowledge, no previous study has
evaluated the impact of peripheral gradient lenses for myopia reg-
ulation on optical quality and visual performance using wavefront
technology and contrast sensitivity function, respectively.

2. Methods
2.1. Sample

The right eyes of 10 myopic female subjects aged 21-26 years
(23.40+1.84 years) with spherical equivalent refraction ranging
from —1.25 D to —6.50 D (—3.37 +1.28 D) and refractive astigma-
tism below —1.00 D were enrolled. This was a non-dispensing study
and subjects were enrolled from the research staff working in the
Clinical and Experimental Optometry Research Lab (CEORLab, Uni-
versity of Minho, Braga, Portugal). They received information about
the purpose and study procedures and gave written informed con-
sent in accordance with the tenets of the Declaration of Helsinki.
Inclusion criteria required that the subjects were free from any ocu-
lar disease and were not taking any systemic or ocular medication
which would affect the refractive error or the accommodative func-
tion, and their best corrected visual acuity should be 20/20 or higher
with the best spectacle correction.

2.2. Lenses

A standard RGP lens (StdRGP), an experimental RGP (ExpRGP)
lens and an experimental soft lens (ExpSCL) designed to produce
peripheral myopic defocus were fitted on the right eyes of the
recruited subjects. Randomization was done to choose which lens
was first, second and third to be worn after a baseline measure-
ment had been obtained on the naked eye. Technical details of the
lenses used are presented in Table 1. Optical design of the experi-
mental lenses was conducted using parameters for theoretical eye
obtained from Atchison [18] and Zemax-EE software v.6 (Radiant
ZEMAX, WA, USA). Both experimental lenses have a unique cen-
tral back and front aspheric optic zone of 9 mm of diameter. These
lenses do not have a central zone of single vision. Instead, only the
central apical zone has the distance power required for distance
vision and the aspheric design provides a progressive increasing
add power, starting from the central geometrical point. This design
affords +1.50 D add increase at 2 mm from center (4 mm chord
diameter) corresponding to approximately 30° of retinal eccentric-
ity, and achieving around +6.5 D at the edge of the optic zone (9 mm
chord diameter). Both ExpSCL and ExpRGP were designed to have
the same power change from center to periphery and both had the
same optic zone diameter.

Lenses were fitted according the topographical information
(simK readings measured over the 3mm of the central cornea
and eccentricity over a chord diameter of 9.0 mm). Trial lenses
were used to achieve optimal fitting in a pre-study visit. Lenses
were ordered based on the vertexed spherical equivalent refrac-
tion. Over-refraction was done at the trial visit over the contact
lenses and a new lens was ordered if discrepancies over +0.25 were
found. Fitting was assessed for centration and lag on lateral gaze

movements using a graticule eyepiece in the slit-lamp. All lenses
were within the desired limits of less than 0.5 mm of decentration
on primary gaze direction and less than 0.5 mm of lag on lateral
gaze direction. This criteria was applied to the SCL and RGP lenses.
Large diameter and fitting approach motivated that the RGP lenses
had a limited decentration and lag on lateral gaze and blinking.
These values are reported as acceptable good fitting parameters
for modern soft contact lenses [19]. RGP lenses use to decenter
and move more. However the large diameter used in these lenses
allow to meet similar dynamic behavior and the same criteria was
applied. In the context of treatments to reduce myopia progression,
centration might be of paramount relevance to induce the desired
effect in both the nasal and temporal field [20]. On the study visit,
lenses were allowed to settle for 20-30 min to equilibrate and sta-
bilize at the ocular surface, and for the subject to feel comfortable
enough to conduct the examination without excessive tearing or
reflex blinking. This period was enough to eliminate excessive tear-
ing and reflex blinking with the RGP lenses in all subjects. Baseline
(naked eye) measurements were obtained without correction for
peripheral refraction and aberrations and with the best spectacle
correction in a trial frame at 11 mm for CSF.

2.3. Peripheral refraction

The measurement of central and peripheral (off-axis) refrac-
tion were obtained with an open-field Grand Seiko Auto-
Refractometer/Keratometer WAM-5500 (Grand Seiko Co., Ltd.,
Hiroshima, Japan) up to 30° in the nasal and temporal horizontal
field in 5° steps. This instrument and its other commercial brand
using the same technology for refractive error measurement (Shin-
Nippon) have been reliably used in foveal [21,22] and peripheral
refraction measurements [10,23]. For the purpose of this study, a
laser system was mounted on top of the subjects head and aligned
with the central fixation point in primary gaze. Peripheral refrac-
tion were measured with head rotation to ensure that the lens did
not displace from the resting position in primary gaze. The large
diameter of the lens and the fitting approach ensured that the lens
did not experience random horizontal or vertical displacement. To
measure the rotation of the head, the laser had to coincide with a
series of markings in the wall in front of the subject at a distance
of 2.5 m. This created a limitation on the range of field measured,
whereas in our previous studies we were able to measure up to 40°
to each side of the visual field by rotating the eye [10,15,23]. The
left eye was occluded during the measurements to avoid misalign-
ments under binocular fixation. Measurements were conducted
under non-cycloplegic conditions.

Descriptive statistics (mean 4 SD) were calculated for the refrac-
tion vector components (M, JO and J45) of refractive errors, as
recommended by Thibos [24]. Peripheral measurements were done
by using the pupil center for alignment. M, JO and J45 considered
for statistical analysis resulted from the average of the 5 consec-
utive readings obtained at each visual field eccentricity. Relative
peripheral refractive error (RPRE) was calculated by subtracting the
central M, JO or J45 value obtained at the fovea from that obtained
at each eccentric retinal location.

2.4. Optical quality

Optical quality of the eye was assessed using an Irx3 Hartman-
Shack aberrometer (ImagineEyes, Orsay, France). Higher order
aberrations (HOA) from 3rd to 6th order were obtained for a 3
and 5 mm pupil size. Three repeated measurements were obtained
under each experimental condition and then averaged for statis-
tical analysis. Under the room illumination used, all wavefront
measures warranted a minimum of 5 mm round pupil size without
pharmacological dilation in all cases. Changes in root mean square
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Table 1
Technical details of the lenses used in the study.
Material (USAN) StdRGP EXpRGP ExpSCL
Boston X02 (hexafocon B) Boston XO2 (hexafocon B) Benz G3X (hioxifilcon B) 49% EWC
Oxygen permeability (barrer) 141 141 15
Refractive index 1.424 1.424 1.425
Overall diameter (mm) 10.6 10.5 14
Surface geometry anterior/posterior Aspheric/aspheric Aspheric/aspheric Aspheric/spherical
Optic zone diameter 9.0 9.0 9.0

Base curve radius (mm) 7.50-8.20

8.6

Standard RGP lens (StdRGP); Experimental RGP (ExpRGP); Experimental soft lens (ExpSCL); EWC: equilibrium water content.

(RMS) from baseline (no lens wear) for spherical-like HOA (includ-
ing Zernike polynomials Z4° and Zg?), coma-like HOA (including
Zernike polynomials Z3~1, Z3', Zs~! and Zs'), secondary astigma-
tism HOA (including Zernike polynomials Z4 2, Z42, Zg~2 and Zg?)
and Total HOA were considered for statistical analysis.

2.5. CSF measurements

Visual performance was assessed using the monocular Contrast
Sensitivity Function (CSF) with the Vision Contrast Test System
VCTS6500 (Vistech, Dayton, OH) for spatial frequencies of 1.5, 3,
6, 12 and 18 cycles/degrees.

2.6. Statistical analysis

The SPSS software package v.19 (SPSS Inc., Chicago, IL, USA)
was used for statistical analysis. Given the small sample size, non-
parametric analyses were conducted using Wilcoxon Signed Ranks
Test to evaluate differences between the results of each CL com-
pared to baseline values for the same variables. Kruskal-Wallis with
post hoc correction for multiple comparisons was used to compare
the results of relative peripheral refractive error induced by the
three lenses. Correlations between peripheral refraction, HOA and
contrast sensitivity have been evaluated using Spearman Rho corre-
lation coefficient. For statistical purposes, a p value lower than 0.05
was considered statistically significant. Bonferroni post hoc correc-
tion was applied when multiple comparisons were involved among
the three experimental conditions and the no-lens condition. All p
values reported include the correction for multiple comparisons.

3. Results

Fig. 1A-C show the changes induced by each contact lens in the
RPRE compared to baseline values (without contact lenses) in terms
of M, JO and J45, respectively. Differences were statistically signifi-
cant for 25 and 30° of temporal eccentricity between Baseline and
both experimental lenses as well as between ExpRGP vs ExpSCL and
EXpRGP vs StdRGP. Differences between EXpRGP vs baseline and
EXpRGP vs StdRGP in the nasal field were statistically significant
(p<0.013, Wilcoxon signed ranks test). Differences in JO astig-
matic component were statistically significant between baseline
and both experimental lenses (p<0.001 and p=0.010 for ExpRGP
and StdRGP, respectively) as well as between ExpRGP vs StdRGP for
30° in the temporal field (p=0.007). Furthermore, there were sig-
nificant differences at 25 and 30° for ExpRGP vs baseline (p=0.010)
and from 10 to 30° for ExpRGP vs StdRGP (p <0.007) in the temporal
field. None of the comparisons for J45 component showed statisti-
cally significant differences between conditions under evaluation
(p>0.05 in all comparisons).

HOA data for 3- and 5-mm pupil diameter are presented in
Fig. 2A and B, respectively. Optical quality was worsened by the
EXpRGP lens compared to baseline and StdRGP for spherical-
like HOA, coma-like HOA and total HOA (p <0.05); furthermore,
ExpRGP also showed significantly higher Total HOA compared

to StdRGP (p=0.015). All these statistically significant differences
were noticed for 5-mm pupil, except for EXxpRGP vs baseline at
3-mm pupil size (p=0.033). As expected, HOA were significantly
higher for 5-mm pupil size compared to 3-mm pupil size (p <0.004
for all orders). StdRGP lens did not induce any significant change in
HOA compared to baseline (p >0.05).

Monocular CSF remained within normal limits provided by the
manufacturer for the test, for all conditions evaluated. Further-
more, there were no statistically significant differences between
spectacle-corrected CSF at baseline and StdRGP, ExpRGP or Exp-
SCL (p>0.05, Wilcoxon signed ranks test) or between StdRGP and
ExpSCL for all the range of frequencies evaluated.

Correlations between relative peripheral refractive error (RPRE)
and HOA were statistically significant for both experimental lenses.
Spherical-like HOA (RMS resulting from 4th to 6th-order SA) for
a 5mm pupil presented a negative correlation with RPRE such
that RPRE become more negative as SA RMS became more posi-
tive (Pearson Rho < -0.635, p <0.022). Coma-like aberrations also
presented a negative and significant correlation for the ExpRGP lens
(Pearson Rho =—0.638; p=0.047) but not for the ExpSCL or StdRGP
lens. Contrast sensitivity function for different spatial frequencies
did not present any relevant or significant correlation with RPRE or
HOA.

4. Discussion

The present study shows the efficacy of custom-designed RGP
and soft CL to change the relative peripheral refractive error (RPRE)
of myopic eyes. Overall, all the experimental conditions induced
a change toward reducing peripheral hyperopia including a non-
customized aspheric RGP lens. However, the customized aspheric
design of the experimental lenses were shown to be effective in
moving the peripheral image shell forward, creating a myopization
effect. This was achieved in part at the expense of an increase in
peripheral astigmatism (JO component). There was some degree of
asymmetry in the effect induced, particularly with the experimen-
tal RGP lens. This might be related with slight decentrations of the
lens in primary gaze. Despite of the large diameter and the fitting
process we cannot discard that small levels of decentration (within
our criteria of 0.5 mm) might affect our results and justify the asym-
metry in the change in RPRE for the M component of refraction. This
was particularly relevant for the ExpRGP. This finding is expected
as the same degree of decentration would have a higher impact
on the lenses with a more effective change of power from center
to periphery. Good centration might be relevant to obtain a consis-
tent peripheral myopic shift with the purpose of myopia regulation
[20]. Previous studies showed only relative myopic defocus in the
nasal visual field [13], and this could be related with systematic
decentration of the contact lens. Instead, the soft contact lens used
in this study showed a more symmetric effect when comparing the
more peripheral eccentricities at 30° in the Nasal and Temporal
visual fields. Future lens designs must address also the asymmetry
present between the nasal and temporal visual field in stable, but
mainly in progressing myopes [25]. In this study we discard lens
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Fig. 1. Change in relative peripheral refraction across the horizontal visual field in terms of (A) spherical equivalent — M, (B) horizontal astigmatic component - JO and (C)
oblique astigmatic component - J45 in the three conditions evaluated in this study. ExpRGP: experimental RGP lens (black squares - black line); StdRGP: standard design
RGP lens (black diamonds - dashed black line); ExpSCL: experimental soft contact lens (gray triangles - full gray line). Curves are fitted with the second-order polynomial.

C: center; N: nasal; T: temporal.

decentration induced by eye turn as we modified the technique to
measure the peripheral refraction by turning the head instead, and
thus minimizing the interaction of the lids with the contact lenses
on peripheral gaze. However, we cannot discard the contribution
of slight decentrations (within 0.5 mm) in primary gaze. This might
have an effect on our results. Peripheral measures would be more
myopicifthe lens decenters in the direction of the retinal area being
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measured (i.e. nasal decentration when the nasal retina is being
measured) and less myopic if the lens decenters in the opposite
direction of the retinal area being measured (i.e. temporal decen-
tration when the nasal retina is being measured). However, the fact
that slightly hyperopic values are found to both sides of the cen-
tral point, makes us realize that this is not the main cause. Optical
quality measures might also reflect this slight decentrations by the
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Fig. 2. Change in the root mean squares (RMS) of the higher-order aberrations (HOA) for 3- (A) and 5-mm pupil diameters (B) in the three conditions evaluated in this study.
EXpRGP: experimental RGP lens; StdRGP: standard design RGP lens; ExpSCL: experimental soft contact lens.
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increased coma-like HOA observed for 3 mm and particularly for
5 mm pupil size. However, the changes induced in HOA were mod-
erate and this is in agreement with the fact that all the experimental
conditions maintained the CSF within the normal limits.

Although other lenses presenting a gradient of relatively pos-
itive power from the center to the periphery have demonstrated
to be useful in decreasing myopia progression [13], the effective-
ness of the lenses evaluated in this study for controlling myopic
progression will have to be tested in a longitudinal clinical trial.
Previous studies have demonstrated the effectiveness of orthoker-
atology in creating a peripheral myopic defocus [9,10]. The values
of myopic change in RPRE reported for orthokeratology [10] are
stronger than those obtained in the present study with the ExpRGP
lens. However, orthokeratology has a limitation in lower myopes
as the amount of RPRE is self-limited by the central refractive error
being corrected [10]. This might be a reason for poorer myopic
retention in lower myopes as observed in a previous clinical study
[6]. Custom-designed lenses for daytime wear have the potential
advantage of carrying any desired peripheral myopization effect
irrespective of the central refractive error. This is the case for mul-
tifocal soft contact lenses of different add powers [15,16]. When
compared with other peripheral gradient designs [13], and multi-
focal center-distance designs [16,26], the amount of change in RPRE
is similar for the ExpSoft. There is not any other peripheral gradi-
ent RGP lens design in the market to compare our results but our
results indicate that the potential of RPRE change with RGP designs
is much efficient compared to the equivalent designs made in soft
materials.

Beyond the value of custom-designed RGP and SCL, the present
study also supports the use of non-custom designed RGP lenses
to create a modest but statistically significant degree of change in
RPRE. Although conventional design RGP lenses did not provided
evidence of myopic retention against soft CL wearers in a clinical
trial [27], the present results suggests that might be some benefit of
RGP lens wear against conventional spectacle correction. Spectacle
lenses were found to exacerbate the hyperopic defocus in myopic
subjects [28-30]. Instead, Shen et al. [31] have recently measured
the peripheral defocus in myopic subjects wearing conventional
designed RGP and soft CL. They found that RGP lenses reduced sig-
nificantly the relative peripheral hyperopia and they were more
effective than soft CL on this regard. In the present study we did
not use a standard soft CL to compare with the experimental soft
CL. However, according to previous reports we would assume that
single vision SCL do not significantly change the pattern of rela-
tive peripheral refractive errors [15,32]. Accordingly, the potential
benefit assumed for StdRGP lenses might not apply to a single
vision (standard) SCL based on our previous reports of no significant
change in RPRE with a center-distance multifocal contact lens with
1 diopter of add [15]. This might be different for higher myopes, as
Kwok et al. [33] have recently found that correcting high myopia
with soft contact lenses might result in a significantly more myopic
defocus in the retinal periphery.

Overall, the myopization effect created in CL which aimed for
interfering with myopic progression, has a minimal impact in the
optical quality of the visual system for a 5 mm pupil diameter with
non-clinically significant changes in contrast sensitivity function
(all conditions showed CSF within normal limits). The absence of
correlations between CSF and RPRE induced by the experimental
RGP or soft contact lens targeted in this experiment can be consid-
ered an expected result as CSF remained within normal limits and
non-significantly different from baseline (naked eye) for the two
experimental lenses evaluated. Despite this good outcome, the
potential effect of the optical design of the lenses on the optical
quality of the eye might worsen for pupil diameters larger than
a 5-mm pupil, which might be present in a significant number
of young subjects even under mesopic and scotopic conditions.

Kollbaum et al. [34] have recently observed that low contrast
acuity is not affected when tested at high illumination conditions
but could be slightly affected under low illumination conditions
with the Proclear MF contact lens. However, we cannot extrapolate
their results to the present lens designs as they are different lenses
and Proclear MF is not designed by purpose for myopia control,
although used off-label with this purpose [35].

The practical implications of the present work are related with
the platform of choice to create myopia regulation optical treat-
ments. This might consider the interaction between centration,
comfort and stability of the intended design to achieve a desired
effect. Moreover, the level of complexity can be increased if we
consider the asymmetries of the retinal profile across the horizontal
visual field, and also between the horizontal [25] and less explored
vertical orientations in myopic eyes [2]. Nevertheless, centration
would be always of paramount importance and future devices must
incorporate the efficacy in changing the peripheral refractive pat-
tern achieved with experimental RGP lenses with the centration
and comfort provided by soft contact lenses. From the quality of
vision point of view, no particular concerns are raised by the use of
these lenses. We have measured the optical quality of the lens + eye
system and despite the expected increase in higher order aberra-
tions, these aberrations did not had a clinically relevant impact in
the visual quality measured with the contrast sensitivity test. This
might be explained because of the pupil size of the subjects was
not large enough to allow the peripheral gradient power to affect
foveal vision. This is a relevant observation considering that this
is the first study measuring the contrast sensitivity function with
devices intended to be used for myopia regulation.

In conclusion, the study shows promising results for these
custom-made lenses although ExpRGP might be preferred in terms
of effectiveness for bringing the peripheral retinal image forward
in order to interfere with myopic progression with minimal impact
in terms of optical quality and visual performance.
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