
1 
 

Changes in peripheral refraction, higher order aberrations, and accommodative lag 1 

with a radial refractive gradient contact lens in young myopes 2 

 3 

Jaume Pauné, MSc; Solène Thivent, MSc; Jesús Armengol, PhD; Lluisa Quevedo, PhD;, 4 

Jose M. González-Méijome, PhD  5 

 6 

From the Clínica Teknon (J.P.), Barcelona, Spain; Terrassa School of Optics and 7 

Optometry (S.T., J.A., L.Q.), Polytechnic University of Catalonia - Barcelona Tech, 8 

Spain; and Clinical & Experimental Optometry Research Lab (CEORLab) (J.M.G.-M.), 9 

Center of Physics, University of Minho, Braga, Portugal. 10 

 11 

Short title: Radial Refractive Gradient Contact Lens in Myopia 12 

 13 

Address correspondence and reprint requests to: José Manuel González-Méijome, 14 

Clinical & Experimental Optometry Research Lab, Department of Physics (Optometry), 15 

University of  Minho, 4710-057 Braga, Portugal; tel.: +351 253 60 4320; fax : +351 253 16 

67 89 81; e-mail: jgmeijome@fisica.uminho.pt 17 

 18 

Tables: 1; figures: 5 19 

Date of submission: june 22nd, 2015 20 

Jaume Pauné has proprietary and financial interests in the manufacturing and 21 

distribution of lenses evaluated in this study. The remaining authors declare that they do 22 

not have any proprietary or financial interest in any of the materials mentioned in this 23 

article. This work was funded in part by Fundação para Ciência e Tecnologia, Lisbon, 24 

Portugal (Projects: PTDC/SAU-BEB/098392/2008 and PTDC/SAU-BEB/098391/2008).  25 

mailto:jgmeijome@fisica.uminho.pt


2 
 

ABSTRACT 26 

Objective: To evaluate changes in the peripheral refraction (PR), visual quality, and 27 

accommodative lag (LAG) with a novel soft radial refractive gradient (SRRG) 28 

experimental contact lens that produces peripheral myopic defocus. 29 

Methods: Fifty-nine myopic right eyes were fitted with the lens. The PR was measured 30 

up to 30 degrees in the nasal and temporal horizontal visual fields and compared with 31 

values obtained without the lens. The LAG was measured monocularly using the 32 

distance-induced condition method at 40 cm, and the higher order aberrations (HOAs) of 33 

the entire eye were obtained for 3- and 5-mm pupils by aberrometry. Visual performance 34 

was assessed through contrast sensitivity function (CSF). 35 

Results: With the lens, the relative PR became significantly (P<0.05) less hyperopic 36 

from 30 to 15 degrees temporally and 30 degrees nasally in the M and J0 refractive 37 

components. Cylinder foci showed significant myopization from 30 to 15 degrees 38 

temporally and 30 to 25
 
degrees nasally (P<0.05). The HOAs increased significantly, the 39 

CSF decreased slightly but reached statistical significance for 6 and 12 c/d (P<0.05), and 40 

the LAG decreased significantly with the SRRG lens (P=0.0001). There was a moderate 41 

correlation between HOAs and CSF at medium and high spatial frequencies.  42 

Conclusion: The SRRG lens induced a significant change in PR, particularly in the 43 

temporal retina. Tangential and sagittal foci changed significantly in the peripheral nasal 44 

and temporal retina. The decreased LAG and increased HOAs particularly in coma-like 45 

aberration may positively affect myopia control. A longitudinal study is needed to 46 

confirm this potential. 47 

 48 

Key Words: Accommodative lag--Multifocal contact lens--Myopia--Peripheral 49 

refraction. 50 
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 51 

Myopia should no longer be considered simply as a refractive problem.
1
 Myopic eyes are 52 

prone to a number of ocular pathologies, such as retinal degeneration and glaucoma.
2
 53 

Myopia should be viewed as a progressive condition associated with the potential risk of 54 

visual loss. Moreover, the prevalence of myopia is increasing in Asian urban regions 55 

where 80% of teenagers are myopic.
3
 Myopia management has a high impact on public 56 

health; finding effective strategies to slow myopia progression should be a priority. 57 

A variety of optical devices and visual strategies have been developed to address 58 

central vision but with a reduced or limited effect. For example, undercorrection actually 59 

increases the rate of myopia progression.
4–6

 Bifocal and multifocal lenses have a limited 60 

effect.
7
 Some studies have shown promising results in children with rapid myopia 61 

progression, with higher success in patients with esophoria at near and higher 62 

accommodative lag (LAG).
8
 Underaccommodation, i.e., LAG, is quantified as the 63 

difference between the dioptric level of the accommodative stimulus and the measured 64 

accommodative response. Larger LAG, in association with near work, which induces 65 

retinal blur, has been proposed as a factor in myopia development and progression.
9
 66 

Although progressing myopes show larger LAG,
10

 attempts to slow myopia progression 67 

through plus lens correction at near to reduce or eliminate LAG have obtained only 68 

modest results in children.
11

 Otherwise, a recent study related retinal superior myopic 69 

defocus induced by progressive addition lenses (PALs) with less central myopia 70 

progression.
12

  71 

Orthokeratology (OK) is currently the most effective optical method to slow 72 

myopia progression.
13–17

 Several authors have shown the great impact of OK on the 73 

peripheral retinal image,
18,19

 with movement of the peripheral image shell forward, which 74 

was described as the cause of the myopia control effect.
20

 Peripheral hyperopic refraction 75 
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is believed responsible for myopia development, as the ocular growth mechanism tries to 76 

compensate for the imposed peripheral defocus with further elongation even in the 77 

presence of a perfectly focused central image.
21,22

 There has been increased interest in 78 

peripheral refraction (PR) after animal studies showed an emmetropization response to 79 

specific visual manipulation, with  myopia being the result of both spatial form 80 

deprivation and imposed hyperopic defocus.
23

 The peripheral retina itself can recover or 81 

induce myopia,
24,25

 especially in monkeys, indicating that the emmetropization process 82 

may be controlled actively by the optically modified peripheral image.
26

 Myopic eyes 83 

have greater relative peripheral hyperopia,
27–29

 a characteristic that appears about 2 years 84 

before the onset of myopia. 
30

  85 

Despite evidence in animals, unfortunately, some studies in humans have shown 86 

that baseline PR does not predict or play a significant risk factor in the subsequent onset 87 

of myopia or affect myopia progression
31,32

; it had been proposed that the peripheral error 88 

profiles in myopes may merely be a consequence of ocular growth rather than have a 89 

causative role.
33

 However, some correlation between changes in PR and central shift has 90 

been found in the nasal visual field,
34

 and stable and progressing myopes had 91 

significantly different characteristics in their peripheral retinal shape and astigmatic 92 

components of tangential and sagittal power errors.
35

 93 

Another theory for myopia onset is related to optical higher order aberrations 94 

(HOAs). Some investigators have tried to gain an understanding of the role of optical 95 

quality changes by OK in reducing the rate of axial growth. Eyes with less axial 96 

elongation over the treatment period had a greater increase in coma-like aberrations.
36

 97 

Despite the authors’ statement, that study did not link both findings. Other HOAs, 98 

especially spherical aberration (SA), have been related to LAG; when the eye is choosing 99 
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the best image plane
37

 myopes generally are less sensitive to negative than positive 100 

defocus, which can be linked to their HOA pattern.
38

  101 

According to the peripheral hyperopic defocus theory for myopia control, several 102 

approaches have used soft contact lenses with modified optics to change the PR and the 103 

myopia progression was arrested by from 34%
39

 to 50%,
40

 indicating that the treatment 104 

effect was correlated with wearing time.
41

 Analyses of the optics of the monofocal and 105 

bifocal lenses
42,43

 and related PR changes have been reported,
44

 but no studies have 106 

shown that the changes in LAG and HOAs were correlated with the changes in PR 107 

induced by a radial refractive gradient (SRRG) contact lens intended to arrest ocular 108 

elongation.  109 

The aim of the current study was to simultaneously evaluate the effect of a SRRG 110 

contact lens on PR, LAG, whole eye HOAs, and contrast sensitivity in a population of 111 

young myopes. To our knowledge, this is the first study to address these three important 112 

factors of the theories and justify optically guided regulation of ocular growth in one 113 

study.  114 

 115 

METHODS 116 

Sample 117 

Sixty-two subjects were recruited from among the students at the Terrassa School 118 

of Optics and Optometry in the Universitat Politècnica de Catalunya, Terrassa, Spain. 119 

After three subjects were excluded because of contact lens decentration, 59 subjects (29 120 

men, 30 women) were evaluated. The inclusion criteria were myopia with a spherical 121 

equivalent (SE) refraction ranging from -0.50 to -7.50 diopters (D) (mean ± standard 122 

deviation [SD], -2.44 ± 1.71 D) and refractive astigmatism below -0.75 D (-0.19 ± 0.33 123 

D), ages between 18 to 25 years, and best-corrected visual acuity (BCVA) of 20/20 or 124 
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higher. The exclusion criteria were any ocular disease or use of any systemic or ocular 125 

medication that could affect the refractive error or accommodative function. Subjects 126 

were required to understand and sign a consent form before study enrollment. The ethical 127 

committee of clinical research of the Teknon Medical Center, Barcelona, Spain, approved 128 

the study protocol, which adhered to the tenets of the Declaration of Helsinki. 129 

 130 

Lens 131 

An experimental SRRG lens designed to produce peripheral myopic defocus was 132 

fitted after a baseline measure was obtained without refractive correction. The lens is 133 

comprised of 2-hydroxyethyl methacrylate, with 38% water content (overall diameter, 134 

14.00-15.00 mm; base curve radius, 8.00-8.90 mm). The central thickness varied 135 

depending on the optical power of the lens.  136 

The optical design of the experimental lens used parameters for theoretical eyes 137 

obtained from Atchison
45

 that were incorporated into the Zemax-EE software version 6 138 

(Radiant ZEMAX, Redmond, WA, USA). The experimental lens has a unique central 139 

front and back aspheric optic zone 8 mm in diameter. The lens has a radial refractive 140 

gradient, so only the central apical zone has the power required for distance vision, and 141 

the aspheric design provides a progressive increasing add power, starting at the central 142 

geometric point and providing a +2.00 D add plus power 1.9 mm from the center (3.80-143 

mm chord diameter) corresponding to about 30 degrees of retinal eccentricity and 144 

achieving about +9.5 D at the edge of the optical zone (8 mm chord diameter). The 145 

contact lens was fit according to the subjective refraction, corneal curvature, and visible 146 

iris diameter. The corneal topography was measured using the Pentacam (Oculus, 147 

Wetzlar, Germany). Adjustments to the final prescription were based on spherical 148 

overrefraction and a new lens was ordered if discrepancies over ±0.25 D occurred. Fitting 149 
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was assessed for centration and LAG on lateral gaze movements using the slit-lamp 150 

beam. All lenses were within the desired limits of less than 0.25 to 0.50 mm of 151 

decentration on blink in upgaze and 0.50 to 1.00 mm LAG of horizontal excursion on 152 

lateral gaze. These values are considered acceptable good fitting parameters for modern 153 

soft contact lenses.
46

 During the study visit, the lenses were allowed to settle for 20 to 30 154 

minutes to equilibrate and stabilize on the ocular surface and for subjects to feel 155 

sufficiently comfortable to undergo the examination. Measurements were obtained 156 

without correction for PR and aberrations and with the best spectacle correction in a trial 157 

frame at 12 mm for CSF. 158 

 159 

Peripheral Refraction 160 

Measurements of the central and peripheral (off-axis) refractions were obtained 161 

with an open-field Grand Seiko Auto-Refractometer/Keratometer WAM-5500 (Grand 162 

Seiko Co., Ltd., Hiroshima, Japan) up to 30 degrees in the nasal and temporal horizontal 163 

retina in 5-degree steps. This instrument and its other commercial brand that uses the 164 

same technology for refractive error measurement (Shin-Nippon) have been used reliably 165 

for foveal
47,48

 and PR measurements.
49,50

 In the current study, a laser system was 166 

mounted on the subject’s head and aligned with the central fixation point in primary gaze. 167 

The PR was measured with head rotation to ensure that the lens did not move from the 168 

resting position in primary gaze. To measure head rotation, the laser had to coincide with 169 

a series of markings on the wall 2.5 meters in front of the subject. This created a 170 

limitation on the range of field measured, making it measureable up to 30 degrees. The 171 

left eye was occluded during the measurements to avoid misalignments under binocular 172 

fixation. Measurements were conducted under noncycloplegic conditions. Descriptive 173 

statistics (mean ± SD) were calculated for the refraction vector components 174 
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M=Sph+Cyl/2, J0=-Cyl·cos(2)/2, and J45=-Cyl·sin(2)/2 according to Fourier 175 

analysis, as recommended by Thibos et al.,
51

 where Sph, Cyl and  are the manifest 176 

sphere, cylinder, and axis, respectively. Sagittal and tangential foci were calculated 177 

according to the following equations: Fs=M-J0 and Ft=M+J0. Peripheral measurements 178 

were done using the pupillary center for alignment. M, J0, and J45 were calculated from 179 

the mean clinical refraction resulting from five consecutive readings obtained at each 180 

visual field eccentricity and were considered for statistical analysis. The relative PR error 181 

(RPRE) was calculated by subtracting the central M, J0, or J45 value obtained at the 182 

fovea from that obtained at each eccentric retinal location. 183 

 184 

LAG 185 

The LAG was measured monocularly in the right eye using the Grand Seiko WAM-186 

5500 autorefractor through the SRRG lens at distance and near for a target consisting of a 187 

line of a high-contrast reading card of 20/40 letters. The near stimulus was placed at 40 188 

cm, which represents a 2.50-D accommodative demand. The letter size at near was 189 

changed to keep the visual angle the same as the target at 2.50 meters. The luminance 190 

was 20 cd/m
2
 for both targets. Five readings were measured in each position, and during 191 

the measurements the subject fixated on one letter target. The sphere and cylinder were 192 

recorded for each measurement, and then the mean SE for the set of measurements was 193 

calculated. The LAG was calculated by subtracting the mean measured accommodative 194 

response from far to near SE for near and then subtracting it from the accommodative 195 

stimulus following the procedures described by He et al.
52

 Sustained accommodative 196 

effort has been suggested as a potential etiological factor for myopia progression.
53 197 

 198 

 199 
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Optical Quality 200 

The optical quality of the eye was assessed using an Irx3 Hartmann-Shack 201 

aberrometer (Imagine Eyes, Orsay, France). HOAs from the third to sixth order were 202 

obtained under dim light under natural mydriasis with a 5-minute adaptation time to 203 

assure the largest natural pupil, and a limitation for 3- and 5-mm pupillary sizes was done 204 

using the software in the instrument. Changes in the root mean square (RMS) from 205 

baseline without the lens for spherical-like HOAs (including Zernike polynomials Z4
0
 and 206 

Z6
0
), coma-like HOA (including Zernike polynomials Z3

-1
, Z3

1
, Z5

-1
, and Z5

1
), trefoil 207 

(including Zernike polynomials Z3
-3

, Z3
3
),

 
secondary astigmatism HOA (including 208 

Zernike polynomials Z4
-2

, Z4
2
, Z6

-2
, and Z6

2
), and total HOAs were considered for 209 

statistical analysis. 210 

Visual performance was assessed through the contrast sensitivity function (CSF) 211 

using a CVS-1000 E (VectorVision, Dayton, OH) for spatial frequencies of 1.5, 3, 6, 12, 212 

and 18 cycles/degree (c/d) with the patient at 3 meters under photopic (105 cd/m
2
) and 213 

low mesopic (0.6 cd/m
2
) conditions. 214 

The VA was measured with the Logarithmic 2000 series Early Treatment Diabetic 215 

Retinopathy Study chart at 4 meters (Precision Vision, La Salle, IL, USA). 216 

 217 

Statistical Analysis 218 

The SPSS software package version 17 (SPSS Inc., Chicago, IL, USA) was used for 219 

statistical analysis. The Kolmogorov-Smirnov Test was applied to evaluate the normality 220 

of the data distribution. The paired Student’s t-test or Wilcoxon signed-rank test for two-221 

related samples was used to analyze the statistical significance of the differences between 222 

contact lenses vs. baseline depending on the normal or non-normal distribution. The 223 
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Pearson or the Spearman rho correlation tests also was used to determine the relationship 224 

between aberrations and CSF. P<0.05 was considered statistically significant. 225 

 226 

 227 

RESULTS 228 

Relative Peripheral Refraction 229 

The RPRE mean values expressed as M, J0, J45, sphere, and cylinder, respectively, 230 

induced significant differences compared with baseline in the peripheral retina from 30 to 231 

15 degrees temporally and 30 degrees nasally in the M value, from 30 to 20 degrees 232 

temporally and 30 degrees nasally in J0 (with a significant opposed value at 15 degrees 233 

nasally), all J45 values, significant values from 30 to 20 degrees temporally in sphere and 234 

from 30 to 15 degrees temporally and from 30 to 25 degrees in the nasal retina (with a 235 

significant opposed value at 10 degrees nasally) in cylinder foci. Myopization increased 236 

with eccentricity in these values that corresponded to the difference without lenses and 237 

with the experimental contact lens used in the study. Table 1 shows the specific values. 238 

 239 

VA and CSF 240 

Comparison of the VAs with and without lenses showed no significant (P=0.0999) 241 

difference in either condition, indicating that the experimental lenses had no effect on the 242 

VA.  243 

The CSF differed significantly in the 6 c/d frequency under photopic conditions, 244 

with a loss of -0.08±0.25 (log) with the experimental lens (P<0.05). The scotopic 245 

conditions resulted in a significant sensitivity loss at 6 and 12 c/d (mean difference, -246 

0.15±0.25; P<0.05  and -0.14±0.29; P<0.05 log units, respectively) (Table 2).  247 

 248 
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Aberrations 249 

All HOAs including trefoil, coma-like, SA, secondary astigmatism, increased with 250 

the SRRG lens compared with no lens (P<0.05). This effect was particularly marked for 251 

the 5-mm pupillary size rather than the 3-mm pupils. Significant differences were seen 252 

with the SRRG lens for the 3-mm pupil compared with baseline and for the 5-mm pupil 253 

(P<0.05 for all orders of aberration). The third (Z3
1.

 and Z3
-1

) and spherical-like RMS (Z4
0
 254 

and Z6
0
) showed the largest differences (Fig. 1).  255 

 256 

SA and CSF relations 257 

We obtained a significant correlation between SA and CSF at 3 mm pupil diameter for 258 

the following spatial frequencies: 3c/d (r= -0.308; p<0.05), 6 c/d (r=-0.545; p<0.001), 12 259 

c/d (r= -0.495; p<0.001) and 18 c/d frequency (r= -0.420; p<0.005) and Secondary 260 

Astigmatism we found a weak significant correlation (r=-0.281; p<0.05). On 5 mm pupil 261 

conditions results showed a significant correlation for all the CSF frequencies: 3 c/d (r= -262 

0.371; p<0.05), 6 c/d (r=-0.423; p<0.005), 12 c/d (r=-0.463; p<0.001), 18 c/d (r=-0.478; 263 

p<0.0001), and SA. Coma had a significant correlation for 6 and 12 c/d (r=-0.347; p<0.05 264 

and r=-0.377; p<0.005) and Secondary Astigmatism for the frequencies of 12 and 18 c/d 265 

(r=-0.369; p=0.008 and r=-0.311; p<0.05) respectively.  266 

 267 

LAG 268 

With the lens on the eye, the accommodative lag decreased significantly (P=0.0001) 269 

compared with no lens. The mean values with and without the lens were 0.37±0.42 and 270 

0.64±0.28 diopter, respectively. The difference between the means (0.28±0.40 D) was 271 

larger than the minimal amount in clinical situations. 272 

 273 
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DISCUSSION 274 

The experimental SRRG contact lens modified the peripheral refractive shell profile 275 

by moving it forward in the young myopic eyes in the current study. A study of a large 276 

sample of children with myopia reported a mean of +0.80 ± 1.29 D for the relative 277 

hyperopic PR at 30 degrees in the temporal peripheral retina.
54

 Therefore, the change we 278 

found in the M value of -1.07 D at 30 degrees axis in the peripheral temporal retina (nasal 279 

visual field) may be sufficient to modify the position of the image shell, placing it in front 280 

of the retina in this area. 281 

We observed significant differences between the naked eye and when the SRRG 282 

lens was worn in the SE (M) value measurements at 30, 25, 20, and 15 degrees in the 283 

temporal retina but only at 30 degrees in the nasal retina.  284 

  285 
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LEGENDS 286 

FIG. 1. Higher-order aberrations (HOAs) without the lens and with the experimental soft 287 

radial refractive gradient lens expressed as trefoil, spherical-like aberrations, coma-like 288 

aberrations, secondary astigmatism and HOA for 3- and 5-mm pupillary sizes. 289 

 290 

 shows the mean ± SD relative peripheral SE at each retinal location. One reason for 291 

this result may be related to a normal tendency for soft lenses to move temporally off-292 

center in addition to the visual axis nasal position in respect to the optical axis (angle 293 

kappa). Wolffsohn et al. reported mean lens decentration of 0.07± 0.14 mm horizontally 294 

(temporal) compared to the center of the cornea,
46

 and Dominguez-Vicent et al. reported 295 

a normal angle kappa value of 0.43±0.13 mm using the Orbscan (Bausch & Lomb, 296 

Rochester, NY, USA).
55

 The sum of the two accounts for the temporal position of the 297 

optical center of the lens respects the optical axis, which may correspond to between a 6- 298 

to 10-degree axis error depending of the eye model used.
56-58

 In other words, usually a 299 

progressive center distance soft lens induces more addition power on the temporal retina 300 

because of this decentration effect and might explain the bigger effect of the temporal 301 

retina also reported previously.
39,59,60

 Moreover, a recent study of new soft contact lens 302 

for myopia control designed evaluated a lens with a decentered optical zone that was 303 

shifted 0.5 mm nasally from the geometrical center of the lens to be coincidental with  the 304 

optical center of the lens with the pupillary center. Results on myopia control with this 305 

lens did not reach significance, perhaps because of the lower peripheral progressive 306 

addition of +0.50 D and no change in the peripheral refraction.
61

 A possible misallocation 307 

error due to the head of the patient when looking at the fixation point could be avoided by 308 

turning the eye only as a recent study
62

 has shown that when two multifocal lenses were 309 
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tested and the horizontal visual field, values did not change significantly when measured 310 

during rotation of the eye or head.  311 

The nasal half of the retina may be more important regarding the mechanism of 312 

ocular growth control since Faria-Ribeiro et al. reported a difference between a 313 

progressing and a nonprogressing group of young myopic subjects; the patients in the 314 

progressing group had more hyperopic relative astigmatic defocus than the 315 

nonprogressing group in the nasal retina.
35

 If the peripheral retina is responsible for the 316 

ocular growth changes, the relationship between the blur for the “tangential”  and “radial” 317 

neurons may control growth.
38

 The blur detected for these neurons differs due to oblique 318 

astigmatism, which places the foci lines close to the vertical and horizontal meridians.
63

 319 

In this sense, we found a significant difference in the astigmatic component J0 but not in 320 

J45 such as that seen in Fig 3A and B, respectively.  321 

Indeed, in the peripheral retina oblique astigmatism increases and produces two 322 

main foci lines. Looking at both astigmatic foci (sagittal and tangential), we observed that 323 

the lens significantly changes the peripheral astigmatic refraction toward more myopia in 324 

the temporal retina (from 30 to 15 degrees in the temporal retina and from 30 to 25 325 

degrees in the nasal retina) (Fig .4). The sagittal focus remains hyperopic for most of the 326 

peripheral visual field even while the lens is worn. Similar results have been found 327 

recently in OK patients, particularly in lower myopes.
64

 Howland proposed that 328 

astigmatism acts as a unique visual cue,
65

 but its role remains unclear. Adding to this 329 

uncertainty is the potential effect of different types of off-axis astigmatism on the central 330 

refraction.
1,66

 However, in the presence of two focal lines, the retina tends to use the more 331 

myopic of the two lines to guide eye growth. In monkeys treated with dual-focus lenses, 332 

refractive development was dominated by the more anterior (i.e., relatively myopic) 333 

image plane. In this respect, a series of studies have shown that myopic defocus appears 334 
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to have a stronger effect on ocular growth than hyperopic defocus.
67

 The results in 335 

monkeys with imposed dual-focus lenses were images formed at two distinct planes 336 

across the entire central retina, indicating that imposing relative myopic defocus directed 337 

refractive development in most cases toward the more myopic/less hyperopic focal plane 338 

(i.e., the  more anterior focus).
68

 This seems to agree with the results found in 339 

orthokeratology where myopization effect is mainly obtained at the expense of the 340 

tangential focus.
64 

 Otherwise, if the more emmetropic astigmatic plane is preferred, the 341 

consolidated efficacy of OK to regulate myopia progression
69

 could not be justified. 342 

We need to be aware that a decentered optical zone may increase optical 343 

multifocality since this places in front of the pupil greatly different power zones of the 344 

lens that increase aberrations, mainly coma. In the current study, we found that the lens 345 

significantly increased the coma-like, SA, secondary astigmatism, and total HOAs. We 346 

reported similar results with a previous soft peripheral gradient design using the same 347 

concept.
70

 According to another previous experiment that we conducted, the design of the 348 

current lens manufactured with a rigid gas-permeable material caused even stronger 349 

changes in peripheral myopization.
71

 Among them, the coma-like aberration had a greater 350 

change. However, the potential involvement of coma-like aberrations as a regulatory 351 

effect over ocular elongation that has been suggested
36

 remains to be demonstrated.  352 

Regarding contrast sensitivity, the experimental lens significantly decreased CSF 353 

under photopic conditions only at the 6 c/d frequency and worsened all the studied 354 

frequencies under scotopic conditions, except for 18 c/d, which remained unchanged. 355 

Accordingly, this SRRG treatment lens degrades the foveal image especially in dim light. 356 

Nonetheless, because the VA was measured under photopic conditions and for high 357 

contrast charts, we did not observe a decrease in VA. We found a significant negative 358 

correlation between the SA and CSF without lenses at 6, 12, and 18 c/d in 3- and 5-mm 359 
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pupils but no correlation between the HOAs induced by the lens and CSF. This may be 360 

related to a particular change in the HOAs for each individual. Moreover, it may suggest 361 

that the associated reduction in image quality may promote axial myopia in a way similar 362 

to form deprivation, which is a graded phenomenon.
72

 However, the results of animal 363 

studies with multifocal or dual-focus lenses indicated that instead of a resulting reduction 364 

in image contrast the lenses slow axial grow.
73

 365 

Finally, we found a significant reduction in LAG (Fig. 5 ). In fact, some studies 366 

have shown that induced changes in ocular SA by OK decrease the LAG,
37

 in contrast 367 

with other investigators who found no change
74

 possibly due to different methodology. 368 

Lead and LAG of accommodation are affected by ocular HOAs, with significant 369 

correlations with the peak of the visual Strehl ratio based on the modulation transfer 370 

function.
75

 It seems plausible that the higher LAGs seen in myopes provide optimized 371 

retinal image characteristics.
76

 Visual contrast is greater when Zernike coefficients C2
0
 372 

and C4
0
 of the eye and lens system have opposite signs. A positive SA combined with 373 

myopic blur reduces the LAG placing the best plane image in front of the retina.
38,77

 374 

Because the amount of positive SA declines with accommodation and becomes steadily 375 

more negative with further accommodation,
78

 the increase in positive SA with the current 376 

lens may protect against negative SA and hyperopic blur that will situate the best plane 377 

image behind the retina, resulting on a higher LAG and worsening the peripheral 378 

defocus.
77

 A limitation of the current study was that we did not measure the SA under 379 

accommodation to validate this theory.   380 

High LAG is considered a factor in the pathogenesis of myopia because of the 381 

association between myopia progression and near work.
79

 Further analyses with PALS 382 

and bifocal lenses showed larger treatment effects in individuals with larger LAGs in 383 

combination with near esophoria.
80,81

 Moreover, larger LAGs have been linked to 384 
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development
82

 and progression of myopia.
83

 While there is no unanimous agreement 385 

across studies, some have indicated a tendency for myopic children to have a larger LAG 386 

compared to emmetropes.
80,52

 However, hyperopic defocus from LAG, therefore, may be 387 

more of a consequence than a cause of myopia.
83

  388 

In conclusion, the SRRG contact lens induced significant changes in the ocular 389 

optics by moving the image forward, and especially in the temporal retina. The tangential 390 

focus moves to a significantly more myopic location, affecting mainly the temporal 391 

retina. The reduction in LAG and increased HOAs may affect ocular growth that requires 392 

further studies to establish a causative effect. In this sense, a longitudinal study is needed 393 

to clarify the effect of all those factors and their relative weight in myopia progression.  394 

 395 

Disclosure 396 

J. Pauné holds the Spanish Patent Application P-2406381 for the lenses evaluated in this 397 

study. The remaining authors have no proprietary or financial interest in any of the 398 

materials mentioned in this article. 399 

  400 



18 
 

REFERENCES 401 

1. Flitcroft DI. The complex interactions of retinal, optical and environmental factors 402 

in myopia aetiology. Prog Retin. Eye Res 2012;31:622-660. 403 

2. Saw SM, Gazzard G, Shih-Yen EC, et al. Myopia and associated pathological 404 

complications. Ophthalmic Physiol Opt 2005;25:381–391. 405 

3. Edwards MH, Lam CSY. The epidemiology of myopia in Hong Kong. Ann. Acad. 406 

Med. Singapore 2004;33:34–38. 407 

4. Chung K, Mohidin N, O’Leary DJ. Undercorrection of myopia enhances rather 408 

than inhibits myopia progression. Vision Res 2002;42:2555–2559. 409 

5. Vasudevan B, Esposito C, Peterson C, et al. Under-correction of human myopia - 410 

Is it myopigenic?: A retrospective analysis of clinical refraction data. J Optom 411 

2014;7:147–52. 412 

6. Adler D, Millodot M. The possible effect of undercorrection on myopic 413 

progression in children. Clin Exp Optom 2006;89:315–321. 414 

7. Fulk GW, Cyert L, Parker DE. A randomized trial of the effect of single-vision vs. 415 

bifocal lenses on myopia progression in children with esophoria. Optom Vis Sci 416 

2000;77:395–401. 417 

8. Cheng D, Schmid KL, Woo GC, et al. Randomized trial of effect of bifocal and 418 

prismatic bifocal spectacles on myopic progression: two-year results. Arch. 419 

Ophthalmol 2010;128:12–19. 420 

9. Price H. et al. The Cambridge Anti-myopia Study: variables associated with 421 

myopia progression. Optom Vis Sci 2013;90:1274–1283. 422 

10. Berntsen DA, Sinnott LT, Mutti DO, et al. Accommodative lag and juvenile-onset 423 

myopia progression in children wearing refractive correction. Vision Res. 424 

2011;51:1039–1046. 425 



19 
 

11. Gwiazda J, et al. A randomized clinical trial of progressive addition lenses versus 426 

single vision lenses on the progression of myopia in children. Invest Ophthalmol 427 

Vis Sci 2003;44:1492–1500. 428 

12. Berntsen DA, Barr CD, Mutti DO, et al. Peripheral defocus and myopia 429 

progression in myopic children randomly assigned to wear single vision and 430 

progressive addition lenses. Invest Ophthalmol Vis Sci 2013;54:5761–5770. 431 

13. Santodomingo-Rubido J. Myopia control with orthokeratology contact lenses in 432 

spain (MCOS): predictive factors associated with myopia progression. Contact 433 

Lens Anterior Eye 2012;e16. 434 

14. Walline JJ. Myopia control with corneal reshaping contact lenses. Invest 435 

Ophthalmol Vis Sci 2012;53:7086–7086. 436 

15. Chen C, Cheung SW, Cho P. Myopia control using toric orthokeratology (TO-SEE 437 

Study). Invest Ophthalmol Vis Sci 2013;54:6510–6517. 438 

16. Cho P, Cheung SW, Edwards M. The longitudinal orthokeratology research in 439 

children (LORIC) in Hong Kong: a pilot study on refractive changes and myopic 440 

control. Curr Eye Res 2005;30:71–80. 441 

17. Hiraoka T, Kakita T, Okamoto F, et al. Long-term effect of overnight 442 

orthokeratology on axial length elongation in childhood myopia: a 5-year follow-443 

up study. Invest Ophthalmol Vis Sci 2012;53:3913–3919. 444 

18. Queirós A. et al. Peripheral refraction in myopic patients after orthokeratology. 445 

Optom Vis Sci 2010;87:323–329. 446 

19. Charman WN, Mountford J, Atchison D, et al. Peripheral refraction in 447 

orthokeratology patients. Optom Vis Sci 2006;83:641–648. 448 



20 
 

20. Smith EL, Smith 3rd, EL. Optical treatment strategies to slow myopia progression: 449 

effects of the visual extent of the optical treatment zone. Exp Eye Res 450 

2013;114:77–88. 451 

21. Smith 3rd EL. Prentice Award Lecture 2010: A case for peripheral optical 452 

treatment strategies for myopia. Optom Vis Sci 2011;88:1029–1044. 453 

22. Smith EL, Hung LF. The role of optical defocus in regulating refractive 454 

development in infant monkeys. Vision Res 1999;39:1415–1435. 455 

23. Liu Y, Wildsoet C. The effect of two-zone concentric bifocal spectacle lenses on 456 

refractive error development and eye growth in young chicks. Invest Ophthalmol 457 

Vis Sci 2011;52:1078–1086. 458 

24. Smith EL et al. Effects of optical defocus on refractive development in monkeys: 459 

evidence for local, regionally selective mechanisms. Invest Ophthalmol Vis Sci 460 

2010;51:3864–3873. 461 

25. Smith EL, Kee C-SS, Ramamirtham R, et al. Peripheral vision can influence eye 462 

growth and refractive development in infant monkeys. Invest Ophthalmol Vis Sci 463 

2005;46:3965–3972. 464 

26. Smith EL, Campbell MCW, Irving E. Does peripheral retinal input explain the 465 

promising myopia control effects of corneal reshaping therapy (CRT or ortho-K) 466 

& multifocal soft contact lenses? Ophthalmic Physiol Opt 2013;33:379–384. 467 

27. Chen X, et al. Characteristics of peripheral refractive errors of myopic and non-468 

myopic Chinese eyes. Vision Res 2010;50:31–35. 469 

28. Seidemann A, Schaeffel F, Guirao A, et al. Peripheral refractive errors in myopic, 470 

emmetropic, and hyperopic young subjects. J Opt Soc Am Opt image Sci Vis 471 

2002;19:2363–2373. 472 



21 
 

29. Kang P, et al. Peripheral refraction in different ethnicities. Invest Ophthalmol Vis 473 

Sci 2010;51:6059–6065. 474 

30. Mutti DO, et al. Refractive error, axial length, and relative peripheral refractive 475 

error before and after the onset of myopia. Invest Ophthalmol Vis Sci 476 

2007;48:2510–2519. 477 

31. Mutti DO, et al. Relative peripheral refractive error and the risk of onset and 478 

progression of myopia in children. Invest Ophthalmol Vis Sci 2011;52:199–205. 479 

32. Sng CC, et al. Change in peripheral refraction over time in Singapore Chinese 480 

children. Invest Ophthalmol Vis Sci 2011;52:7880–7887. 481 

33. Radhakrishnan H, et al. Peripheral refractive changes associated with myopia 482 

progression. Invest Ophthalmol Vis Sci 2013;54:1573–1581. 483 

34. Lee T-TT, Cho P. Relative peripheral refraction in children: twelve-month changes 484 

in eyes with different ametropias. Ophthalmic Physiol Opt 2013;33:283–293. 485 

35. Faria-Ribeiro M, Queirós A, Lopes-Ferreira D, et al. Peripheral refraction and 486 

retinal contour in stable and progressive myopia. Optom Vis Sci 2013;90:9–15. 487 

36. Hiraoka T, Kakita T, Okamoto F, Oshika T. Influence of ocular wavefront 488 

aberrations on axial length elongation in myopic children treated with overnight 489 

orthokeratology. Ophthalmology 2015;122:93-100. 490 

37. Tarrant J, Roorda A, Wildsoet CF. Determining the accommodative response from 491 

wavefront aberrations. J Vis 2010;10:4. 492 

38. Rosén R, Lundström L, Unsbo P. Sign-dependent sensitivity to peripheral defocus 493 

for myopes due to aberrations. Invest Ophthalmol Vis Sci 2012;53:7176–7182. 494 

39. Sankaridurg P, et al. Decrease in rate of myopia progression with a contact lens 495 

designed to reduce relative peripheral hyperopia: one-year results. Invest 496 

Ophthalmol Vis Sci 2011;52:9362–9367. 497 



22 
 

40. Walline J, Greiner K. Multifocal contact lens myopia control. Optom Vis 498 

2013;90:1207–1214. 499 

41. Siu C, et al. Defocus Incorporated Soft Contact (DISC) lens slows myopia 500 

progression in Hong Kong Chinese schoolchildren: a 2-year randomised clinical 501 

trial. Br J Ophthalmol 2014;98:40–45. 502 

42. Wagner S, Conrad F, Bakaraju RC, Fedtke C, Ehrmann K, Holden BA. Power 503 

profiles of single vision and multifocal soft contact lenses. Cont Lens Anterior Eye 504 

2015;38:2-14. 505 

43. Plainis S, Atchison DA, Charman WN. Power profiles of multifocal contact lenses 506 

and their interpretation. Optom Vis 2013;90:1066–1077. 507 

44. Jara P de la, Sankaridurg P, Ehrmann K, Holden BA. Influence of contact lens 508 

power profile on peripheral refractive error. Optom Vis Sci 2014;91:642–649. 509 

45. Atchison DA. Optical models for human myopic eyes. Vision Res 2006;46:2236–510 

2250. 511 

46. Wolffsohn JS, Hunt OA, Basra AK. Simplified recording of soft contact lens fit. 512 

Contact Lens Anterior Eye 2009;32:37–42. 513 

47. Davies LN, Mallen EA, Wolffsohn JS, et al. Clinical evaluation of the Shin-514 

Nippon NVision-K 5001/Grand Seiko WR-5100K autorefractor. Optom Vis Sci 515 

2003;80:320–324. 516 

48. Queirós A, González-Méijome J, Jorge J. Influence of fogging lenses and 517 

cycloplegia on open-field automatic refraction. Ophthalmic Physiol Opt 518 

2008;28:387–392. 519 

49. Atchison DA. Comparison of peripheral refractions determined by different 520 

instruments. Optom Vis Sci 2003;80:655–660. 521 



23 
 

50. Ehsaei A, Chisholm CM, Mallen EA, Pacey IE. The effect of instrument alignment 522 

on peripheral refraction measurements by automated optometer. Ophthalmic 523 

Physiol Opt 2011;31:413-420. 524 

51. Thibos LN, Wheeler W, Horner D. Power vectors: an application of Fourier 525 

analysis to the description and statistical analysis of refractive error. Optom Vis Sci 526 

1007;74:367–375. 527 

52. He JC, Gwiazda J, Thorn F, et al. The association of wavefront aberration and 528 

accommodative lag in myopes. Vision Res 2005;45:285–290. 529 

53. Jones-Jordan LA, Sinnott LT, Cotter SA et al. Time outdoors, visual activity, and 530 

myopia progression in juvenile-onset myopes. Invest Ophthalmol Vis Sci 531 

2012;53:7169-7175. 532 

54. Mutti DO, Sholtz RI, Friedman NE, Zadnik K. Peripheral refraction and ocular 533 

shape in children. Invest Ophthalmol Vis Sci 2000;41:1022–1030. 534 

55. Domínguez-Vicent A, Monsálvez-Romín D, Pérez-Vives C, Ferrer-Blasco T, 535 

Montés-Micó R. Measurement of angle kappa with Orbscan II and Galilei G4: 536 

effect of accommodation. Graefes Arch Clin Exp Ophthalmol 2014;252:249–255. 537 

56. Atchison DA, Jones CE, Schmid KL, et al. Eye shape in emmetropia and myopia. 538 

Invest Ophthalmol Vis Sci 2004;45:3380–3386. 539 

57. Navarro R. The optical design of the human eye: a critical review. J Optom 540 

2009;2:3–18. 541 

58. Bakaraju RC, Ehrmann K, Papas E, Ho A. Finite schematic eye models and their 542 

accuracy to in-vivo data. Vision Res 2008;48:1681–1694. 543 

59. Berntsen D, Kramer C. Peripheral defocus with spherical and multifocal soft 544 

contact lenses. Optom Vis Sci 2013;90:1–2. 545 



24 
 

60. Lopes-Ferreira D, Ribeiro C, Neves H, et al. Peripheral refraction with dominant 546 

design multifocal contact lenses in young myopes. J Optom 2013;6.85–94. 547 

61. Fujikado T, Ninomiya S, Kobayashi T, et al. Effect of low-addition soft contact 548 

lenses with decentered optical design on myopia progression in children: a pilot 549 

study. Clin Ophthalmol 2014;8:1947–1956. 550 

62. Lopes-Ferreira DP, Neves HI, Faria-Ribeiro M, Queirós A, Fernandes PR, 551 

González-Méijome JM. Peripheral refraction with eye and head rotation with 552 

contact lenses. Cont Lens Anterior Eye 2015;38:104-109. 553 

63. Gustafsson J, Terenius E, Buchheister J, et al. Peripheral astigmatism in 554 

emmetropic eyes. Ophthalmic Physiol Opt 2001;21:393–400. 555 

64.    González-Méijome JM, Faria-Ribeiro MA, Lopes-Ferreira DP, et al. Changes in 556 

peripheral refractive profile after orthokeratology for different degrees of myopia. 557 

Curr Eye Res 2015;24:1-9. [Epub ahead of print]. 558 

65. Howland HC. A possible role for peripheral astigmatism in the emmetropization of 559 

the eye: Symposium 17, abstract 3. In: Tarutta et al. Optom Vis Sci 2011;88:447. 560 

66. Stone RA, Flitcroft DI. Ocular shape and myopia. Ann Acad Med Singapore 561 

2004;33:7–15. 562 

67. Zhu X, Winawer JA, Wallman J. Potency of myopic defocus in spectacle lens 563 

compensation. Invest Ophthalmol Vis Sci 2003;44. 2818–2827. 564 

68. Arumugam B, Hung LL-F, To CH, et al. The effects of simultaneous dual focus 565 

lenses on refractive development in infant monkeys. Invest Ophthalmol Vis Sci 566 

2014;713–743. 567 



25 
 

69.  González-Méijome JM, Peixoto-de-Matos SC, Faria-Ribeiro M, et al. Strategies to 568 

regulate myopia progression with contact lenses: a review. Eye Contact Lens 2015 569 

Feb 13. [Epub ahead of print]. 570 

70.  Pauné J, Queiros A, Quevedo L, et al. Peripheral myopization and visual 571 

performance with experimental rigid gas permeable and soft contact lens design. 572 

Cont Lens Anterior Eye 2014;37:455-460. 573 

71.  Pauné J, Queiros A, Lopes-Ferreira D, et al. Efficacy of a gas permeable contact 574 

lens to induce peripheral myopic defocus. Optom Vis Sci 2015;92:596-603. 575 

72. Smith EL, Hung LF. Form-deprivation myopia in monkeys is a graded 576 

phenomenon. Vision Res 2000;40:371–381. 577 

73. Zhu X. Temporal integration of visual signals in lens compensation (a review). 578 

Exp Eye Res 2013;114:69-76. 579 

74. Felipe-Marquez G, Nombela-Palomo M, Cacho I, Nieto-Bona A. Accommodative 580 

changes produced in response to overnight orthokeratology. Graefes Arch Clin 581 

Exp Ophthalmol 2014;253:619-626. 582 

75. Tarrant J. Spherical aberration , accommodation and myopia. Electronic Thesis 583 

2010. at <https://escholarship.org/uc/item/1g0559kd#page-1> 584 

76. Collins MJ, Buehren T, Iskander DR. Retinal image quality, reading and myopia. 585 

Vision Res 2006;46:196–215. 586 

77. Thibos LN, Bradley A, Liu T, López-Gil N. Spherical aberration and the sign of 587 

defocus. Optom Vis Sci 2013;90:1284-1291 588 

78. Cheng H, Barnett JK, Vilupuru AS, et al. A population study on changes in wave 589 

aberrations with accommodation. J Vis 2004;4:272–280. 590 

79. Wallman J, Winawer J. Homeostasis of eye growth and the question of myopia. 591 

Neuron 2004;43:447–468. 592 



26 
 

80. Gwiazda JE, et al. Accommodation and related risk factors associated with myopia 593 

progression and their interaction with treatment in COMET children. Invest 594 

Ophthalmol Vis Sci 2004;45:2143–2151. 595 

81. COMET 2 Study Group. Progressive-addition lenses versus single-vision lenses 596 

for slowing progression of myopia in children with high accommodative lag and 597 

near esophoria. Invest Ophthalmol Vis Sci 2011;52:2749–2757. 598 

82. Goss DA. Effect of spectacle correction on the progression of myopia in children--599 

a literature review. J Am Optom Assoc 1994;65;117–128. 600 

83. Mutti DO, Mitchell GL, Hayes JR, et al. Accommodative lag before and after the 601 

onset of myopia. Invest Ophthalmol Vis Sci 2006;47:837–846.  602 

 603 

 604 

  605 



27 
 

LEGENDS 606 

FIG. 1. Higher-order aberrations (HOAs) without the lens and with the experimental soft 607 

radial refractive gradient lens expressed as trefoil, spherical-like aberrations, coma-like 608 

aberrations, secondary astigmatism and HOA for 3- and 5-mm pupillary sizes. 609 

 610 

FIG. 2. Relative peripheral refractive error (peripheral minus center) in mean spherical 611 

equivalent values (M) as a function of angle in the temporal retina (negative values) and 612 

nasal retina (positive values) across 70 degrees of the horizontal visual field. 613 

Experimental conditions are represented without the lens (♦) and with the radial refractive 614 

gradient (■) lens. The bars represent the standard error of the mean, half of that is 615 

suppressed and a polynomial function of second degree was fitted for each experimental 616 

situation for a better interpretation of the refractive profile across the horizontal visual 617 

field. The black dots indicate the locations with significant (P<0.05) differences. 618 

 619 

FIG. 3. Relative peripheral J0 (A) and J45 (B) for both experimental conditions, without 620 

the lens (♦) and with the soft radial refractive gradient lens (■). The bars represent the 621 

standard error of the mean, half of which have been eliminated for clarity and a 622 

polynomial function of second degree was fitted for each experimental situation for a 623 

better interpretation of the refractive profile across the horizontal visual field. The black 624 

dots indicate the locations with significant (P<0.05) differences. 625 

 626 

FIG. 4. Relative peripheral sagittal foci and tangential foci for both experimental 627 

conditions without the lens (♦) and with the soft radial refractive gradient lens (■). The 628 

bars represent the standard error of the mean, half of which have been eliminated for 629 

clarity and a polynomial function of second degree was adapted for each experimental 630 
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situation for a better understanding. The black dots indicate the locations with significant 631 

(P<0.05) differences. 632 

 633 

FIG. 5. Accommodative lag with and without the soft radial refractive gradient lens. Two 634 

regression lines are plotted. The dotted line represents no lens and the dashed line 635 

represents the experimental lens. 636 


