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Purpose: There is a suggestion that the long wavelength sensitive (LWS) to middle 20 

wavelength sensitive (MWS) cone ratio in the retina is associated with myopia. The aim was 21 

to measure the LWS/MWS amplitude modulation ratio, an estimate of the LWS/MWS cone 22 

ratio, in young adult emmetropes and myopes.  23 

Methods: Multifocal visual evoked potentials were measured when the LWS and MWS cone 24 

systems were excited separately using the method of silent substitution. The 30 young adult 25 

participants (22-33 years) included 10 emmetropes (mean refraction +0.3±0.4D) and 20 26 

myopes (mean refraction –3.4±1.7D). 27 

Results: The LWS/MWS amplitude modulation ratios ranged from 0.56 to 1.80 in the central 28 

3°-13° diameter ring and from 0.94 to 1.91 in the peripheral 13°-30° diameter ring. Within the 29 

central ring, the mean ratios were 1.20±0.26 and 1.20±0.33 for the emmetropic and the 30 

myopic groups, respectively. For the peripheral ring, the mean ratios were 1.48±0.27 and 31 

1.30±0.27, respectively. There were no significant differences in the ratios between the 32 

emmetropic and myopic groups for either the central (p=0.99) or peripheral rings (p=0.11). 33 

For the latter, more myopic refractive error was associated with lower LWS/MWS amplitude 34 

modulation ratio; the refraction explained 16% (p=0.02) of variation in ratio. 35 

Conclusion: The relationship between the LWS/MWS amplitude modulation ratios and 36 

refraction at 13°-30° indicates that a large longitudinal study of changes in refraction in 37 

persons with known cone ratio is required to determine if a low LWS/MWS cone ratio is 38 

associated with myopia development.  39 

 40 

Keywords: colour vision; cone ratios; emmetropia; long wavelength sensitive cone; middle 41 

wavelength sensitive cone; multifocal visual evoked potential; myopia 42 
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 44 

How the eye uses visual inputs from the external environment to direct eye growth 45 

remains unclear, although it is known that the retina plays a crucial role1 with the 46 

photoreceptors likely to be involved in generating signals required for eye growth. The cones 47 

may be associated with myopia development,2, 3 with both the function and structure of cones 48 

varying between myopic and emmetropic eyes.4, 5 For example, multifocal electroretinogram 49 

amplitudes are reduced and latencies are delayed in human myopic eyes, 4 and cone outer 50 

segments are damaged and the cone inner segments are thickened in deprivation induced 51 

myopic chick eyes.5 52 

There are three types of cones that have different sensitivities to long, middle and short 53 

wavelengths. It has been proposed that the ratio of long wavelength sensitive (LWS) to 54 

medium wavelength sensitive cones (MWS), the LWS/MWS ratio, may impact refractive 55 

state; with a high ratio associated with myopia,3 or to the contrary, with a low ratio associated 56 

with myopia.6-8 For the high ratio argument, Rucker et al.3 had six myopes and three 57 

emmetropes viewing displays with different cone contrast ratios while their accommodation 58 

response was continuously measured. The results indicated that the more myopic the 59 

individual, the higher the accommodation gain in response to gratings with relatively more 60 

LWS cone contrast than MWS cone contrast. The authors inferred that the myopes either had 61 

higher LWS/MWS cone ratios or there were genetic differences in the spectral sensitivity of 62 

the photopigments. For the low ratio argument, there was a brief report and associated patents 63 

on the impact of equalizing LWS and MWS cone activities in children.7, 8 Myopic children 64 

who wore spectacles with coloured filtering lenses which ‘equalized’ the LWS and MWS 65 

cone activities (no other details on lenses were provided) had less myopia progression than 66 

children wearing normal spectacles. The explanation for the relationship between LWS/MWS 67 

ratio and myopia was that different LWS/MWS cone ratios produce different retinal cone 68 
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contrasts. If the LWS/MWS is low, the eye may grow in order to equalise cone contrasts.  69 

LWS/MWS cone ratios in individuals with normal colour vision vary considerably, with 70 

estimates from 0.4 to 16.9-26 Only three studies mentioned the refraction of participants.14, 21, 71 

22 These three investigations report similar ratios between myopic and emmetropic 72 

individuals, but none had more than six participants. 73 

The large range reported for cone ratios and the fact that individuals with red-green 74 

colour vision deficiency are not all myopic,27  suggest that there is not an association between 75 

cone ratio and refraction. However, a report of lower myopia rates in students with colour 76 

vision deficiency suggests an association between cone ratios and refraction.27 Given the 77 

mixed evidence of whether LWS/MWS cone ratios would be higher or lower in myopia, we 78 

have adopted the hypothesis that LWS/MWS amplitude modulation ratios of the multifocal 79 

visual evoked potential (mfVEP) are different in myopes and emmetropes, but do not predict 80 

the direction of the difference. 81 

Based on suggestions (in particular the Neitz hypothesis)7, 8 that LWS/MWS cone ratios 82 

may be associated with myopia, we used mfVEP in a pilot study to measure the LWS/MWS 83 

amplitude modulation ratio, as an estimate of the underlying LWS/MWS cone ratio, in 84 

emmetropic and myopic young adult, normal trichromats. 85 

 86 

 87 

METHODS 88 

Participants 89 

The study complied with the tenets of the Declaration of Helsinki and was approved by 90 

the University’s Human Research Ethics Committee. Participants were 30 young, normal 91 

trichromatic adults aged 22 to 33 years, including 10 emmetropes (refraction +1.00 to –92 

0.25D), 10 participants with low myopia (–1.00 to –3.00D) and 10 participants with high 93 
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myopia (–3.50 to –7.25D). Two emmetropic protanopes (24 and 30 years) and one 94 

emmetropic deuteranope (36 years) were included to evaluate cone isolation procedures.  95 

Screening included refraction, Ishihara colour vision assessment and eye health 96 

assessment. Corrected visual acuity of 6/6 and normal ocular health were required. Colour 97 

vision of dichromats was confirmed with a Nagel Model 1 Anomaloscope (Schmidt & 98 

Haensch, Germany). One of the two protanopes gave unreliable mfVEP responses for black-99 

white modulated stimuli and did not proceed with testing. 100 

 101 

mfVEP visual stimuli 102 

We used a calibrated cathode ray tube (CRT) monitor (Gateway EV500A, 1152x864 103 

pixel resolution) and the Visual Evoked Response Imaging System (VERIS 5.1, Electro-104 

Diagnostic Imaging Inc., San Mateo, CA, USA) to perform mfVEP and data collection. CRT 105 

emission spectra of red, green and blue phosphors at maximum output were measured with a 106 

spectro-radiometer (StellarNet, Tampa, Florida, USA), and luminances were measured with a 107 

Topcon luminance colorimeter (BM-7, Topcon, Tokyo, Japan). Gamma correction calibration 108 

was performed to accurately control outputs of primary stimuli.28 109 

The monitor display was a dart board array subtending 30° horizontally and vertically 110 

and consisting of 60 sectors, which were checker-board patterns containing 16 elements each. 111 

The display was driven at 75 Hz to ensure artefacts did not affect mfVEP recordings.29 112 

Element size increased into the periphery to give similar responses at different eccentricities 113 

(Figure 1, left). Elements were illuminated in a pseudorandom m-sequence (215 – 1) to keep 114 

monitor luminance constant.18 Rod contribution was minimised by the bright, rapid display 115 

flicker and by keeping room lighting at approximately 100 cd/m2. 116 

The method of silent substitution30 was used, changing outputs of RGB phosphors to 117 

alter excitation of only one cone photoreceptor class at a time. Elements were alternated 118 
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between two light levels, selected to modulate excitation only in LWS cones or in MWS 119 

cones by integrating the products of outputs of the three phosphors with the Smith-Pokorny 120 

10° cone fundamentals over wavelength.30, 31  121 

Mean luminances were 29 cd/m2 and 44 cd/m2 for LWS and MWS cone excitation 122 

conditions, respectively. As response amplitude varies with cone contrast,18 the largest 123 

achievable cone contrasts were used: 46% for LWS and 45% for MWS. As confirmation of 124 

stimuli choice, the LWS and MWS cone excitation stimuli produced the lowest mfVEP 125 

responses for the protanope and the deuteranope, respectively. 126 

 127 

mfVEP recording 128 

Ground, reference and active electrodes were placed on forehead, inion and 4 cm above 129 

the inion, respectively.32 To reduce resistance, corresponding skin was cleaned with abrasive 130 

skin preparation gel and electrodes were filled with electrode cream. Impedance across the 131 

electrodes as measured with a GRASS Electrode Impedance Meter was less than 5 kOhms. 132 

The mfVEP response was amplified by 105, filtered using low- and high-frequency cut-offs of 133 

3 Hz and 100 Hz, and sampled at 1200 Hz. 134 

After 15 min adaption, participants sat 37 cm in front of the monitor and fixated a black 135 

cross at the display centre. Testing was performed on right eyes with natural pupils (mean 136 

diameter 5 mm). Throughout the experiment, the examiner checked the signal level and 137 

fixation via the Apple Macintosh control computer.  138 

Recordings took 7 min 17 s, divided into 16 overlapping segments of 27.3 s each. Results 139 

of two runs were averaged for each cone modulation type. Agreement between the two runs 140 

was r=0.95 for both LWS and MWS modulations.  141 

  142 
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Data analysis 143 

To increase signal to noise, mfVEP outputs of the 60 sectors were grouped into 16 144 

sections (Figure 1, right) and averaged across “rings”.32 The central 3° diameter data 145 

(sections 1, 2, 9 and 10) were excluded from analysis, because there is a gain in the neural 146 

pathway from the fovea that alters the VEP estimated cone ratio.18 The 3°-13° central ring 147 

included sections 3-5 and 11-13. The 13°-30° peripheral ring included sections 6-8 and 14-148 

16. LWS/MWS amplitude modulation ratios were calculated from the N1-P1 amplitude 149 

ratios, where N1 is the first negative peak and P1 is the first positive peak of an averaged 150 

waveform (Figure 2). Only mfVEP data from averaged waveforms showing the classic 151 

profile were used to determine N1P1 amplitudes and estimate the LWS/MWS amplitude 152 

modulation ratio, and this meant that there were 8 missing data points across 6 participants. 153 

     Statistical Package for the Social Sciences, (SPSS, version 18.0) was used for analysis. 154 

Only mfVEP data from averaged waveforms showing the classic profile were used to 155 

determine N1P1 amplitudes and estimate the LWS/MWS ratio, which meant that there were 8 156 

missing data points across 6 participants. Assumptions for ANOVA and independent-samples 157 

t-tests were satisfied: the dependent variable was normally distributed, the p-value for the test 158 

of equality of variances was larger than 0.05, and all observations were independent. A 159 

random intercept mixed model was used with refraction group and retinal location as factors. 160 

One-way ANOVAs were performed to determine whether there were differences in 161 

LWS/MWS amplitude modulation ratios between emmetropes, low myopes and high 162 

myopes. Two tailed, independent-samples t-tests were performed to determine whether there 163 

were differences in LWS/MWS amplitude modulation ratios between emmetropes and 164 

myopes. Simple linear regressions were performed with LWS/MWS amplitude modulation 165 

ratio as a function of refraction at each position.   166 
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RESULTS 167 

Figure 3 shows characteristic mfVEP responses for the 3°-13° central ring. The solid and 168 

dashed curves are averages of LWS and MWS modulations, respectively. There was large 169 

variation, with all refraction groups containing participants with low ratios (LWS modulation 170 

amplitude less than MWS modulation amplitude), mid-ratios (similar modulation amplitudes) 171 

and high ratios (LWS modulation amplitude greater than MWS modulation amplitude). 172 

The random intercept mixed model showed that modulation amplitude ratio varied 173 

significantly with retinal location (F1,24.2 = 5.75, p = 0.025, mean±SD 1.20±0.30 central and 174 

1.36±0.28 peripheral), but not with refraction group (F2,25.2 =1.35, p = 0.28), and that the 175 

interaction between the factors was not significant F2,24.2 = 0.742, p = 0.49). The increase in 176 

ratio into the periphery is consistent with previous studies.9, 16, 20 Within the 3°-13° central 177 

ring, the one-way ANOVA showed no significant difference of amplitude modulation ratio 178 

between the three groups (F2,25 0.59, p = 0.57), with means (SD) of the emmetropic, low 179 

myopic and high myopic groups being 1.20±0.26, 1.28±0.25 and 1.12±0.39, respectively. 180 

Within the 13°-30° peripheral ring, the one-way ANOVA showed no significant difference of 181 

amplitude modulation ratio between the three groups (F2,25 1.98, p = 0.16), with means of the 182 

emmetropic, low myopic and high myopic groups being 1.48±0.27, 1.37±0.27 and 1.23±0.27, 183 

respectively. 184 

There were no significant differences in amplitude modulation ratios between 185 

emmetropes and myopes: the mean LWS/MWS amplitude modulation ratios of the 186 

emmetropic and myopic groups were 1.20±0.26 and 1.20±0.33, respectively, for the 3°-13° 187 

central ring (p = 0.99), and were 1.48±0.27 and 1.30±0.27, respectively, for the 13°-30° 188 

peripheral ring (p = 0.08). Similarly, there were no statistical differences when the 189 

emmetropic and low myopic groups were grouped and compared to the highly myopic group. 190 
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Figure 4 shows amplitude modulation ratio refraction as a function of refraction. For the 191 

3°-13° central ring, the relationship was not significant (slope=+0.017±0.026 (se) diopters, R2 192 

= 0.02, p=0.52). For the 13º-30º peripheral ring, the relationship was significant with 193 

amplitude modulation ratio decreasing as myopia increased (slope=+0.048±0.022 (se) 194 

diopters, R2 = 0.16, p=0.04). 195 

 196 

DISCUSSION 197 

This pilot study measured LWS/MWS amplitude modulation ratios of central and 198 

peripheral retinas using the mfVEP in 30 participants with normal colour vision. There were 199 

no significant differences of the LWS/MWS amplitude modulation ratio between 200 

emmetropic, low myopic and high myopic groups. This does not support our hypothesis, 201 

based on the literature3, 6 and a claim for treating myopia,7, 8 that the ratios would differ 202 

between emmetropes and myopes. However for the peripheral field, refraction had a 203 

significant linear relationship with the ratio such that myopia was higher as ratios were lower. 204 

It is interesting that the trend in Figure 4 shows the amplitude modulation ratio approaching 1 205 

at high levels of myopia, despite the claimed desirability of equalizing LWS and MWS cone 206 

activities in order to slow myopia.7, 8  207 

Racial differences may have contributed to LMS/MWS amplitude modulation ratios. 208 

Four of 10 participants, 1/10 low myopes and 9/10 high myopes were Chinese. If cone ratios 209 

alter with race, this could produce an apparent refraction effect, but alternately a lower ratio 210 

in Chinese individuals may be associated with myopia. A ERG flicker photometry study 211 

suggested that Japanese may have lower LWS/MWS cone ratios than Caucasians and this 212 

may be associated with high myopia prevalence in Japan, but this suggestion was based on 6 213 

participants and no ratio data nor analysis was presented.6 It is possible that a difference in 214 



10 

 

this direction (i.e. lower LWS/MWS ratio in myopia), may not be related to myopia 215 

development per se, instead occurring as a consequence of myopia (however this would 216 

require the relative distribution of the LWS and MWS cones within the retina to change due 217 

to axial elongation which seems unlikely). The present study did not test these possibilities. 218 

Although the statistical analysis indicated similar LWS/MWS amplitude modulation ratio 219 

distributions in the central retina of emmetropes and myopes, the linear association with 220 

refraction explained 16% of the variation in LWS/MWS amplitude modulation ratios in the 221 

peripheral retina. We cannot conclude with certainty that there is no difference of LWS/MWS 222 

ratios in myopia and emmetropia, because the power of the sample was only 0.38 (GPower 223 

3.1.5, one-way ANOVA). To achieve meaningful statistical power of 0.8, post-hoc effect size 224 

analysis of the 13°-30° peripheral ring data indicates that 27 participants would be required in 225 

each group (approximately three times the numbers of this study). This indicates the need for 226 

a larger study, preferably longitudinal, of refraction in persons with known cone ratios to 227 

determine if low LWS/MWS ratio is associated with myopia development. 228 

While our hypothesis is that LWS/MWS amplitude modulation ratios of the multifocal 229 

visual evoked potential are different in myopes and emmetropes, other possibilities are that 230 

myopia itself causes the variation in amplitude ratios, that myopia development alters the 231 

amplitude ratios until an appropriate compensation is made for the cone ratios, and that the 232 

effect is confounded by racial variation in cone ratio. 233 

 234 

  235 
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FIGURES 236 

 237 

Figure 1. Left: standard display of mfVEP. Right: the 16 localised sections of the mfVEP 238 

response exported from the VERIS system, with the central 3° including areas 1, 2, 9 and 10, 239 

the 3°-13° central ring including areas 3-5 and 11-13, and the 13°-30° peripheral ring 240 

including areas 6-8 and 14-16. 241 

 242 

Figure 2. An example of LWS/MWS amplitude modulation ratio from N1-P1 amplitudes. N1 243 

is the first negative peak of the mfVEP response and P1 is the first positive peak. The N1-P1 244 

amplitudes of LWS and MWS modulation are 0.382 µV and 0.354µV, respectively, giving an 245 

LMW/MWS amplitude modulation ratio of 1.08.  246 



12 

 

 247 

Figure 3. Averaged mfVEP signals in the central 3°-13° ring for 3 characteristic participants. 248 

Solid curves are LWS modulations and dashed curves are MWS modulations. LMW/MWS 249 

amplitude modulation ratios are indicated. 250 

 251 

 252 

Figure 4. LWS/MWS amplitude modulation ratio as a function of refraction for 3-13º central 253 

and 13-30º peripheral rings. For the central ring the relationship is not significant (solid line), 254 

but for the peripheral ring the ratio decreases as myopia increases (dashed line). 255 

 256 

  257 
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