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Abstract

The aim was to determine how visual acuity is affected by myopia when optical factors of the eye are controlled. Grating acuity

was measured with interference fringes to avoid the effects of aberrations, and ocular biometry was used to compensate for differ-

ences in retinal image size among subjects. Distance spectacle refractions ranged from +2.25 to �14.75 D. The retinal magnification

factor (RMF) in mm/deg was computed for each eye from the distance refraction, central corneal power and ultrasound biometry. A

forced-choice orientation discrimination method was used to measure acuity for high-contrast 543 nm laser interference fringes in

three retinal locations: the fovea, and at 4 deg and 10 deg eccentricity in the temporal retina. Acuity, expressed in c/deg and adjusted

for spectacle magnification, was not significantly correlated with refraction at any of the three retinal locations. When acuity was

converted to retinal spatial frequency units (c/mm) via the RMF, acuity decreased with increasing myopia at all three retinal loca-

tions (significantly at the fovea and at 10 deg eccentricity). Retinal acuity values in highly myopic subjects (>6 D) are consistent with

retinal sampling distances that are larger than published values of human cone or ganglion cell spacing. The results imply that a

highly myopic eye has retinal neurons that are more widely spaced than normal, but the increased axial length enlarges the retinal

image enough to compensate for the retinal stretching. The data are consistent with a retinal stretching model that primarily affects

the posterior pole.

� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Myopic subjects exhibit reduced visual acuity (Chui,

Yap, Chan, & Thibos, 2005; Collins & Carney, 1990;
Curtin, 1985; Strang, Winn, & Bradley, 1998) and con-

trast sensitivity at high spatial frequencies, (Comerford,

Thorn, & Corwin, 1987; Fiorentini & Maffei, 1976; Liou

& Chiu, 2001; Thorn, Corwin, & Comerford, 1986)

compared to subjects with emmetropia. The acuity def-

icit in myopia can be attributed to several factors, such

as the optics of correcting lenses, coarsened neural sam-
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pling due to retinal stretching and to the optical quality

of the myopic eye. It is apparent that spectacle correc-

tion reduces acuity in myopia because visual acuity im-

proves when myopic subjects are corrected with contact
lenses (Collins & Carney, 1990; Liou & Chiu, 2001;

Strang et al., 1998). This effect is partially due to specta-

cle minification of the retinal image (Applegate & How-

land, 1993; Strang et al., 1998; Chui et al., 2005), but is

also related to the optical quality of spectacles (Collins

& Carney, 1990). Myopia above about 4 D is due mainly

to an increase in the axial length of the eye (Curtin,

1985) and retinal image magnification from the eye�s in-
creased axial length should balance the minification

from spectacles (i.e., Knapp�s law; Bennett & Rabbetts,

1998; Bradley, Rabin, & Freeman, 1983; Chui et al.,

2005; Tunnacliffe, 1993). Strang et al. (1998) point out
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that axial myopes corrected with contact lenses should

have better acuity than emmetropes, due to the axial

length magnification in myopia. However, with contact

lens correction, visual acuity in myopes either matches

or is slightly worse than the level obtained for emmetro-

pia (Liou & Chiu, 2001; Strang et al., 1998). This has
been interpreted as evidence for a residual neural deficit

in myopia (Strang et al., 1998) which is most likely asso-

ciated with retinal stretching of the myopic eye (Bradley

et al., 1983; Chui et al., 2005; Curtin & Karlin, 1971;

Kramer, Shippman, Bennett, Meininger, & Lubkin,

1999; Romano & von Noorden, 1999; Strang et al.,

1998; Winn et al., 1988).

Another factor that could account for reduced visual
acuity in myopia is that the optical quality of myopic

eyes may be worse than that of emmetropic eyes. A

number of studies indicate that myopic eyes have greater

ocular aberrations than emmetropic eyes (Applegate,

1991; Carkeet, Luo, Tong, Saw, & Tan, 2002; Coletta,

Marcos, Wildsoet, & Troilo, 2003; Collins, Wildsoet,

& Atchison, 1995; He et al., 2002; Marcos, Moreno-Bar-

riuso, Llorente, Navarro, & Barbero, 2000; Paquin, Ha-
mam, & Simonet, 2002). Contact lens correction in

myopia could introduce additional aberrations, either

while the lenses are in place (Dorronsoro, Barbero, Llo-

rente, & Marcos, 2003; Hong, Himebaugh, & Thibos,

2001; Lu, Mao, Qu, Xu, & He, 2003) or after contact

lens removal (Coletta & Moskowitz, 2003). Since the

previous studies of acuity and contrast sensitivity in

myopia were performed with conventional stimuli that
are viewed through the eye�s optics, the visual acuity def-
icit in myopia could be related to the optical quality of

the myopic eye with its refractive correction.

The main objectives of this experiment were to deter-

mine whether visual acuity is reduced in myopia when

the deleterious effects of optical aberrations are mini-

mized and when the measured acuity limits are compen-

sated for differences in retinal image size among
subjects. To avoid the effects of optical aberrations that

might increase in myopia, the grating acuity stimuli

were high-contrast laser interference fringes formed

directly on the retina. This technique allows the subject

to view grating patterns that are relatively unaffected by

optical quality and defocus (Campbell & Green, 1965;

Frisen & Glansholm, 1975; Williams, 1985a). While a

previous study had shown no effect of refractive error
on interferometric acuity, that study combined data

for myopic and hyperopic refractions (Geddes, Patel,

& Bradley, 1990). The eye�s refractive correction (Wil-

liams, 1985a) and its axial length (Williams, 1988) affect

the retinal spatial frequency of interference fringes. To

compensate for differences in the retinal image size

across subjects, we used ocular biometry and a sche-

matic eye model to calculate each subject�s retinal mag-
nification factor (RMF) in mm/deg. Interferometric

acuity in cycles/deg could then be converted to cycles/
mm on the retina, allowing an estimate of acuity in units

of retinal spacing.

Acuity measured by interferometry is generally con-

sidered to be limited by the spatial sampling rate of

cones in the fovea (Green, 1970; Williams, 1985b; Wil-

liams & Coletta, 1987), and by the density of retinal gan-
glion cells in the periphery (Anderson, Wilkinson, &

Thibos, 1992; Frisen & Frisen, 1976; Green, 1970; Thi-

bos, Cheney, & Walsh, 1987). Since retinal stretching

in myopia may not be uniform across the visual field

(Strang et al., 1998; Troilo, 1998; Chui et al., 2005;

Vera-Diaz, McGraw, Strang, & Whitaker, 2005), we

measured interferometric acuity in the fovea, parafovea

and near periphery and compared the results to anatom-
ical estimates of cone and retinal ganglion cell spacing.
2. Methods

2.1. Subjects

Measurements were made on 18 adult subjects
recruited from the faculty, staff and students of the

New England College of Optometry. Subjects� ages ran-
ged from 22 to 47 years with an average of 26.2 years.

The right eye was tested in all but three subjects, for

whom the left eye was dominant. Distance spectacle

refractive corrections ranged from +2.25 to �14.75 D

(spherical equivalent in the 14 mm vertex plane) with

astigmatism less than 1.25 D. Exclusion criteria were
ocular pathology, amblyopia, or previous ocular sur-

gery. This research adhered to the tenets of the Declara-

tion of Helsinki. The experiment was approved by the

Institutional Review Board of the New England College

of Optometry and informed consent was obtained from

all subjects after explanation of the nature and possible

consequences of the study.

2.2. Computation of retinal magnification from ocular

biometry

The retinal magnification factor was estimated for

each eye, using a three-surface schematic eye model that

has the refractive indices of the Gullstrand–Emsley sche-

matic eye (Bennett, 1988; 1.333 for the aqueous and vit-

reous humors and 1.416 for the lens), but is based on the
individual subject�s distance spherical equivalent refrac-

tion, central corneal power, and A-scan ultrasound mea-

surements. The distance refraction was measured with a

Topcon RM-8000 Auto-Refractometer, which uses a

fogging technique to keep accommodation relaxed and

has been shown to provide excellent agreement with

subjective refraction (Pesudovs & Weisinger, 2004). Five

measurements were made per eye and the average of the
five readings was used as the distance spectacle refrac-

tion in the 14 mm vertex plane. Central corneal power
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was measured with a Humphrey Atlas 995 corneal

topographer and was typically averaged from four imag-

es. The ultrasound measurements of anterior chamber

depth, lens thickness and vitreous chamber depth were

made with a Sonometrics A-scan apparatus, set for a tis-

sue velocity of 1550 m/s. Measurements were taken
through the subject�s eyelid; this has been shown to be

an accurate and repeatable method (Laws, Laws, Wood,

& Clark, 1998). During measurements, the fellow eye of

the subject was used to direct fixation and control

accommodation by keeping a distant target in focus.

Distances from the posterior corneal surface to the ante-

rior lens, posterior lens and inner limiting membrane of

the retina were recorded. Five measurements were taken
per eye and then averaged. Since through-the-lid mea-

surements do not allow measurement of the corneal

thickness, the cornea was estimated to be 0.544 mm

thick, a figure that was based on a survey of published

ultrasound studies (Doughty & Zaman, 2000). Axial

length is defined as the sum of the anterior chamber

depth (including the estimated corneal thickness), lens

thickness, and vitreous chamber depth, from the poster-
ior lens to the internal limiting membrane of the retina.

The surface powers of the crystalline lens were calcu-

lated for each eye by the method described in Royston,

Dunne, and Barnes (1989), which is based on Bennett�s
(1988) method for determining the power of the crystal-

line lens without phakometry. The experimental error in

phakometry is greater than the error in Bennett�s meth-

od (Dunne, Barnes, & Royston, 1989). The positions of
the cardinal points for the uncorrected eye were then

calculated by paraxial optics formulae and the step-

along method (Tunnacliffe & Hirst, 1996), using a dis-

tant target (zero Diopters of vergence incident at the

cornea), the eye�s measured axial dimensions, central

corneal power and the estimated surface powers for

the crystalline lens. From the resulting posterior nodal

point distance (PND, the distance from the posterior
nodal point, N 0, to the retina in mm), the RMF in

mm/deg for each uncorrected eye was calculated as

follows:

RMFunc ¼ PND � ðtan 1 degÞ. ð1Þ

This value, RMFunc, represents the diameter of retina in

mm covered by a 1 deg diameter stimulus when the sub-
ject�s eye is uncorrected. Most of the subjects wore

refractive correction during the acuity measurements.

Correcting lenses change the angle of the incident light

at the eye with the result that negative spectacle lenses

(and to a lesser extent, negative contact lenses) minify

the retinal image compared to the uncorrected case

(Applegate & Howland, 1993; Chui et al., 2005; Strang

et al., 1998; Tunnacliffe, 1993). Since spectacle magnifi-
cation represents the ratio of the corrected to the uncor-

rected retinal image size (Tunnacliffe, 1993), RMFs for

spectacle-corrected and contact lens-corrected condi-
tions were determined for every subject from the

RMFunc and the appropriate magnification for each cor-

rection condition. To calculate the spectacle magnifica-

tion for each eye, the distance from the anterior

cornea to the entrance pupil ðd 0
1Þ was first calculated

from the anterior chamber depth (d1) and, assuming
the correcting spectacle lens was thin, the power factor

of the spectacle magnification was calculated (Tunnac-

liffe, 1993). Magnification for the spectacle-corrected

condition (Msp) is thus given by

M sp ¼ 1=ð1� ðhþ d 0
1Þ � F spÞ; ð2Þ

where h is the spectacle vertex distance to the anterior

cornea and Fsp is the distance spectacle correction. For

spectacle-corrected myopes, Msp will be less than 1,
resulting in minification of the retinal image. For these

calculations, h was set at 14 mm since the distance

refractions were referenced to that vertex distance. Ret-

inal magnification for the spectacle-corrected condition

(RMFsp) is then given by:

RMFsp ¼ RMFunc �M sp. ð3Þ
Magnification for the contact lens-corrected condi-

tion (Mcl) is given by:

M cl ¼ 1=ð1� d 0
1 � F clÞ; ð4Þ

where Fcl is the distance contact lens correction (Tun-

nacliffe, 1993). Retinal magnification for the contact

lens-corrected condition (RMFcl) is then given by:

RMFcl ¼ RMFunc �M cl. ð5Þ
2.3. Interference fringe acuity

Sinusoidal interference fringes were produced with a

543 nm helium–neon laser, and fringe contrast, spatial
frequency and orientation of the fringes were controlled

by a computer (Coletta & Sharma, 1995). Light from the

laser was divided into two beams; each traveled through

an acousto-optic modulator (AOM) that flickered the

laser beam at approximately 500 Hz. Fringe presenta-

tion was controlled by adjusting the relative temporal

phase of the pulses of the two beams; the fringe contrast

was 100% when the pulse trains were in phase, and 0%
when the pulses were out of phase. To control fringe

spatial frequency and orientation, the beams traveled

in opposite directions through a 16 mm thick optical flat

that could be rotated about two orthogonal axes. The

flat was positioned with computer-controlled microstep-

ping motors that provided spatial frequency resolution

of 0.16 c/deg per microstep. The beams were then colli-

mated and recombined to form interference fringes. A fi-
nal Maxwellian view lens focused the beams to two

points located near the subject�s entrance pupil; the

beams diverged from these points to form fringes on

the retina. A field stop in the final collimated beam of
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the interferometer was used to confine the fringes to a

circular patch. To ensure that spatial frequencies were

equal for both vertical and horizontal fringe orienta-

tions, a spatial frequency calibration was performed be-

fore each test run, by projecting the fringe pattern in a

1 deg circular patch on a wall and counting fringes for
both vertical and horizontal orientations at several spa-

tial frequencies up to 12 c/deg. This reason for this pro-

cedure was to ensure that possible small misalignments

of optical components did not introduce additional

fringe cycles that would alter the fringe spatial frequen-

cy; introduction of additional cycles would create a

particularly large error at low spatial frequencies. If

the fringe counts differed, adjustments were made to
the interferometer to equalize frequencies at both

orientations.

Absorptive neutral density filters were placed in the

interferometer to adjust the mean retinal illuminance

of the fringes to 300 photopic trolands. The optical sys-

tem was baffled to contain stray light. A 1 deg diameter

circular fringe patch was used for testing acuity in the

fovea and at 4 deg eccentricity in the temporal retina.
For testing at 10 deg eccentricity in the temporal retina,

the circular patch was 2 deg in diameter. A second Max-

wellian view channel in the optical system consisted of a

Tungsten light source and a 543 nm interference filter.

This channel provided an approximately 8.5 deg diame-

ter annulus of incoherent light that surrounded the

fringe patch. For foveal testing, subjects fixated the cen-

ter of the fringe patch; for the 4 deg test location, sub-
jects fixated a black cross located 0.25 deg inside the

edge of the surrounding annulus; for the 10 deg test

location, subjects fixated a red blinking LED that sub-

tended about 0.25 deg diameter.

Subject alignment in the interferometer ensured that

the eye was in a fixed reference position relative to the

two laser focus points. Subjects were positioned in the

apparatus with a chin rest mounted on a three-axis stage
and a head rest with temple supports was used to keep

the subject�s head steady. The subject�s pupil center

was aligned horizontally and vertically with the optical

axis of the interferometer, using an infrared source

and a CCD camera that was conjugate with the plane

of the laser focus points. For eccentric viewing condi-

tions, subjects fixated the appropriate fixation mark dur-

ing the alignment procedure. Positioning of the subject�s
eye along the optical axis of the interferometer (z-axis)

was achieved by focusing the subject�s iris in the pupil

camera, which placed the laser focus points about

4 mm in front of the eye�s nodal plane. Interference

fringe magnification varies with fore and aft positioning

by 1 � (d/k), where d is the fore and aft separation be-

tween the focus point and the eye�s nodal point, and k

is the position at which the eye is focused (Williams,
1988). The eyes of all but three subjects were conjugate

with infinity during the experiments, so fringe magnifica-
tion was unaffected by fore and aft position in the

majority of subjects. The three remaining subjects were

tested without distance correction, but because their

refractive errors were small (�1.87, �1.00, and

+2.25 D), the lack of correction would have affected

fringe magnification by less than 1%. Uncorrected
refractive error does not affect fringe contrast but results

in doubling of the field stop which defines the edge of the

fringe patch. In these cases, the field stop position was

adjusted until the subject reported that the laser fringe

patch appeared single.

The acuity limit was estimated from psychometric

functions of orientation discrimination, using a

single-interval, two-alternative forced-choice method of
constant stimuli. The subjects viewed the fringes monoc-

ularly in a darkened room. On a given stimulus trial, a

100% contrast vertical or horizontal fringe was present-

ed for a duration of 200 ms, signaled by a simultaneous

tone. The subject�s task was to choose the orientation

and enter the response using a joystick. This process

was repeated for various spatial frequencies, in 5 c/deg

steps for the fovea and 4 deg eccentricity, and in
1 c/deg steps at 10 deg eccentricity. Up to four randomly

interleaved spatial frequencies, with 10 trials at each ori-

entation, were tested at a time; each group of frequen-

cies was tested twice, yielding a total of 40 trials per

frequency. Psychometric functions were plotted as the

proportion correct as a function of spatial frequency.

A cumulative Weibull function, modified to fit psycho-

metric data that fall from 100% to 50% correct (guess-
ing), was fit to the data using a least-squares method.

The function was:

y ¼ 2� e �g
xð Þb

2
; ð6Þ

where x is the spatial frequency of the interference fringe

in cycles per degree, y is the proportion correct, g is the
scale parameter and b is the shape parameter. The acuity

limit was defined as the spatial frequency corresponding

to the 0.75 correct level on the curve fit. The proportion

correct was averaged for both vertical and horizontal

orientations to derive the resolution limits shown in

the results. However, we also performed a separate anal-

ysis of psychometric functions for the individual vertical

and horizontal orientations to search for evidence of
anisotropy, which could be larger in myopia (Vera-Diaz

et al., 2005).

Spectacle correction alters interference fringe spatial

frequency (Williams, 1985a) and we verified this effect

empirically by placing a series of trial lenses at a vertex

distance of 15 mm in front of the laser focus points and

measuring the change in point separation. Because the

trial lenses are in a convergent beam, minus lenses in-
crease the point separation (and therefore increase the

fringe spatial frequency, analogous to minimizing the
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retinal image) and positive lenses decrease the point sep-

aration (decrease the fringe spatial frequency or magnify

the retinal image). The empirical effect of trial lens

power on fringe spatial frequency matched the predic-

tion from spectacle magnification for the tested vertex

distance. Therefore, the acuity limits obtained for sub-
jects who wore correction during the experiment were

compensated for spectacle or contact lens magnification

by dividing the acuity limit by the appropriate magnifi-

cation value obtained from Eq. (2) or (4), respectively,

depending upon the subject�s test condition. Eight

subjects wore contact lenses during measurements and

six wore spectacles; of the remaining subjects, one was

an emmetrope and three had small refractive errors as
described above. For subjects who wore spectacles

during acuity measurements, spectacle lens powers were

checked by lensometry and these spectacle powers were

used to adjust the acuity limits. The same retinal

magnification factors were used for each retinal location

since the eye�s retinal magnification is nearly constant

over the central 20 deg of the visual field (Drasdo &

Fowler, 1974) and the variation in spherical equivalent
refraction from the fovea to 10 deg nasal visual field is

typically under a 0.5 D (Atchison, Scott, & Charman,

2003).
Fig. 1. Axial length (A) and central corneal power (B) of the subjects�
eyes plotted as a function of their spherical equivalent distance

spectacle refraction in Diopters. Solid lines in both plots are linear

regressions to the data.
3. Results

3.1. Biometry and retinal image magnification

The subjects� axial lengths and corneal powers are

compared to their refractive errors in Fig. 1. Axial

lengths ranged from 21.14 to 26.81 mm and central cor-

neal powers ranged from 41.95 to 46.80 D. Axial length

and corneal power both increased with increasing myo-

pia, in agreement with previous studies (Carney, Main-

stone, & Henderson, 1997; Goss, Cox, Herrin-Lawson,
Nielsen, & Dolton, 1990; Grosvenor & Scott, 1994;

Van Alphen, 1961). There was a significant correlation

between axial length and spectacle refraction (r = 0.91;

p < 0.0001) while the relationship between corneal

power and spectacle refraction did not quite reach sig-

nificance (r = 0.45; p = 0.058). Thus, the refractive errors

of our subjects were primarily axial in nature but the

tendency for variation in corneal power suggests that
optical parameters of the eyes were not constant across

subjects.

Retinal magnification factors, computed for each

subject for each possible viewing condition, are shown

as a function of distance spectacle refraction in Fig. 2.

The RMFunc values are shown as filled circles, RMFcl

values are shown as open circles and RMFsp values

are shown as open diamonds. Our estimate of the
RMF for the emmetropic eye (0.272 mm/deg) is very

similar to published estimates of the RMF for the pos-
terior pole in wide-field schematic eyes (Drasdo &

Fowler, 1974; Holden & Fitzke, 1988). As expected,

the RMFunc values show that uncorrected myopic eyes

have significantly larger retinal images than emmetropic
eyes (r = 0.94; p < 0.0001), which is evidence of axial

length magnification in myopia. The RMFsp values

show that spectacle correction results in relative minifi-

cation of the retinal image in myopic eyes. However,

even with spectacle correction in the 14 mm plane, the

myopes have significantly larger retinal images than

emmetropes (r = 0.52; p = 0.028). To achieve perfect

compensation of the axial length magnification by spec-
tacles, i.e., to obtain a slope of zero for the RMFsp data,

our subjects would need a spectacle vertex distance of

19.2 mm in front of the cornea.



Fig. 3. (A) Interferometric acuity in angular units of spatial frequency

(c/deg) plotted as a function of spherical equivalent distance spectacle

refraction in Diopters, for the fovea (filled circles), 4 deg eccentricity in

temporal retina (open diamonds) and 10 deg eccentricity in temporal

retina (filled triangles). Acuity data were estimated from the 75%

correct level of a psychometric function of orientation discrimination,

averaged for vertical and horizontal interference fringes. Acuity values

shown here have been compensated for spectacle or contact lens

magnification in those subjects who wore correction during the

measurements. (B) Interferometric acuity in units of retinal spatial

frequency (c/mm) plotted as a function of spherical equivalent distance

spectacle refraction in Diopters, for the fovea (filled circles), 4 deg

eccentricity in temporal retina (open diamonds) and 10 deg eccentricity

in temporal retina (filled triangles). Linear regression equations are

given in the symbol legend order.

Fig. 2. The retinal magnification factor (RMF), in mm/deg, computed

for each eye and plotted as a function of spherical equivalent distance

spectacle refraction in Diopters. The uncorrected values (filled circles)

were obtained from the uncorrected schematic eye constructed for each

subject, while the contact lens-corrected RMF (open circles) and

spectacle-corrected RMF (open diamonds) were calculated by multi-

plying the uncorrected values by each individual�s contact lens or

spectacle magnification, respectively. Lines are linear regressions to the

data.
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3.2. Acuity and refractive error

As stated above, if the subject wore refractive correc-

tion during the measurement, the acuity limit derived

from each psychometric function was divided by the
subject�s magnification factor (either Msp or Mcl) appro-

priate for their testing condition. These compensated

acuity values allow us to compare visual performance

across subjects without the effect on retinal image size

of the refractive correction. The compensated acuity

limits in angular units of spatial frequency (c/deg) are

plotted against the distance spectacle refraction in Fig.

3A for all three retinal locations. Data are shown on a
logarithmic ordinate to better compare slopes at the

three retinal eccentricities. Fig. 3A indicates that inter-

ferometric acuity is not affected by the degree of myo-

pia.2 The slope of the linear regression is not

significant at any retinal location (p = 0.22 for the fovea,

p = 0.98 for 4 deg eccentricity and p = 0.18 for 10 deg

eccentricity). Overall, the data indicate that, when opti-

cal factors are minimized, angular acuity is slightly re-
duced in myopia but not by a significant amount.

Fig. 3B shows the same interferometric acuity data

re-plotted in units of c/mm on the retina. These data,
2 Our preliminary data on a smaller subject sample implied that
myopic eyes had higher acuity than emmetropic or hyperopic eyes
(Watson et al., IOVS, 43, 2002:ARVO E-abstract 2005).
termed retinal acuity, allow us to compare visual perfor-

mance across subjects without the effects on retinal im-

age size of both axial length and the refractive

correction. The retinal acuity values were obtained by

dividing the uncompensated acuity limit in c/deg by

the RMF value from Eq. (1), (3), or (5) appropriate
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for each subject�s experimental viewing condition. (The

same results would be obtained by dividing the compen-

sated acuity in c/deg by the uncorrected RMF for each

subject). When the data are plotted in retinal acuity

units, acuity significantly decreases with increasing myo-

pia in the fovea (r = 0.701; p = 0.0012) and at 10 deg
eccentricity (r = 0.63; p = 0.0055). At 4 deg eccentricity,

the slope of the retinal acuity vs. refraction regression

was not significant (r = 0.34; p = 0.17) but it was steeper

than the corresponding regression line for angular acuity

units in Fig. 3A. Furthermore, the slopes of the regres-

sion lines are similar at all three retinal locations on

the logarithmic scale, which implies that the effect of

myopia on acuity is fairly uniform out to 10 deg eccen-
tricity. While it appears that the data point from the

most highly myopic subject might have created the sig-

nificant effects at the fovea and 10 deg eccentricity, the

linear regressions at the fovea (r = 0.64; p = 0.0056)

and at 10 deg (r = 0.57; p = 0.017) are still significant

when this subject is excluded.

Retinal stretching in the near periphery of myopic

eyes is reported to be anisotropic, based on the increased
magnitude of the horizontal–vertical illusion in myopia

(Vera-Diaz et al., 2005). We examined the separate hor-

izontal and vertical fringe data to determine whether

any meridional biases in retinal acuity were more pro-

nounced in myopia. We determined 75% acuity limits

from psychometric functions for the individual horizon-

tal and vertical stimuli; the average of these acuity limits

was in good agreement with the acuity derived by aver-
aging the percentage correct at the two orientations
Fig. 4. Foveal interferometric acuity results are shown in retinal

spatial frequency units of c/mm (solid symbols, left hand ordinate) and

angular units of c/deg (open symbols, right hand ordinate). Solid line is

the linear regression to the retinal acuity and dashed line is the linear

regression to the angular acuity. The vertical scales for each acuity type

are adjusted to coincide for emmetropia, using a 0.272 mm/deg retinal

magnification factor, and both overall vertical scales cover a factor of

2.4 in acuity.
(p < 0.0001 for each retinal location). When each sub-

ject�s percent difference between horizontal and vertical

retinal acuity was plotted against their refractive error,

the linear regressions were not significant at any retinal

location (fovea, p = 0.74; 4 deg eccentricity, p = 0.29;

10 deg eccentricity, p = 0.97). The percent difference in
horizontal and vertical acuity was also not significantly

different in t tests when the subjects were grouped into

myopia greater or lesser than 6 D (fovea, p = 0.23;

4 deg eccentricity, p = 0.11; 10 deg eccentricity,

p = 0.46). Thus we found no evidence for increased

horizontal–vertical anisotropy in myopia in our retinal

acuity data. It is possible that the exaggerated horizon-

tal–vertical anisotropy in the periphery of myopic eyes
(Vera-Diaz et al., 2005) is not evident with small grating

patches but requires judgments of distance over longer

retinal intervals.

The different pattern of results for retinal acuity (c/

mm) and angular acuity (c/deg) in Fig. 3 implies that

axial length magnification provides some benefit for

acuity in myopia. Fig. 4 shows the foveal acuity data

in either retinal units (filled symbols—left ordinate) or
angular units (open symbols—right ordinate), plotted

on ordinate scales that cover the same factor of 2.4 from

the minimum to the maximum ordinate value and are

adjusted to coincide for emmetropia. With increasing

myopia, angular acuity decreases at a shallower rate

than retinal acuity. Since both sets of acuity values have

been compensated for variation in retinal image size due

to spectacle or contact lens correction, the difference be-
tween the slopes of the two linear regressions indicates

the effect of axial length magnification in myopia.
4. Discussion

Interferometric visual acuity was not reduced signifi-

cantly in myopia when the acuity was expressed in angu-
lar units and compensated for spectacle magnification,

which implies that previous reports of lowered acuity

in myopia may have been due to optical factors. Our

interferometric acuity data are compared in Fig. 5 to

the results of two previous studies of acuity in myopia;

both of these studies were performed with subjects

who wore spectacles and viewed conventional stimuli.

The data from Strang et al. (1998) were collected with
high-contrast LogMAR letter acuity charts, and the

data from Chui et al. (2005) were collected with gratings

and a forced-choice orientation discrimination para-

digm. In all three panels, the figure compares foveal acu-

ity in spatial frequency units against the distance

spectacle refraction. Fig. 5A compares results from the

three studies for subjects who are spectacle-corrected

and whose acuity values have not been compensated
for spectacle magnification. Fig. 5B compares the same

results when acuity has been compensated for spectacle



Fig. 5. Comparison of foveal acuity obtained in this study to foveal acuity obtained in two other studies that used conventional targets viewed

through the optics of the eye. In each panel, acuity is plotted as a function of the distance spherical equivalent refraction in Diopters. (A) Angular

acuity in c/deg obtained with spectacle correction but not compensated for the minifying effects of spectacles. The solid line is the linear regression to

the interferometric angular acuity from Fig. 3A, in which the compensated acuity values have been multiplied by each subject�s spectacle

magnification factor (Msp). The dotted line is the linear regression to acuity measured with gratings from the study of Chui et al. (2005) (their Fig. 3,

fovea). The dashed line is the linear regression to acuity measured with letter charts from the study of Strang et al., 1998 (their Fig. 4, converted to

spatial frequency units from LogMAR). (B) Angular acuity in c/deg as in (A), but compensated for the minifying effects of spectacles. The solid line is

the linear regression to the compensated interferometric angular acuity in Fig. 3A. The dotted line is the linear regression to foveal acuity in the Chui

et al.�s (2005) study, compensated for spectacle magnification (their Fig. 6). The dashed line was obtained by dividing the Strang et al.�s (1998)

spectacle-corrected acuity values shown in (A) by the spectacle magnification factor calculated for the 15 mm spectacle vertex and 3.68 mm entrance

pupil distance used in that study. (C) Retinal acuity in c/mm. The solid line is the linear regression to the interferometric retinal acuity in Fig. 3B. For

the studies with conventional targets, acuity in c/deg from (A) was converted to c/mm via a fixed RMF of 0.272 mm/deg. The dotted line is the retinal

acuity from Chui et al. (2005) and the dashed line is retinal acuity from Strang et al. (1998).
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magnification, and Fig. 5C compares the three studies

when acuity has been converted to retinal units of c/mm.

Fig. 5A illustrates the actual angular acuity that

would be obtained with spectacle correction, including

the minifying effect of spectacle lenses in myopia. The

solid line in Fig. 5A is a linear regression to our foveal
interferometric acuity values that are uncompensated

for spectacle magnification; since not all of our subjects

wore spectacles during testing, these values were ob-

tained by multiplying the compensated acuity values in
Fig. 3A by each subject�s spectacle magnification. The

linear regression to these data (y = 1.061x + 49.48;

r = 0.613; p = 0.007) shows that there is a significant

reduction in interferometric acuity in myopia when the

interference fringes are minified by minus spectacles.

The dotted line is the linear regression from Fig. 3 of
Chui et al. (2005) and the dashed line is a linear regres-

sion from Fig. 4 of Strang et al. (1998); the dashed line is

curved because the original regression was fit to acuity

in log units and we have converted the LogMAR values



3 Chui et al. (2005) used a constant RMF of 0.262 mm/deg; this
RMF value would raise their regression line in Fig. 5C so that it
coincides with the interferometric retinal acuity at a level of �7 D of
myopia. The Strang et al.�s (1998) study used an RMF value of
0.291 mm/deg for emmetropia; this value would adjust their data down
by a small amount, so that it coincides with the interferometric data at
about +5 D of hyperopia.
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to a linear spatial frequency scale. The slopes of the

uncompensated acuity regressions are statistically signif-

icant in all three studies, indicating that spectacle-cor-

rected angular acuity worsens with increasing myopia.

This confirms that optical minification of the retinal im-

age by minus-powered spectacles does result in de-
creased acuity in myopia.

Fig. 5B provides an estimate of the potential angular

acuity that could be achieved in myopia if a non-minify-

ing refractive correction were used. The solid line is the

regression to our foveal compensated interferometric

acuity from Fig. 3A. The dotted line is the linear regres-

sion from Fig. 6 of Chui et al. (2005); these compensated

acuity limits are described in that study as the spatial
frequencies of the ‘‘virtual stimulus.’’ The dashed line

was obtained by dividing the Strang et al.�s (1998) spec-
tacle-corrected acuity values shown in Fig. 5A by spec-

tacle magnification calculated for the 15 mm spectacle

vertex and 3.68 mm entrance pupil distance used in that

study. In both studies that used grating stimuli (our

study and Chui et al., 2005), myopia did not have a sig-

nificant effect on foveal angular acuity when it was com-
pensated for spectacle magnification. Acuity obtained

with letter charts (dashed line in Fig. 5B) appears to

be worse in myopia even after compensation for the

minifying effect of spectacles.

In Figs. 5A and B, both sets of conventional acuity

data coincide for subjects with emmetropia, and both

are lower than the interferometric acuity for emmetro-

pia. This difference reflects the detrimental effect of the
eye�s optical quality. The conventional acuity may have

been lowered by both monochromatic and chromatic

aberrations of the eye, since the conventional studies

both employed white light stimuli. One would expect

to see an increasing separation of the interferometric

and conventional acuity data sets with increasing myo-

pia if the optical quality of the eye worsened in myopia.

While this relationship is apparent for letter acuity, the
interferometric and conventional grating acuity regres-

sions have nearly the same slopes in both Figs. 5A and

B. The latter two data sets were collected with similar

stimuli and forced-choice methods, so the additional

deficit in letter acuity in myopia may be due to factors

other than optical quality. Thus, there does not appear

to be evidence in Fig. 5 that the optical quality of the

eye worsens with increasing myopia, which would be
consistent with several studies of aberrations (Cheng,

Bradley, Hong, & Thibos, 2003; Llorente, Barbero,

Cano, Dorronsoro, & Marcos, 2004; Porter, Guirao,

Cox, & Williams, 2001). However, the relationship be-

tween ocular aberrations and visual acuity is a compli-

cated issue that is the subject of current scrutiny (e.g.,

Cheng, Bradley, & Thibos, 2004; Marsack, Thibos, &

Applegate, 2004) and the aberrations of myopic eyes
conceivably could have a larger effect on letter acuity

than on grating acuity.
Fig. 5C compares the results from the three studies

when acuity has been converted to retinal units of

c/mm. Retinal acuity should allow a comparison of acu-

ity across studies without the effects on the retinal image

size of both axial length and the refractive correction,

but retinal acuity obtained with conventional targets
still includes any effects of the eye�s optical quality.

The solid line is the regression to our foveal data in

Fig. 3B. Spectacle-corrected angular acuity from the

other two studies in Fig. 5A was converted to retinal

acuity units assuming a fixed RMF of 0.272 mm/deg,

which is the value that we had determined for emmetro-

pia. This conversion maintains the same relative posi-

tions of the three data sets for emmetropia and
assumes that spectacle minification would perfectly bal-

ance axial length magnification in myopia. This assump-

tion was used for the conversion to retinal acuity in the

Chui et al.�s (2005) study.3 Use of a fixed RMF could,

however, result in an over-estimation of retinal acuity

in highly myopic subjects. We found that the retinal im-

age size in a spectacle-corrected myopic eye is still rela-

tively magnified compared to an emmetropic eye, even
though spectacles minify the retinal image in a myopic

eye compared to its uncorrected state (Fig. 2). Had we

used our emmetropic RMF to convert angular to retinal

acuity in our study, we would have over-estimated reti-

nal acuity in myopia. This may explain why the slope of

retinal acuity from the Chui et al.�s study is shallower

than the interferometric retinal acuity, causing the two

data sets to coincide at a high level of myopia. Nonethe-
less, all three data sets indicate that myopic subjects

have lower foveal retinal acuity than emmetropic

subjects.

As observed for angular acuity, myopes have relative-

ly lower retinal acuity for letter targets than for gratings.

The discrepancy between the results for gratings and let-

ters may be due to the crowding effect, in which acuity is

worse for strings of letters or full charts than it is for sin-
gle letters (e.g., Hess, Dakin, & Kapoor, 2000; Morad,

Werker, & Nemet, 1999). The crowding effect could be

more evident with increasing myopia if the lowered acu-

ity in highly myopic subjects is considered as a form of

refractive amblyopia (Fitzgerald, Chung, & Krumholtz,

2005; Romano, 1988). Even though our myopic subjects

had not been diagnosed clinically with amblyopia, their

relatively lower retinal acuity in Fig. 3B could be consid-
ered as a sub-clinical form of amblyopia. The crowding

effect of letter charts is enhanced in amblyopia; for



Fig. 6. Comparison of interferometric acuity to human cone and

ganglion cell spacing. Acuity values in c/mm from Fig. 3B were

converted to microns per half cycle and plotted against retinal

eccentricity in mm. Each subject�s acuity results are plotted at retinal

eccentricities determined from the appropriate retinal magnification

factor for the subject�s refractive correction during acuity testing.

Filled symbols are data from subjects with less than 6 D of myopia

while open symbols are data from subjects with more than 6 D of

myopia. Anatomical values are based on published cone and ganglion

cell densities in human retina, and converted to microns per row,

assuming a hexagonal mosaic. The solid line is the average cone

spacing from 16 human eyes, gathered from the following studies:

Curcio et al. (1990) (seven eyes; data from 0.05 to 4 mm retinal

eccentricity temporal retina), Jonas et al. (1992) (six eyes; data from

0.04 to 2 mm eccentricity) and Sjostrand et al. (1999) (three eyes, data

from 0.6 to 5 mm eccentricity with additional values for one eye from

0.03 to 1.8 mm published in Sjostrand et al. (1994)). The dashed line is

the estimated average row spacing for half the population of the

midget ganglion cells, assuming that the retinal image is sampled by

independent mosaics of on- and off-type neurons arranged in hexag-

onal mosaics. Total ganglion cell counts were gathered from Curcio

and Allen (1990) (average of five eyes, temporal retina). It was assumed

that 95% of the total ganglion cells were the midget type for retinal

eccentricities up to 4 mm.
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example, in the Morad et al.�s (1999) study, normal con-

trol subjects showed a 1.14 times worse VA with letter

charts as opposed to single letters, while anisometropic

(refractive) amblyopes showed a 1.31 times worse VA

with charts compared to single letters. Another possibil-

ity for the discrepancy between the results with letters
and gratings is that gratings are resistant to undersam-

pling when a sampling array is irregular, or character-

ized by variability in the sample spacing (Geller,

Sieving, & Green, 1992; Williams & Coletta, 1987). It

is possible that a stretched myopic retina may have a

more irregular sampling array than a normal retina; in

that case, a myope could have relatively better acuity

for gratings than for letters because gratings are repeti-
tive stimuli that could be identified with the small re-

gions of the retina that maintain normal spacing.

4.1. Comparison of acuity to anatomical estimates of

retinal sampling

Our retinal acuity results indicate that there is an

underlying acuity deficit in myopia, which is most likely
of neural origin. The comparison of angular and retinal

acuity in Fig. 4 implies that the enlarged retinal image in

an elongated myopic eye compensates for the neural

acuity deficit, so that angular acuity nearly reaches the

level of that in an emmetropic eye. The neural effects

on acuity could involve a number of factors, such as

an abnormality in the cones or inner retina, as well as

retinal stretching. Several studies have shown that
ERG amplitudes are reduced as axial length increases

(Chan & Mohidin, 2003; Chen et al., 1992; Kawabata

& Adachi-Usami, 1997; Pallin, 1969; Westall et al.,

2001) and this effect is evident even in eyes with axial

lengths less than 25 mm (Hidajat et al., 2003). There is

also evidence for decreased retinal and choroidal blood

flow in myopia (Reiner, Shih, & Fitzgerald, 1995; Shi-

mada et al., 2004). Reiner et al. (1995) hypothesized that
axial elongation in myopia leads to decreased choroidal

blood flow, which in turn leads to ischemic outer retinal

cell loss and hence losses in visual function. Disruptions

in choroidal blood flow decrease visual acuity in pigeons

(Hodos et al., 1998) and there is a correlation between

the age-related declines in choroidal blood flow and

visual acuity in pigeons (Fitzgerald et al., 2001). These

abnormalities in retinal and choroidal function in myo-
pia, even at a sub-clinical level, might be associated with

changes in visual performance in human subjects. How-

ever it is well established that retinal stretching occurs in

myopia (Curtin & Karlin, 1971), and stretching increas-

es the spacing between adjacent rows of neurons and

hence lowers spatial acuity (Bradley et al., 1983; Chui

et al., 2005; Kramer et al., 1999; Romano & von Noor-

den, 1999; Strang et al., 1998; Winn et al., 1988).
Foveal interferometric acuity matches the Nyquist

limit of the foveal cone mosaic (Green, 1970; Williams,
1985a; Williams & Coletta, 1987), while peripheral grat-

ing acuity is generally considered to be limited by the

midget retinal ganglion cells that project to the parvocel-

lular pathway (Anderson et al., 1992; Anderson, Mullen,

& Hess, 1991; Dacey, 1993; Kolb & Marshak, 2003;

Lennie & Fairchild, 1994; Merigan & Katz, 1990; Thi-
bos et al., 1987; Wassle & Boycott, 1991). The retinal

acuity values shown in Fig. 3B could therefore be con-

sidered as estimates of each subject�s underlying neural

sampling rate, and they are compared to anatomical

estimates of human cone and midget ganglion cell spac-

ing in Fig. 6. The anatomical data represent the row

spacing, r, in lm, calculated from retinal cell density,

d, in cells/mm2, by r = 1000*(
p
3/2d)1/2 which assumes
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that the neurons are arranged in hexagonal mosaics.4

The solid line is the average cone spacing from 16 hu-

man eyes, gathered from four studies (Curcio, Sloan,

Kalina, & Hendrickson, 1990; Jonas, Schneider, & Nau-

mann, 1992; Sjostrand, Conradi, & Klaren, 1994; Sjo-

strand, Olsson, Popovic, & Conradi, 1999). The
dashed line in Fig. 6 is the estimated row spacing of

the midget ganglion cells in the temporal retina. The

midget cell data were estimated from total ganglion cell

counts averaged from eight human eyes in the Curcio

and Allen�s (1990) study, assuming that midget cells

make up 95% of the total ganglion cell population at

these retinal locations (Dacey, 1993). Because there are

both on-and off-type midget cells, it has been theorized
that each cell type samples the retinal image as an inde-

pendent mosaic (Lennie & Fairchild, 1994; Merigan &

Katz, 1990). Thus, row spacing for the midget ganglion

cells represents a sampling mosaic with half the density

of the total midget cell population assuming that on-

and off-type cells are approximately equal in number

(Dacey, 1993).

A grating cycle at the acuity limit should cover two
rows of the underlying cell mosaic, so retinal acuity val-

ues were converted from c/mm to lm per half cycle.

Data for the seven subjects with myopia greater than

6 D (i.e., high myopia) are shown as open symbols while

data for the remaining 11 subjects are shown as filled

symbols (emmetropia and low myopia, i.e., myopia less

than 6 D). Acuity data are plotted at retinal eccentrici-

ties in millimeters calculated from each individual�s
RMF value. Foveal acuity data are plotted at a retinal

eccentricity that corresponds to 0.25 deg because cone

density varies considerably at the very center of the fove-

ola (Curcio et al., 1990) and the 1 deg foveal grating

patch would have covered a retinal area up to 0.5 deg

eccentricity. For statistical comparison of our subjects�
acuity to cone spacing, we used the mean cone row spac-

ing at a retinal eccentricity of 73 lm, which corresponds
to 0.25 deg using our average RMF of 290 l/deg. The
mean cone row spacing at this retinal eccentricity is

2.89 lm ± 0.49 SD. For the subjects without high myo-

pia, the sampling rate estimated from foveal acuity has a

mean of 2.90 lm ± 0.41 SD, which is not significantly

different from the anatomical cone spacing (t test,

p = 0.48). However, the sampling rate estimated from

foveal acuity in the high myopes has a mean of
3.62 lm ± 0.40 SD, which is significantly greater than

the anatomical cone spacing (t test, p = 0.0014). Thus,

the lower foveal retinal acuity in the high myopes is con-

sistent with retinal stretching.

Retinal acuity for the 4 deg condition (about 1.2 mm

retinal eccentricity) tended to be better than the anatom-
4 Appendix A discusses the validity of this assumption when there is
directional stretching of the cone mosaic.
ical cone spacing. One might be tempted to explain this

effect as the result of poor fixation (i.e., our naive

subjects attempting to look toward the actual stimulus

rather than the fixation mark at 4 deg) but this �supra-
Nyquist� resolution effect has been demonstrated

previously for interferometric acuity in the parafovea
(Williams & Coletta, 1987). Furthermore, the phenome-

non of supra-Nyquist resolution can be demonstrated

with simulations of high frequency gratings that are

sampled by parafoveal or irregular cone mosaics (Geller

et al., 1992; Williams & Coletta, 1987). The average cone

row spacing at this retinal location was estimated to be

8.36 lm ± 1.44 SD. The sampling rate estimated from

the 4 deg retinal acuity has a mean of 6.93 lm ± 1.57
SD for the subjects without high myopia, and

7.50 lm ± 1.34 SD for the subjects with high myopia.

Neither of the sampling rates estimated from acuity

are significantly different from the anatomical cone

row spacing (t tests, p = 0.092 for subjects without high

myopia and p = 0.195 for subjects with high myopia),

but the coarser mean sampling rate for the subjects with

high myopia is suggestive of greater retinal stretching in
the parafovea in myopia.

At about 3 mm retinal eccentricity (data from the

10 deg condition), acuity values for all subjects are

worse the prediction from cone spacing and instead

are more consistent with row spacing derived from half

of the midget cell density. For statistical comparison to

our subjects� acuity, we used ganglion cell density data

available from four individual eyes in Curcio and Allen
(1990) and from three eyes in Popovic and Sjostrand

(2001). Data from the latter study were the effective gan-

glion cell densities that had been adjusted for lateral dis-

placement from the cones. The average midget ganglion

cell row spacing at 3 mm eccentricity calculated from

these seven eyes was 16.76 lm ± 2.79 SD. In the subjects

without high myopia, the sampling rate estimated from

acuity had an average of 15.46 lm ± 2.92 SD, which was
not statistically different (p = 0.18) from the midget cell

row spacing. However, the sampling rate estimated from

acuity in the high myopes was 19.82 lm ± 2.66 SD,

which was significantly higher (p = 0.029) than the midg-

et cell row spacing. Due to the higher RMF values in the

highly myopic eyes, the 10 deg stimulus falls at a slightly

greater retinal eccentricity than 3 mm (average of

3.12 mm). However, the retinal eccentricity would need
to be close to 4 mm for the midget cell row spacing to

increase to nearly 20 lm (Curcio & Allen, 1990). Thus,

the estimated neural sampling rate in the highly myopic

subjects implies that their acuity in the near periphery is

also impaired by retinal stretching.

4.2. Model of retinal stretching in myopia

Most studies of ocular shape indicate that myopic

eyes exhibit greater expansion in the axial, or anterior–



Fig. 7. Retinal acuity in c/mm at the fovea (A) and at 10 deg

eccentricity (B) plotted against distance spherical equivalent refraction

in Diopters, and compared to two models of global expansion in

myopia, after Strang et al. (1998). The models assume an emmetropic

acuity value of 182 c/mm for the fovea and 35 c/mm for 10 deg

eccentricity; these values are the y-intercepts of the linear regressions to

retinal acuity in Fig. 3B. Dotted curve is the model for uniform global

expansion of a 22 mm spherical posterior chamber; solid curve is a

least-squares fit to the acuity data of a model for expansion of the

posterior pole (see text for details).
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posterior, direction than in the transverse or coronal

direction, with the result that the retinal contour in myo-

pia is shaped like a prolate ellipse rather than a sphere

(Atchison et al., 2004; Curtin & Karlin, 1971; Logan,

Gilmartin, Wildsoet, & Dunne, 2004; Meyer-Schwicke-

rath & Gerke, 1984; Millodot, 1981; Mutti, Sholtz,
Friedman, & Zadnik, 2000; Rempt, Hoogerheide, &

Hoogenboom, 1971; Seidemann, Schaeffel, Guirao, Lo-

pez-Gil, & Artal, 2002; Wildsoet, 1997). This model of

eye growth in myopia is consistent with an expansion

of the eye that occurs mainly at the posterior pole, as op-

posed to an overall spherical expansion of the globe.

Support for this type of eye growth is also evident in

previous studies of acuity in myopia. The global expan-
sion model assumes that the retinal sampling rate in

myopia increases at the same rate as the axial length be-

cause the posterior chamber circumference increases by

the same factor as its diameter (Chui et al., 2005). Pos-

terior pole expansion provided the best explanation for

the reduction in acuity with myopia in the Strang et

al.�s (1998) study. In Chui et al. (2005), the amount of

myopia that caused peripheral acuity to drop by half
from the emmetropic level corresponded to a 1.29-fold

increase in axial length. Thus, the inferred retinal sam-

pling rate increased at a faster rate than the axial length,

which is inconsistent with uniform spherical expansion

of the globe.

Fig. 7 illustrates that interferometric retinal acuity

also decreases with myopia at a faster rate than the pre-

diction from uniform global expansion, and provides an
estimate of the distance from which the posterior pole

expands. For the global expansion model, the emmetro-

pic eye was assumed to have a 22 mm diameter spherical

posterior chamber, based on our data in Fig. 1A. The

actual axial length for the emmetropic eye is 22.6 mm,

but it was assumed that the anterior vertex of the sche-

matic eye is positioned 0.6 mm in front of the posterior

chamber.5 Retinal acuity for the emmetropic eye (acu-
ityemm) was assumed to be 182 c/mm at the fovea and

35 c/mm at 10 deg eccentricity, based on Fig. 3B.

Assuming no change in the anterior optics with changes

in axial length and that the retinal sampling rate increas-

es proportionally with axial length, acuity in c/mm can

be predicted from the following relationship to axial

length (AL) in mm:

acuity ¼ ð22 � acuityemmÞ=ðAL� 0.6Þ. ð7Þ
Predicted acuity values for the global expansion mod-

el are plotted in Fig. 7 against the model eye�s refraction,
which was converted from axial length by linear regres-

sion of the biometric data in Fig. 1A. Results for the fo-

vea and for 10 deg eccentricity are shown in Figs. 7A
5 The average anterior chamber depth of our subjects was 3 mm; a
2.4 mm sagittal depth into the 22 mm posterior chamber would result
in a ‘‘limbal’’ diameter of the schematic eye of about 14 mm.
and B, respectively. The retinal acuity of our subjects

(solid symbols) decreases with myopia at a faster rate

than the prediction from uniform global expansion (dot-

ted line). Variation of the emmetropic posterior cham-

ber diameter to values slightly smaller than 22 mm did

not provide better simulations of the acuity data.
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The alternative model of eye growth in Fig. 7, the

posterior pole model, assumes the posterior section of

the globe expands spherically from a point located at a

distance x, in mm, in front of the emmetropic retina

(Chui et al., 2005; Strang et al., 1998). Assuming an

emmetropic eye with 22.6 mm axial length, the radius
of the posterior pole sphere in the expanded eye would

be x 0 which can be calculated from the expanded eye�s
axial length (AL) by subtracting the difference between

22.6 and x. The effect of posterior pole expansion on

acuity in c/mm can be predicted from the emmetropic

acuity and the axial length by the following formula:

acuity ¼ ðx � acuityemmÞ=ðAL� ð22.6� xÞÞ. ð8Þ
The global expansion model in Eq. (7) is thus a spe-

cial case of this model in which x is constrained to be

22 mm. The value of x for the posterior pole model

was obtained from a least-squares curve fit of Eq. (8)

to the retinal acuity data. Curve fits for both retinal

locations (solid lines in Fig. 7) achieved r coefficients

of 0.56, and the values obtained for x were 12.9 and
10.2 mm from the foveal and 10 deg data, respectively.

The slightly shorter value of x obtained from the

10 deg data implies that retinal stretching may be slight-

ly greater in the peripheral location than in the fovea.

Our data at the fovea and at 10 deg eccentricity did

not show appreciably different slopes on logarithmic

scales (Fig. 3), but the values of myopia at which retinal

acuity in c/mm would be halved from emmetropic acuity
(K2 value in Chui et al., 2005), are �19.91 D in the fovea

and �17.3 D at 10 deg eccentricity. Similarly, foveal

acuity was halved by a 1.36 times increase in axial

length, while peripheral acuity was halved by a 1.29

times increase in axial length. Thus interferometric reti-

nal acuity suggests that the amount of retinal stretching

could be slightly greater in the near periphery than in the

fovea, which would be consistent with recent studies
(Chui et al., 2005; Vera-Diaz et al., 2005).
Fig. 8. Simulated cone mosaics before (upper) and after (lower)

stretching by 15% in the horizontal direction. The square box simulates

1 mm2.
5. Summary

Myopia does not cause a significant reduction in

interferometric acuity, when it is compensated for the

minifying effect of spectacles and expressed in angular
units, such as cycles/deg. Myopes have significantly

greater retinal image magnification than emmetropes,

due to the increased axial length in myopia, and we find

that retinal image magnification persists slightly in high

myopia even with spectacle correction. When angular

acuity is converted to retinal units of cycles/mm, myopic

subjects have significantly lower acuity in the fovea and

near periphery. Retinal acuity implies that highly myo-
pic (>6 D) subjects have larger retinal sampling distanc-

es than published values of the spacing of human retinal

neurons. Overall, these results indicate that a highly
myopic eye has retinal neurons that are more widely

spaced than normal, but the increased axial length

enlarges the retinal image enough to compensate for

the retinal stretching. The acuity data support a model

of retinal stretching in myopia in which the globe ex-

pands primarily in the posterior pole area.
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Appendix A

We assumed that anatomical mosaics were hexagonal

when we derived row spacing from density counts but

there is evidence that cone mosaics are anisotropic, i.e.,

they are stretched in one direction. Parafoveal cones in

the human retina have greater spacing radially than tan-

gentially by 10–15% (Curcio & Sloan, 1992) and aliasing
patterns of high frequency interference fringes indicate

that foveal cone row spacing is 14% larger for vertical

fringes than it is for horizontal fringes (Williams, 1988).

Below we show that if one calculates row spacing from

the lowered density after stretching, assuming �erroneous-
ly� that the mosaic is still hexagonal, the calculated row

spacing is about the same as the actual mean row spacing

of the three main axes of the stretched mosaic.
Fig. 8 shows a simulated hexagonal cone mosaic

(upper) and the same mosaic (lower) after it has been



Fig. 9. Geometry of a hexagonal cone mosaic before and after

stretching horizontally by 15%. Here the center to center cone spacing

is assumed to be a unit-less value of 1. The figure shows the positions

of the cone centers before stretching (white circles) with row spacing of

0.866. After stretching 15% in the horizontal direction, the positions of

the two cone centers on the right are shown in black. The center to

center spacing increases to 1.114 on two sides of each triangle while it

remains 1 in the vertical direction since there was no stretching in that

direction. The horizontal row spacing increases to 0.996 while row

spacing of the other two main axes increases to 0.894 (sine of

63.34 deg). Thus the mean row spacing after stretching is 0.928 or

about 7% larger than the row spacing before stretching. The

orientation of the lattice does not affect the mean row spacing after

horizontal stretching. If the mosaic had one of its main axes oriented

horizontally, instead of vertically as shown, and was stretched by 15%

in the horizontal direction, the vertical row spacing would be 0.866

before and after stretching, while the row spacing of the other two

main axes would increase to 0.958, which yields a mean row spacing of

0.927, or again, about 7% larger than the row spacing before

stretching.
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stretched by 15% in the horizontal direction. The ana-

tomical data that we used for comparison to our acuity

are provided in terms of density per square millimeter. If

the box lying over each mosaic represents a square mil-

limeter, then the density before stretching6 is 12 · 13.86

rows = 166.3 cones/mm2 which is higher than the densi-

ty after stretching, equal to 12 · 12.05 rows = 144.6

cones/mm2. (These figures are not meant to match real
anatomical data but are just for illustration). Assuming

hexagonal packing, the row spacing calculated from the

density is 72.16 lm/row for the normal mosaic and

77.39 lm/row for the stretched mosaic, which is about

7.2% larger (square root of the stretch factor). The actu-

al horizontal row spacing of the stretched mosaic is 15%

greater than in the original mosaic, or 1000/

12.05 = 83 lm/row. So the assumption of hexagonal
packing will underestimate the row spacing of the
6 Twelve is
p
3/2 smaller than 13.86 and 12.05 is 15% less than 13.86.
mosaic in the direction of the stretching. However the

stretched mosaic still maintains three main axes of cones

and the other two axes have not stretched as much as the

horizontal axis. The other two main axes of the

stretched mosaic each have a row spacing of 74.5 lm/

row (only 3.2% larger than in the normal mosaic; see
geometry in Fig. 9). The fact that, in the stretched mosa-

ic, the row spacing of the other main axes is smaller than

83 lm/row means that grating stimuli with smaller half-

cycle widths than 83 lm could be resolved. Taking the

mean row spacing of the three main axes of the mosaic

will yield 77.33 lm/row which is very close to the

77.39 lm/row calculated from the density above.

In summary, if there is directional stretching, an
assumption of hexagonal packing will capture the over-

all increase in row spacing of the stretched mosaic. It is

only when comparisons are being made along the direc-

tion of stretching that the hexagonal packing assump-

tion will underestimate the stretched row spacing.

Since our resolution data did not show any evidence that

myopes have additional directional stretching compared

to emmetropes, then it is valid to compare our acuity
data (averaged for both vertical and horizontal orienta-

tions) to the row spacing calculated from anatomical

density, assuming hexagonal packing.
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