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PURPOSE. To determine the effect of progressive addition lenses (PALs) and single vision lenses
(SVLs) on peripheral defocus in myopic children, and to compare the effect of myopic versus
hyperopic peripheral defocus on foveal myopia progression.

METHODS. Eighty-four myopic children aged 6 to 11 years with spherical equivalent (SE)
cycloplegic autorefraction between �0.75 diopters (D) and �4.50 D were randomly assigned
to wear SVLs or PALs. Aberrometry measurements of the eye and spectacles were made
centrally, 308 nasally, temporally, and superiorly, and 208 inferiorly on the retina using a
Complete Ophthalmic Analysis System for Vision Research (COAS-VR). The association
between peripheral defocus and the 1-year change in central myopia was investigated.

RESULTS. SVLs caused a hyperopic shift in peripheral defocus at all locations (all P � 0.0003).
PALs caused a myopic shift in peripheral defocus in three of four locations measured (all P �
0.01) with the greatest shift superiorly due to the PAL addition (�1.04 6 0.30 D). Superior
retinal defocus when wearing either SVLs or PALs was associated with the 1-year change in
central myopia. The adjusted 1-year change in central SE myopia was �0.38 D for children
with absolute superior myopic defocus (n ¼ 67) and �0.65 D for children with absolute
superior hyperopic defocus (n ¼ 17; difference ¼ 0.27 D; P ¼ 0.002).

CONCLUSIONS. PALs caused a myopic shift in peripheral defocus. Superior myopic defocus was
associated with less central myopia progression. These data support the continued
investigation of optical designs that result in peripheral myopic defocus as a potential way
to slow myopia progression. (ClinicalTrials.gov number, NCT00335049.)

Keywords: children, progressive addition lenses, single vision lenses, myopia progression,
peripheral defocus

Clinical trials evaluating the efficacy of progressive addition
lenses (PALs) in slowing the progression of myopia in

children have generally found statistically significant, but
clinically modest reductions in myopia progression.1–5 The
mechanism responsible for the PAL treatment effect is not well
understood. Hyperopic retinal blur due to a high lag of
accommodation during near work is one proposed cause of
juvenile-onset myopia progression,6–8 and decreasing hyper-
opic blur during near work by reducing accommodative lag is
one rationale for fitting PALs. While some clinical trials have
reported that myopic children with a large lag of accommoda-
tion had a greater treatment effect when wearing PALs,3,9

recent clinical trials that restricted enrollment and randomiza-
tion to myopic children with high accommodative lag did not
find clinically meaningful PAL treatment effects.1,5 Studies
examining the relationship between accommodative lag and
myopia progression have had mixed results with several studies
in children finding no association5,10,11 and studies in young
adults finding either positive or negative associations.12,13

Hyperopic defocus on the peripheral retina has also been
proposed as a risk factor for myopia in humans.14 Uncorrected
myopic eyes generally exhibit hyperopic relative peripheral

refraction (RPR) in the horizontal ocular meridian, while
uncorrected hyperopic eyes typically exhibit myopic
RPR.15–22 Experiments in chicks23 and rhesus monkeys24 have
provided convincing evidence that large changes in peripheral
defocus influence axial eye growth and emmetropization in
animal models. Though studies measuring uncorrected periph-
eral refractive error in myopic children have not found
evidence of a meaningful association between relative periph-
eral refraction and myopia onset or progression,25,26 studies of
spectacles or contact lenses that result in large changes in
retinal defocus have reported changes in myopia progression.
Orthokeratology has been reported to decrease axial elongation
in myopic children,27–32 and the myopic shift in peripheral
retinal defocus caused by orthokeratology33,34 has been
hypothesized to cause the reduction in axial growth. Short
term studies have reported that soft bifocal contact lens designs
can slow myopia progression,35,36 though long term clinical
trial results are not available.

The Study of Theories about Myopia Progression (STAMP)
was a 2-year, double-masked randomized clinical trial designed
to evaluate two theories of myopia. The first theory hypothe-
sizes that hyperopic retinal blur caused by a high lag of
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accommodation during near work accelerates axial elongation,
and the second theory hypothesizes that mechanical tension
created by the crystalline lens or ciliary body restricts
equatorial ocular expansion, thereby causing accelerated axial
elongation.5,37 Myopic children 6 to 11 years of age with�0.75
diopters (D) to�4.50 D of myopia in each meridian of each eye
were randomly assigned to wear single vision lenses (SVLs) or
PALs for one year, and all children wore SVLs a second year to
evaluate treatment effect permanence. All children had a high
accommodative lag and also had near esophoria if their
spherical equivalent refractive error was more myopic than
�2.25 D.

A small, but statistically significant PAL treatment effect of
0.18 D was found after one year in STAMP, and there was no loss
of this treatment effect during the second year of the study
when all children wore SVLs.5 Not finding a rebound effect (i.e.,
loss of the treatment effect) after ceasing PAL wear supports
hyperopic defocus-based theories of myopia progression;
however, the lack of an association between accommodative
lag and myopia progression in STAMP is inconsistent with the
small effect being due to reduced foveal blur during near work.5

In addition to the primary outcome of central refractive error,
peripheral refractive data were also collected in STAMP to
evaluate peripheral defocus and myopia progression.

SVLs typically worn by myopic children38 and adults39 can
increase peripheral hyperopic defocus. Because PALs include a
near addition, a peripheral myopic shift in defocus is expected
in the superior retinal quadrant compared with SVLs when a
child looks in primary gaze. If peripheral defocus influences
eye growth, differences in the peripheral defocus profile when
myopic children wear SVLs versus PALs could be an alternate
explanation of the previously reported reductions in myopia
progression with PALs. The purpose of this analysis was to
determine the effect of both SVLs and PALs on peripheral
defocus in myopic children and whether peripheral defocus
was associated with myopia progression.

METHODS

The study protocol was approved by the Biomedical Sciences
institutional review board at The Ohio State University, and the
study was conducted in accordance with the tenets of the
Declaration of Helsinki. Parents provided written informed
consent, and children provided verbal assent.

Data from the 84 children who completed the first year of
STAMP are included in these analyses.5 Full details of the overall
study design and rationale have been previously published37; the
pertinent details are summarized here. The primary outcome in
STAMP was the annual change in central spherical equivalent
refractive error measured by cycloplegic autorefraction (Grand
Seiko WV-500 autorefractor; Grand Seiko Co., Hiroshima,
Japan).40,41 Ten measurements of the right eye were made
annually, and were averaged using the power vector method
described by Thibos et al.42 Measurements were made 30 minutes
after instilling the first of two drops of 1% tropicamide, which
were separated by 5 minutes. At baseline, children had between
�0.75 D and�4.50 D of myopia in each meridian of each eye as
determined by cycloplegic autorefraction. Children were ran-
domly assigned towear either SVLsor PALs (Varilux Ellipse [Essilor
of America, Inc., Dallas, TX], a short-corridor design with aþ2.00-
D add) made of polycarbonate material. The child’s spectacle
prescription was determined using a standardized most plus (least
minus) subjective refraction that yielded the best visual acuity.
PALs were fitted at least 2 mm higher than normal while
maintaining adequate lens area for clear distance vision and
ensuring that the full near power zone was available for near
viewing.

Aberrometry was performed on the child’s uncorrected
right eye under cycloplegia using a validated open-field
aberrometer (Complete Ophthalmic Analysis System for Vision
Research [COAS-VR]; AMO Wavefront Sciences; Albuquerque,
NM).43,44 Nine measurements each were made centrally (line
of sight) and at four peripheral retinal locations: 308 nasally, 308
temporally, 308 superiorly, and 208 inferiorly from the line of
sight. To ensure accurate fixation in the presence of
uncorrected refractive error, children fixated on luminous
spot targets. Children turned their heads to view the nasal and
temporal targets and turned their eyes to view the superior and
inferior targets.45

Aberrometry measurements of the child’s assigned right
spectacle lens were also made with the spectacles mounted in
front of a model eye. Measurement locations through the
spectacle lens corresponded to the central and peripheral
measurement locations of the child’s uncorrected right eye
(i.e., along the line of sight and 308 nasally, 308 temporally, 308
superiorly, and 208 inferiorly from the line of sight) while
utilizing a standardized central vertex distance of 13 mm.
Measurements of the model eye alone were made and
subtracted from the combined spectacle and model eye
measurements to obtain measurements of the spectacles alone.
Because the pupil center in spectacle frames is generally
placed above the geometric center of the frame, many
spectacle frames are not fitted such that the spectacle lens
extends 308 above the line of sight when in primary gaze. For
this reason, all inferior retinal measurements of the uncorrect-
ed eye and the spectacle lens were made at 208 rather than 308
so that corresponding spectacle measurements were always
available. The pupil center of the right spectacle lens was
dotted as the child looked across the room in primary gaze
after putting on the study spectacles. After removing the
spectacles, the four peripheral lens locations were calculated
and dotted relative to the pupil center. With the spectacles
mounted in front of the model eye, the spectacles were rotated
to the appropriate measurement orientations using a goniom-
eter. The lens dots were used to ensure accurate alignment
with the aberrometer at each location and were removed prior
to making a measurement.

The COAS refractive error data at each ocular and spectacle
location were referenced to the corneal plane and converted to
power vectors (M, J0, and J45).42 The COAS default method of
determining refractive error (non-Seidel) and a 2-mm analysis
diameter was used because RPR data analyzed by this method
using the COAS have been previously validated against RPR
measurements made with the Grand Seiko autorefractor,46

which also uses a circular measurement beam of approximate-
ly the same diameter.40 Each aberrometry spot pattern was
visually inspected to ensure that it was not distorted or
compromised due to a blink. RPR of the uncorrected eye at
each peripheral location was calculated by taking the
difference between the mean spherical equivalent at the
peripheral location and the mean central spherical equivalent.
Spectacle relative peripheral defocus (RPD) at each peripheral
location (i.e., the change in the eye’s RPD caused by wearing
the spectacle lens) was calculated by subtracting the central
spherical equivalent defocus of the lens from the peripheral
spherical equivalent defocus of the lens at each location. The
ocular and spectacle lens measurements at each location were
combined to obtain the eye’s peripheral defocus (M) and RPD
through the spectacle lens in primary gaze.

Analyses were performed using statistical software (STATA
12.1; StataCorp, College Station, TX; and SAS 9.3; SAS Institute,
Inc., Cary, NC). Repeated-measures ANOVA were used to
determine whether RPR of the uncorrected eye, the RPD
experienced when wearing spectacles, and astigmatism
differed by retinal location or lens type (SVL or PAL). When
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analyzing spectacle RPD, the central spherical equivalent
power of the spectacle lens was included as a covariate to
determine whether the power of the lens was associated with
the change in RPD caused by the spectacle lens. When
appropriate, post hoc t-test comparisons were performed using
the method described by Tukey and the appropriate mean
square error from the model. T-tests were used to determine
whether RPR or RPD at a specific peripheral location was
significantly different than zero. Statistical significance at the
alpha less than 0.05 level was determined using P values
adjusted for multiple comparisons using the method described
by Benjamini and Hochberg.47

Multiple linear regression was used to model the 1-year
change in spherical equivalent refractive error. Potential covar-
iates included baseline RPR, factors found to have a significant
association with myopia progression (baseline age, sex, and
ethnicity), treatment group, and baseline refractive error.
Because myopic peripheral defocus is hypothesized to slow
myopia progression and hyperopic defocus to increase myopia
progression, peripheral retinal defocus at each location while
wearing spectacles was added to the model as a dichotomous
variable (hyperopic versus myopic peripheral defocus).

RESULTS

The mean (6SD) age of the 84 children was 9.9 6 1.3 years,
and 44 children (52%) were female. The mean (6SD)
cycloplegic spherical equivalent refractive error of the children
was �1.96 6 0.78 D (range: �0.83 to �4.02 D). Forty-three
children were assigned to wear SVLs and 41 to PALs. Because
non-Hispanic, white children made up the majority of the
children enrolled (66%), children were grouped by whether
they were a non-Hispanic, white child when evaluating
ethnicity in statistical models.5

RPR (Uncorrected Eye)

Refractive error (M, J0, and J45) and RPR by retinal location at
baseline are shown in Table 1. There was no difference in RPR
between the SVL and PAL groups (P¼ 0.98). RPR did differ by

retinal location (P < 0.0001); however, these differences did
not depend on whether the child was assigned to the SVL or
PAL group (location by lens type interaction; P ¼ 0.78).
Because RPR did not differ by spectacle group, RPR at each
location was averaged across groups when determining
whether RPR was significantly different than zero at each
retinal location.

There was a significant difference between RPR measured
in the horizontal meridian of the eye versus the vertical
meridian of the eye (i.e., there was a horizontal/vertical
asymmetry in RPR). The mean RPR at each peripheral location
was significantly different than zero (all P � 0.0007). In the
horizontal meridian of the eye, the mean (6SD) RPR was
hyperopic (nasal retina ¼þ0.56 6 0.59 D; temporal retina ¼
þ0.63 6 0.76 D) while in the vertical meridian, the mean
(6SD) RPR was myopic (superior retina ¼ �0.36 6 0.93 D;
inferior retina ¼�0.48 6 0.84 D).

RPD When Wearing Spectacles

The refractive error and RPD of the eyes in primary gaze when
wearing the assigned spectacles (SVLs or PALs) are shown in
Table 2. Differences in RPD by retinal location depended on
spectacle lens type (i.e., location by spectacle type interaction;
P < 0.0001). For children wearing SVLs, RPD in the horizontal
meridian of the eye was more hyperopic than RPD in the
vertical meridian (all P < 0.05; Tukey). RPD values in the
horizontal meridian of SVL-wearing eyes were significantly
more hyperopic than zero (both P < 0.0001).

As expected, superior retinal RPD with PALs (mean 6 SD¼
�1.35 6 0.97 D) was more myopic than with SVLs (�0.07 6

0.98 D) due to the inferior near addition of the PALs (P < 0.05;
Tukey). On average, RPD at the nasal retinal location was also
relatively more myopic (less hyperopic) with PALs than SVLs (P
< 0.05; Tukey). No significant difference between groups was
found at the other peripheral locations. While the superior
RPD of PAL-wearing children was myopic (P < 0.0001), the
RPD measured in the horizontal meridian of PAL-wearing eyes
was hyperopic (both P � 0.01).

TABLE 1. Mean (6SD) M, J0, J45, and Relative Peripheral Refraction (RPR) of the Uncorrected Eye at Baseline by Retinal Location for Children
Assigned to the SVL and PAL Groups

Uncorrected Eye

Retinal Location

Horizontal Meridian

Central

Vertical Meridian

308 Temporal 308 Nasal 308 Superior 208 Inferior

M, D

SVL group �1.72 6 1.02 �1.81 6 0.94 �2.36 6 0.97 �2.76 6 1.15 �2.79 6 1.02

PAL group �1.54 6 1.08 �1.60 6 0.83 �2.15 6 0.68 �2.46 6 1.13 �2.67 6 1.07

J0, D

SVL group �0.97 6 0.39 �0.46 6 0.34 þ0.08 6 0.25 þ1.09 6 0.40 þ0.48 6 0.29

PAL group �1.04 6 0.37 �0.45 6 0.33 þ0.04 6 0.23 þ1.04 6 0.38 þ0.53 6 0.45

J45, D

SVL group þ0.05 6 0.29 �0.10 6 0.16 þ0.04 6 0.16 þ0.39 6 0.25 �0.26 6 0.32

PAL group �0.07 6 0.31 �0.07 6 0.24 þ0.02 6 0.16 þ0.42 6 0.24 �0.32 6 0.32

RPR, D*

SVL group þ0.64 6 0.74 þ0.55 6 0.60 – �0.40 6 0.92 �0.42 6 0.80

PAL group þ0.61 6 0.78 þ0.55 6 0.58 – �0.30 6 0.94 �0.51 6 0.90

* After averaging across spectacle groups, RPR at all four retinal locations were significantly different than zero at the alpha < 0.05 level using the
Benjamini-Hochberg method to correct for multiple comparisons. Values for each location were averaged across group because differences in RPR
by retinal location did not depend on the spectacle group (P ¼ 0.79).
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Change in RPD Caused by SVLs and PALs

The spectacle power measured at each lens location (M, J0, and
J45) and spectacle RPD (the change in RPD caused by the
spectacles) are shown in Table 3. Although there was not a
significant difference in spherical equivalent refractive error
between children assigned to the two groups (P ¼ 0.26), the
mean central lens power measured in the PAL group (�1.55 D)
was significantly less myopic than the SVL group (�2.05 D; P¼
0.007). The less minus central power measured in PALs is
consistent with the PALs being fitted higher than normal to
encourage use of the PAL addition.

The changes in RPD caused by each type of spectacle lens
(SVL or PAL) depended on the location measured (P < 0.0001;
location by lens type interaction). On average, SVLs caused a

statistically significant hyperopic increase in RPD at all

locations, though the increase was clinically small in some

locations (all P � 0.0003). PALs caused a statistically significant

myopic shift in RPD in three of the four locations (all P �
0.01): superior retina (�1.04 D), nasal retina (�0.30 D), and

temporal retina (�0.08 D). Inferiorly, PALs caused a significant

hyperopic shift in RPD of 0.50 D (P < 0.0001).

The difference between the shift in RPD caused by PALs

versus SVLs is shown in Figure 1 and was statistically

significant at each location (all P < 0.05; Tukey). Compared

with SVLs, PALs caused a myopic shift in RPD in the superior,

nasal, and temporal retinal locations. PALs caused a hyperopic

RPD shift compared with SVLs in the inferior retinal location.

The largest myopic shift in RPD between PALs and SVLs was at

TABLE 2. Mean (6SD) Aberrometry-Based M, J0, J45, and Relative Peripheral Defocus (RPD) by Retinal Location for Children Assigned to the SVL and
PAL Groups While Wearing Their Assigned Spectacles During the First Year of the Study

Corrected Eye

Retinal Location

Horizontal Meridian

Central

Vertical Meridian

308 Temporal 308 Nasal 308 Superior 208 Inferior

M, D

SVL group þ0.46 6 0.80 þ0.32 6 0.65 �0.32 6 0.29 �0.38 6 0.97 �0.53 6 0.87

PAL group �0.08 6 0.87 �0.35 6 0.63 �0.61 6 0.42 �1.95 6 1.03 �0.62 6 0.87

J0, D

SVL group �0.83 6 0.37 �0.37 6 0.34 þ0.11 6 0.18 þ0.90 6 0.42 þ0.38 6 0.32

PAL group �0.81 6 0.36 0.00 6 0.36 þ0.15 6 0.19 þ1.35 6 0.38 þ0.38 6 0.45

J45, D

SVL group þ0.09 6 0.25 �0.09 6 0.18 þ0.05 6 0.12 þ0.37 6 0.25 �0.20 6 0.30

PAL group þ0.61 6 0.42 �0.50 6 0.31 �0.06 6 0.17 þ0.07 6 0.27 �0.26 6 0.30

RPD, D

SVL group þ0.78 6 0.76* þ0.64 6 0.66* – �0.07 6 0.98 �0.22 6 0.84

PAL group þ0.53 6 0.82* þ0.26 6 0.58* – �1.35 6 0.97* �0.01 6 0.99

* For relative peripheral defocus values, the value is significantly different than zero at the alpha < 0.05 level after correcting for multiple
comparisons using the Benjamini-Hochberg method.

TABLE 3. Mean (6SD) Aberrometry-Based Spectacle Power (M, J0, J45) by Lens Location and the Spectacle Relative Peripheral Defocus (i.e., the
Change in Relative Peripheral Defocus [RPD] Due to the Spectacles) When SVLs and PALs Were Worn During the First Year of the Study.

Spectacle

Power, D

Retinal Location Affected by Spectacles

Horizontal Meridian

Central

Vertical Meridian

308 Temporal,

Nasal Lens

308 Nasal,

Temporal Lens

308 Superior,

Inferior Lens

208 Inferior,

Superior Lens

M

SVLs �2.18 6 1.00 �2.13 6 0.97 �2.05 6 0.94 �2.38 6 1.06 �2.25 6 1.00

PALs �1.46 6 0.74 �1.25 6 0.71 �1.55 6 0.70 �0.50 6 0.78 �2.05 6 0.77

J0

SVLs �0.14 6 0.17 �0.09 6 0.16 �0.03 6 0.18 þ0.19 6 0.20 þ0.10 6 0.21

PALs �0.23 6 0.22 �0.45 6 0.25 �0.11 6 0.20 �0.30 6 0.21 þ0.15 6 0.20

J45

SVLs �0.04 6 0.13 �0.01 6 0.13 �0.01 6 0.11 þ0.02 6 0.14 �0.06 6 0.12

PALs �0.68 6 0.21 þ0.43 6 0.17 þ0.08 6 0.14 þ0.35 6 0.18 �0.06 6 0.14

Spectacle RPD (change due to spectacles)

SVLs þ0.14 6 0.14* þ0.08 6 0.14* – þ0.33 6 0.20* þ0.20 6 0.20*

PALs �0.08 6 0.21* �0.30 6 0.15* – �1.04 6 0.30* þ0.50 6 0.31*

* For spectacle relative peripheral defocus change values, the value is significantly different than zero at the alpha < 0.05 level after correcting
for multiple comparisons using the Benjamini-Hochberg method.
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the superior retinal location (mean 6 SE ¼�1.37 6 0.06 D)
due to the near addition on the inferior portion of PALs.

The prescribed spherical equivalent power of the spectacle
lens was associated with the change in RPD caused by the lens.
Spectacle lenses with more minus power were associated with
a relatively greater hyperopic shift in RPD (P < 0.001). This
association did not depend on lens type (SVL or PAL) or lens
location (i.e., there were no significant two-way or three-way
interactions with lens power; all P ‡ 0.39). For every diopter
of spherical equivalent minus power in the spectacle lens, the
shift in RPD caused by the lens was 0.07 D more hyperopic
(95% confidence interval [CI]: 0.03 to 0.10 D). Although PALs
resulted in a myopic shift in RPD in multiple lens locations
compared with SVLs, the magnitude of the peripheral myopic
shift decreased slightly (i.e., was relatively more hyperopic) as
the spectacle lens increased in minus power.

Peripheral Astigmatism (J0 and J45)

The mean amounts of J0 and J45 in the uncorrected eye did not
differ between the SVL and PAL group (both P > 0.36; Table 1).
As expected, the magnitude of J0 was greater in all off-axis
locations than centrally (all P > 0.05; Tukey).

Because the sign of the astigmatism component (J0 or J45)
indicates the orientation of the astigmatism (e.g., 908 vs. 1808
for J0), the absolute value of J0 and J45 measured in the
spectacle lenses was examined to evaluate differences in the
magnitude of astigmatism induced by each lens type. The

change in J0 and J45 caused by the spectacle lens at each
location differed by lens type (P < 0.0001; Table 3). The
magnitude of J0 and J45 in SVLs did not differ across the lens
locations (all P > 0.05; Tukey). PALs induced significantly more
J45 astigmatism in the horizontal meridian than SVLs (all P <
0.05; Tukey), which was expected because these locations on
the PAL are outside the distance and near viewing areas of the
lens.

Peripheral Defocus and Myopia Progression

During year one of the study when children were randomly
assigned to wear either PALs or SVLs, there was no association
between nasal, temporal, or inferior retinal RPD and the 1-year
change in central spherical equivalent refractive error (all P ‡
0.58; Table 4); however, superior retinal RPD was significantly
associated with the 1-year change in central refractive error (P
¼ 0.001). No interaction was found between treatment group
and superior RPD (P¼ 0.35) or RPD at any other location (all P

‡ 0.13), which suggests that the effect of peripheral defocus
was consistent across all children regardless of treatment
group assignment. We therefore assessed the 1-year change in
refractive error as a function of peripheral defocus for the
sample as a whole. Although only half of the children wore
PALs, nearly half of the SVL-wearing children had myopic
superior RPD such that 74% of the children experienced
superior myopic RPD with their spectacles. Children with
myopic superior RPD had 0.24 D less central myopia
progression after 1 year than children with hyperopic superior
RPD (P ¼ 0.001; 95% CI ¼ 0.10 to 0.39 D; Fig. 2). The 1-year
change in refractive error was not associated with baseline RPR
superiorly (P¼ 0.25) or any other peripheral location (all P ‡
0.14), providing evidence that the reduction in myopia
progression associated with superior myopic defocus when
wearing spectacles was not due to some aspect of baseline eye
shape.

Using absolute peripheral defocus during year one (i.e., the
amount of defocus as measured by the aberrometer as opposed
to relative defocus), both superior and temporal retinal defocus
were significantly associated with the 1-year change in central
refractive error (both P � 0.01; Table 4). There was again no
interaction found between treatment group and absolute
superior defocus (P ¼ 0.62), temporal defocus (P ¼ 0.53), or
peripheral defocus nasally or inferiorly (both P ‡ 0.16). Eighty
percent of children experienced myopic superior retinal
defocus and had significantly less central myopia progression

FIGURE 1. The difference in spectacle RPD (i.e., the change in the
eye’s RPD caused by the spectacle lens) between PALs and SVLs by
retinal location in Year 1 of the study. Values are mean 6 SE.

TABLE 4. Adjusted 1-Year Difference in Central Myopia Progression (D) by Type of Peripheral Defocus (Myopic vs. Hyperopic) at Each Peripheral
Location When Wearing Either SVLs or PALs During Year 1 of the Study

Study Year 1 (SVLs or PALs) Type of Peripheral Defocus,

Number of Children

Progression Difference Between Groups,*

Myopic–Hyperopic

Retinal Location Hyperopic Myopic Mean 6 SE P Value 95% CI for Difference

Relative peripheral defocus (RPD)

308 Superior 22 62 0.24 6 0.07 0.001 0.10 to 0.39 D

208 Inferior 40 44 �0.01 6 0.07 0.91 �0.15 to 0.13 D

308 Nasal 63 21 �0.04 6 0.08 0.58 �0.20 to 0.11 D

308 Temporal 71 13 �0.02 6 0.09 0.84 �0.21 to 0.17 D

Absolute peripheral defocus (as measured by aberrometer)

308 Superior 17 67 0.27 6 0.08 0.002 0.11 to 0.43 D

208 Inferior 21 63 0.08 6 0.08 0.34 �0.09 to 0.25 D

308 Nasal 40 44 0.09 6 0.07 0.17 �0.04 to 0.22 D

308 Temporal 48 36 0.18 6 0.07 0.01 0.04 to 0.31 D

* All differences adjusted for baseline refractive error, age, sex, and ethnicity. Positive difference indicates slower myopia progression in children
with myopic peripheral defocus compared to children with hyperopic peripheral defocus.
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compared with children with hyperopic superior retinal
defocus (0.27 D; P ¼ 0.002; 95% CI ¼ 0.11 to 0.43 D; Fig.
3A). Myopic temporal retinal defocus (experienced by 43% of
children) was also associated with significantly less central
myopia progression than hyperopic temporal retinal defocus
by 0.18 D (P¼ 0.01; 95% CI ¼ 0.04 to 0.31 D; Fig. 3B). There
was not a significant association between nasal or inferior
retinal defocus and the change in central refractive error (both
P ‡ 0.17).

Because myopic superior defocus was consistently associ-
ated with slower myopia progression than hyperopic superior
defocus during year one of the study when children wore
either SVLs or PALs, we evaluated whether the amount of
myopic superior defocus was associated with myopia progres-
sion in a dose-dependent manner. When limiting analyses to
the 62 children with myopic superior RPD, there was no
association between the amount of superior myopic RPD and
the 1-year change in myopia (P ¼ 0.67). Likewise, when
analyzing only the 67 children with myopic superior absolute
defocus, no association was found between the amount of
superior myopic defocus and the 1-year change in myopia (P¼
0.27). While we found that myopic superior peripheral defocus
inhibited the progression of myopia, we did not find evidence
that myopic peripheral defocus slowed progression in a dose-
dependent manner.

We also examined whether superior defocus was signifi-
cantly associated with the 1-year change in central spherical
equivalent refractive error during year two of the study when
all children wore SVLs. PALs caused a significant amount of
superior myopic defocus in year one. Removal of the PAL in
year two caused a significant superior peripheral hyperopic
shift. When all children wore SVLs in year two, neither the
mean (6SD) amount of superior RPD (þ0.19 6 1.00 D), nor
superior absolute defocus (�0.16 6 1.00 D) were statistically
different than zero. However, roughly half of the children still
experienced some amount of superior myopic defocus, though
a much smaller amount than with PALs, because superior
relative peripheral myopia is often found in myopic children.
Of the 82 children available for analysis in year two of the
study, 36 children (44%) had myopic superior RPD and
progressed (mean 6 SE)�0.31 6 0.06 D compared with those

with hyperopic superior RPD (�0.44 6 0.06 D), a mean
difference in progression between the myopic and hyperopic
group of 0.12 D that was not statistically significant (P¼ 0.16;
Table 5). When considering absolute superior defocus, 41
children (50%) had myopic superior defocus and progressed
�0.34 6 0.06 D compared with those with hyperopic superior
defocus (�0.43 6 0.06), a difference in progression of 0.09 D
that again was not statistically significant (P ¼ 0.30; Table 5).

DISCUSSION

PALs result in a small, statistically significant reduction in
myopia progression in children.1–5 The rationale for fitting
myopic children with bifocal spectacles or PALs has tradition-
ally been to reduce hyperopic blur during near work by
decreasing accommodative lag.6–8 Based on more recent work
in primate animal models,24,48 it has been hypothesized that
peripheral hyperopic blur in the human eye results in
accelerated axial elongation and that optical treatments that
decrease or eliminate hyperopic retinal defocus slow myopia

FIGURE 2. Mean 1-year change in central spherical equivalent
refractive error for children with hyperopic RPD on the superior
retina and children with myopic RPD on the superior retina during the
first study year when children wore either SVLs or PALs. Annual
progression is adjusted for baseline refractive error, baseline age, sex,
and ethnicity. Error bars represent SE.

FIGURE 3. Mean 1-year change in central spherical equivalent
refractive error during the first study year (wearing either SVLs or
PALs) for children with absolute peripheral defocus (as measured by
the aberrometer) that was hyperopic versus myopic on the (A)
superior retina and (B) temporal retina. Annual progression is adjusted
for baseline refractive error, baseline age, sex, and ethnicity. Error bars

represent SE.
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progression in children. Multiple optical treatments that
manipulate peripheral defocus are currently being investigated
including novel spectacle lens designs,49 orthokeratology
lenses,27,28,30 and various bifocal and novel soft contact lens
designs.35,36,50 We compared the effect of SVLs and PALs on
peripheral defocus when myopic children wear their glasses,
and we determined the change in RPD attributable to each
type of spectacle lens. We also examined the effect of
peripheral defocus on the 1-year progression of myopia.

Effect of Spectacle Lenses on Peripheral Defocus

The uncorrected myopic eyes in our study had relative
peripheral hyperopia in the horizontal meridian and relative
peripheral myopia in the vertical meridian.37 Hyperopic RPR in
the horizontal meridian of uncorrected myopic eyes is
consistent with previous studies.15,16,18,20 Though some
studies have reported more hyperopic RPR 308 in the
periphery in adults than we found in this study,39,51 our mean
amount of myopia was lower. Although we found that vertical
RPR was myopic, recent studies have reported both myopic
and hyperopic RPR in the vertical meridian of myopic
eyes.15,21,52,53 Though differences in measurement methods
exist between the studies, the disparity between study results
suggests that the vertical meridian RPR among myopic eyes is
variable.

Previous studies have reported that SVLs cause a hyperopic
shift in RPD in the horizontal meridian of the eye, usually when
moderate amounts of myopia were being corrected.38,39,51 In the
present study, we found that SVLs caused a hyperopic shift in
RPD in both the horizontal and vertical meridians with the
largest changes in the vertical meridian. Compared with SVLs,
the shift in RPD caused by PALs was more myopic in three of the
four peripheral locations with the largest myopic shift in RPD
corresponding to the PAL add corridor. We also found a
significant association between the shift in RPD caused by
spectacle lenses and the amount of central myopia being
corrected. Regardless of lens type, lenses that corrected higher
amounts of central myopia resulted in a more hyperopic RPD
shift than lower powered lenses of the same type. Putting this
result into context for each lens type, a�4.00 D PAL resulted in a
smaller myopic shift in RPD than a�1.00 D PAL, and a�4.00 D
SVL caused a more hyperopic shift in RPD than a�1.00 D SVL.
This result is consistent with a previous report that SVLs
correcting higher amounts of myopia resulted in a greater
hyperopic shift in RPD than SVLs correcting lower amounts of
myopia.38 If greater amounts of peripheral hyperopic defocus
result in more rapid myopia progression,36,49 this finding has
implications for both standard SVL and specialty spectacle lens
design. It is not advantageous for lenses to create more

peripheral hyperopic defocus when a practitioner increases
lens power to compensate for increased myopic refractive error.

Peripheral Defocus and Myopia Progression

The peripheral myopic shift in RPD caused by PALs could
provide an alternate explanation for the previously reported
small decreases in myopia progression with PALs.1–5 Although
only half of the children in the current study wore PALs during
year one, roughly 75% of children experienced some amount
of superior myopic defocus when wearing their assigned
correction due to variability in peripheral defocus in the
vertical meridian of the uncorrected eye. Children with
superior myopic defocus had significantly less central myopia
progression than children with superior hyperopic defocus.
Although PALs resulted in a large myopic shift in superior
peripheral defocus, the change at the other peripheral
locations was much smaller (<0.50 D). The lack of an
association when analyzing nasal and inferior defocus and the
inconsistent result temporally when analyzing RPD and
absolute peripheral defocus in year one may indicate that
larger doses of defocus above a threshold value are needed to
have an appreciable effect on human myopia progression.
Because the superior retina is where the greatest range of
defocus values were measured due to the PAL addition, this
finding provides support for the continued investigation of
optical designs that create a large amount of myopic peripheral
defocus in all retinal quadrants. Contact lenses would be the
most advantageous method of consistently delivering a
peripheral myopic defocus profile to the retina because the
contact lens stays fairly centered with eye movements.

The amount of peripheral myopic defocus necessary to have a
meaningful effect is unclear. One possibility is that a dose-
response relationship exists where greater amounts of periph-
eral myopic defocus result in greater reductions in myopia
progression. Another possibility is that there is not a dose-
response relationship and that any amount of myopic peripheral
defocus above some threshold acts as a ‘‘stop’’ signal to slow
myopia progression. If there is no dose-response relationship,
perhaps greater reductions in myopia progression are possible as
more peripheral locations experience myopic defocus. Al-
though hyperopic superior defocus was associated with faster
central myopia progression, we did not find evidence that
greater amounts of myopic peripheral defocus slowed central
myopia progression more than lesser amounts of myopic
peripheral defocus in year one. When limiting analyses to only
children with myopic superior defocus in year one, there was no
association between the amount of peripheral defocus and the 1-
year change in myopia (all P ‡ 0.27).

TABLE 5. Adjusted 1-Year Difference in Central Myopia Progression (D) by Type of Peripheral Defocus (Myopic Versus Hyperopic) on the Superior
Retina During Year 2 of the Study When All Children Wore SVLs

Study Year 2 (All Wore SVLs)

Retinal Location

Type of Peripheral

Defocus,

Number of Children

Progression Difference Between

Groups,*

Myopic–Hyperopic

Hyperopic Myopic

Mean

6 SE

P

Value

95% CI

for Difference

Relative peripheral defocus (RPD)

308 Superior 46 36 0.12 6 0.09 0.16 �0.05 to 0.30 D

Absolute peripheral defocus (as measured by aberrometer)

308 Superior 41 41 0.09 6 0.09 0.30 �0.08 to 0.26 D

* Differences adjusted for baseline refractive error, age, sex, and ethnicity. Positive difference indicates slower myopia progression in children
with myopic peripheral defocus compared to children with hyperopic peripheral defocus.
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Interestingly, we did not find a significant association
between superior defocus and myopia progression in year
two when all children wore SVLs. One might have expected to
see an increase in myopia progression due to the superior
hyperopic shift in defocus after children in PALs switched to
SVLs. Despite the significant hyperopic shift in superior
defocus with the cessation of PAL wear in year two, there
was only a 30% decrease in the percentage of children with
myopic superior defocus. Many uncorrected myopic eyes have
relative peripheral myopia under ordinary circumstances.15,37

The large percentage of children still experiencing even small
amounts of superior myopic defocus combined with slower
progression in general due to increased age made any
association in year two difficult to detect. It is important to
note that this study was not powered to specifically examine
this dose-response question, as it was not the primary
outcome. It will be important for future studies with a larger
sample to utilize interventions that result in a large range of
peripheral defocus in order to further examine this question.

Two longitudinal studies of myopic children have not found
a meaningful association between uncorrected RPR and
myopia onset or progression, and a cross-sectional study in
adults has raised the question of whether uncorrected RPR is
associated with changes in refractive error or is a consequence
of refractive error.25,26,54 We also did not observe a significant
association between uncorrected RPR at baseline and myopia
progression even though a significant association was found
between myopic peripheral defocus and progression in year
one when wearing an optical correction that resulted in large
changes in retinal defocus, similar to the previously cited
studies involving orthokeratology. Because optical corrections
(spectacles and contact lenses) can alter peripheral defocus, it
will be important for future progression studies to determine
peripheral defocus when wearing correction.

One might wonder whether some other aspect of the PALs
other than the manipulation of peripheral defocus is responsible
for the PAL treatment effect. When allowing treatment group
assignment (PAL or SVL) to compete in models where peripheral
defocus was significantly associated with central myopia
progression, the treatment group assignment was no longer
significant (i.e., treatment group no longer explained the
reduction in central myopia progression when peripheral
defocus was allowed to compete in the same model). As
previously reported, we also did not find a significant association
between accommodative lag and the progression of myopia.5

A limitation of this study is that our calculation of peripheral
refraction measures during spectacle wear assumes the child is
looking in primary gaze with distance fixation through the
center of the assigned spectacle lens, which may not reflect the
child’s usage of the spectacles in all situations. Peripheral
defocus values through other lens locations were not made;
however, the significant association between superior periph-
eral defocus and central myopia progression, where PALs
resulted in the greatest difference in peripheral defocus
compared with SVLs, warrants further investigation and
confirmation in future studies. To overcome this study limitation
and to better evaluate the hypothesis that peripheral myopic
defocus slows myopia progression, future studies could utilize
contact lenses. Orthokeratology lenses, which cause peripheral
myopic defocus,33 were recently shown to slow myopia
progression in a clinical trial.31 Early evidence has also suggested
that center–distance soft bifocal contact lenses may slow myopia
progression,35,55 though long term randomized clinical trials are
needed. To determine whether myopic peripheral defocus is the
mechanism responsible for the slowed progression reported
with these contact lens modalities, future studies are needed that
measure the peripheral defocus created by these contact lens
designs. Clinical trials are also needed to determine whether any

slowing of myopia progression continues to build with
subsequent years of lens wear. These data would provide a
better understanding of how peripheral defocus might influence
myopia progression and would provide valuable information to
guide the optimization of optical designs.

In summary, PALs resulted in a myopic shift in peripheral
defocus with the largest myopic shift on the superior retina
due to the PAL add corridor. Children with myopic superior
defocus had significantly less myopia progression. These
findings support the continued investigation of optical designs
that create peripheral myopic defocus in all retinal quadrants
as a means of slowing the progression of myopia.
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