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Objective: To compare the rate of refractive growth (RRG3) of the crystalline lens (“lens”) versus the eye
excluding the lens (“globe”) for the fellow, noncataractous eyes of participants in the Infant Aphakia Treatment
Study.

Design: Retrospective cohort study.
Subjects: A total of 114 children who had unilateral cataract surgery as infants were recruited. Biometric and

refraction data were obtained from the normal eyes at surgery and at 1, 5, and 10 years. Subjects were included if
complete data (axial length [AL], corneal power, and refraction) were available at surgery and at 10 years of age.

Methods: At surgery and at 1, 5, and 10 years, AL, corneal power, and cycloplegic refraction were measured
in the normal eyes. For each eye, the RRG3 was defined by linear regression of refraction at the intraocular lens
(IOL) plane against log10 (age þ 0.6 years). The RRG3 for the globe was based on IOL power for emmetropia; the
RRG3 for the lens was based on IOL power calculated to give the observed refractions. Intraocular lens powers
were calculated with the Holladay 1 formula. The means were compared with a paired 2-tailed t test, and linear
regression was used to look for a correlation between RRG3 of the lens globe.

Main Outcome Measures: The RRG3 of the lens and globe.
Results: Complete data were available for 107 normal eyes. The mean RRG3 of the lenses was �12.0 � 2.5

diopters (D) and the mean RRG3 of the globes was �14.1 � 2.7 D (P < 0.001). The RRG3 of the lens correlated
with the RRG3 of the globe (R2 ¼ 0.25, P < 0.001).

Conclusions: The RRG3 was 2 D more negative in globes compared with lenses in normal eyes.
Globes with a greater rate of growth tended to have lenses with a greater rate of growth. Ophthalmology
Science 2022;2:100208 ª 2022 by the American Academy of Ophthalmology. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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The normal crystalline lens changes throughout childhood,
with a reduction in optical power as the front and back surface
curves flatten and the thickness and refractive index change.
The eye excluding the lens can be considered an aphakic eye,
with an effective refraction that is hyperopic and becomes less
hyperopic as the axial length (AL) changes. Hereafter, wewill
use the terms “lens” for “crystalline lens” and “globe” for the
“eye excluding the lens.” The reduction in the positive power
of the lens closely matches the reduction in the hyperopic
refractive error due to increasing AL, which maintains the
entire eye in a nearly constant refractive state.1 The lessening
power of the lens with increasing age has previously been
evaluated in a cross-sectional study where children having a
variety of ocular surgeries had biometric and refraction
measurements that allowed calculation of the intraocular lens
(IOL) power that would be required to give the observed re-
fractions.2 Other studies have been performed longitudinally,
demonstrating changes in refractive index, shape, and
thickness of the lens with age.3e6

Refractive changes of both the lens and globe are
nonlinear. Just as the nonlinear Snellen visual acuity may be
ª 2022 by the American Academy of Ophthalmology
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converted to the logarithm of the minimum angle of reso-
lution for statistical analysis under the assumption of line-
arity, the nonlinear growth metrics of the eye can also
undergo a linear transformation for analysis and
comparison.

The eyes of children after cataract surgery have a
refractive error that is nonlinear and follows a semi-
logarithmic curve. The relationship between refractive error
(at the plane of the IOL) and age (adjusted for the in utero
growth of the eye by adding 0.6 years7) in aphakic or
pseudophakic eyes is semilogarithmic from infancy to 20
years.8,9 The slope of this line is characteristic for each
eye, termed “rate of refractive growth” (RRG3),9 and is
independent of age at surgery and the length of follow-up.
The RRG3 has proven useful in analyzing factors that
might influence the myopic shift of a growing eye10 and in
predicting future refractive error for pseudophakic eyes.7,11

Just as the RRG3 of the globe (RRG3globe) can be
calculated based on biometric measurements at different
ages,10 an analogous RRG3 can be calculated for the lens
(RRG3lens) based on longitudinal measurements of
1https://doi.org/10.1016/j.xops.2022.100208
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Table 1. Values for Refraction, AL, and Corneal Power of the 107 Included Normal, Nonsurgical Eyes at Surgery and at 1, 5, and 10 Years

Age group Age (yrs) Refraction (D) AL (mm) Corneal Power (D)

Surgery 0.19 � 0.14 2.44 � 1.84 18.54 � 0.89 45.49 � 1.87
1 yr 0.90 � 0.04 1.48 � 1.46 20.69 � 0.66 43.16 � 1.55
5 yrs 4.98 � 0.08 1.64 � 1.41 22.11 � 0.78 43.28 � 1.57
10 yrs 10.61 � 0.26 0.26 � 2.20 23.37 � 1.00 43.18 � 1.56

Values are reported as value � standard deviation. AL ¼ axial length; D ¼ diopters.
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biometry and refraction. The RRG3 of the globe and
RRG3lens are separate and distinctly calculated rates, with
units of diopters (D) (Equations 1, 2). For the purposes of
this study, the RRG3 can be defined by linear regression
of refraction at the IOL plane against the log of (age þ
0.6 years). The RRG3 of the globe was based on IOL
power for emmetropia; RRG3lens was based on IOL power
calculated to give the observed refractions. For precise
calculation of RRG3, it is best to have measurements
taken in infancy and again many years later because the
uncertainty in the value of RRG3 due to errors in
measurements is least when the line segment in the
semilogarithmic plot is long.

The Infant Aphakia Treatment Study (IATS) prospec-
tively studied 114 children who had unilateral cataract sur-
gery as infants, with or without IOL implantation.12 Most of
these patients had longitudinal biometric data from the
normal nonsurgical eye obtained at surgery and at 1, 5,
and 10 years of age. These data can be used for the
calculation of RRG3globe and RRG3lens.

Pediatric eyes tend to become less hyperopic with age,
which could be attributed to a mismatch between the
Figure 1. Rate of refractive growth of the normal lens versus RRG3 of the globe.
between these values. The greater the RRG3 of the globe, the greater the RRG
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RRG3lens and RRG3globe. In addition, because the compo-
nents of the eye tend to grow together, it is possible that
increased axial elongation (as shown by RRG3globe) could
correspond to a greater reduction in the lens power
(as shown by RRG3lens).

Our primary hypothesis was that the mean RRG3lens is
less than the mean RRG3globe. This would result in a net
myopic shift of these normal eyes, on average. Our secondary
hypothesis was that RRG3lens correlates with RRG3globe.
Methods

This study was supported through a cooperative agreement with
the National Eye Institute of the National Institutes of Health and
was conducted at 12 clinical sites. This study was approved by the
institutional review boards at all participating institutions and was
in compliance with the Health Insurance Portability and
Accountability Act. ClinicalTrials.gov Identifier: NCT00212134.
The analysis in this substudy was approved as a Quality
Improvement project, NMCSD.QI.2020.111601. This study
adhered to the tenets of the Declaration of Helsinki. All participants
provided informed consent.
The coefficient of determination (R2)¼ 0.25, indicating a weak correlation
3 of the lens. D ¼ diopters; RRG3 ¼ rate of refractive growth.
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Figure 2. Refraction at 1 year versus 10 years of age. Of the 71 eyes with a refraction of < þ2 D at age 1 year, 38% were myopic, with a refraction of < �0.5
D at age 10 years, compared with 9% of the 35 eyes with refraction � þ2 D at age 1 year. D ¼ diopters.
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Study Design

The main inclusion criteria were a visually significant infantile
onset cataract (� 3 mm central opacity) in 1 eye, a normal
nonsurgical eye, and an age of 28 to < 210 days at the time of
cataract surgery. The main exclusion criteria for the IATS were an
acquired cataract, persistent fetal vasculature causing stretching of
the ciliary processes, or a corneal diameter of < 9 mm.12 For this
substudy, we included only the nonsurgical normal eyes that had
complete data (age, AL, corneal power, and refraction) at surgery
and at the 10.5-year (hereafter abbreviated 10-year) examination.
Surgical Technique and Optical Correction

The details of the randomization, surgical technique, and optical
correction have been described previously.12
Clinical Examinations

Biometric data for the normal eyes were obtained at the time of
cataract surgery and at ages 1, 5, and 10 years, including cyclo-
plegic refraction, AL and corneal power. When possible, autore-
fraction was performed. If an autorefraction could not be
performed, retinoscopy was used to perform the refraction.

One child was found to have Stickler syndrome and was sub-
sequently excluded from the analysis.
Calculation of RRG3

The RRG3 of the globe was based on IOL power for emmetropia;
RRG3lens was based on IOL power calculated to give the observed
refractions (Equations 1, 2). Intraocular lens power was calculated
using the Holladay 1 formula. For the purposes of our study, we
used all available data points from the examinations at surgery and
at 1, 5, and 10 years of age and calculated the RRG3 for each eye
using linear regression of IOL power versus log10 (age þ 0.6
years).
Statistical Analysis

The Shapiro-Wilk Royston test was used to demonstrate normality,
a 2-sided paired t test was used to compare means, and linear
regression was used to look for a correlation between RRG3lens and
RRG3globe. Because multiple comparisons were made and because
this study is one of many post hoc analyses of the IATS data, only
P values of < 0.001 were considered significant.

Equations

RRG3globe ¼ IOLfinal� IOLinitial
log10

�
agefinalþ0:6years

�� log10ðageinitialþ0:6yearsÞ

Equation 1. This formula defines RRG3globe. IOLfinal and IOLinitial
are defined as the IOL powers required for emmetropia at the final
examination and at the time of surgery, respectively. Agefinal and
ageinitial are defined as the patient’s ages at the final examination and
at the time of surgery, respectively. The addition of 0.6 years is to
correct for the in utero growth of the eye. Because (log[a] � log[b])
is equivalent to log (a/b), the unit of the denominator cancels out,
and RRG3 has units of D. For the purposes of this study, linear
regression was used to calculate RRG3 from the 4 available data
points.

RRG3lens ¼ Lensfinal�Lensinitial
log10

�
agefinalþ0:6years

�� log10ðageinitialþ0:6yearsÞ

Equation 2. This formula defines the RRG3lens. Lensfinal and
Lensinitial are defined as the IOL powers required for the observed
refraction at the final examination and at the time of surgery,
respectively. Agefinal and ageinitial are defined as the patient’s ages at
the final examination and at the time of surgery, respectively. The
addition of 0.6 years is to correct for the in utero growth of the eye.
Because (log[a] � log[b]) is equivalent to log (a/b), the unit of the
denominator cancels out, and RRG3 has units of D. For the purposes
of this study, linear regression was used to calculate RRG3 from the
4 available data points.
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Table 2. Comparison between Change in AL and K from the
Study by Mutti et al3 from 9 Months to 4.5 Years of Age and the

IATS Study from 1 to 5 Years of Age

Study DAge (yrs) DAL (mm) DK (D)

Mutti et al3 4.13 � 0.03 1.67 � 0.07 �0.5 � 0.14
IATS 4.09 � 0.08 1.47 � 0.04 0.00 � 0.98

DAge, DAL, and DK refer to change in AL and K over the specified period.
The IATS data include those 88 eyes that met the inclusion criteria for our
study and had complete data available at the 1- and 5-year examinations.
Values are reported as value � standard deviation.
AL ¼ axial length; D ¼ diopters; IATS ¼ Infant Aphakia Treatment
Study; K ¼ corneal power.
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Results

Biometric and refraction data were available for 107 normal
nonsurgical eyes both at surgery and at 10 years of age. In
addition, complete data were available for most of these
eyes at the 1-year (n ¼ 99) and 5-year (n ¼ 94) examina-
tions. Values at all examinations for refraction, AL, and
corneal power are listed in Table 1.

The mean RRG3lens was �12.0 � 2.5 D, and the mean
RRG3globe was �14.1 � 2.7 D (P[same means] < 0.001,
2-sided paired t test). In linear regression analysis, the
RRG3lens was correlated with RRG3globe (R

2 ¼ 0.25) (Fig 1).
The mean power of the lens was þ35.8 � 3.8 D at the

time of surgery of the cataractous eye and þ21.5 � 1.8 D at
age 10 years.

We also observed that the refraction at age 1 year was
correlated with the refraction at age 10 years (R2 ¼ 0.37, P
[correlation] < 0.001, F-significance via analysis of vari-
ance) (Fig 2) for the 106 eyes that had refractions at ages 1
and 10 years. Of the 71 eyes with a refraction of < þ2 D at
age 1 year, 38% were myopic, with a refraction of < �0.5 D
at age 10 years, compared with 9% of the 35 eyes with
refraction � þ2 D at age 1 year.

Discussion

The mean RRG3 was 2 D more negative for the globe than
for the lens. For these normal nonsurgical eyes, this resulted
in an average net myopic shift.

We hypothesized that the lens refractive change would be
proportionate to the growth of the rest of the eye, that is, the
RRG3 of the normal lens would correlate with the RRG3
changes of the globe. Indeed, 25% of the difference in
RRG3lens could be explained by variance in RRG3globe: the
4

eyes that grew faster (greater RRG3globe) had a greater rate
of growth of the lens (greater RRG3lens). These results are
consistent with our secondary hypotheses.

Incidental to the main purpose of our study, we also
found that the refraction at age 1 year was correlated with
refraction at age 10 years, with the age 1 refraction
explaining 37% of the age 10 refraction. Eyes that were
initially less hyperopic (refraction < þ2 D at age 1 year)
were > 4 times as likely to be myopic at the age of 10 years
compared with more hyperopic refractions at the age of 1
year. This suggests the possibility of early intervention; a
future study could examine whether an intervention to slow
the progression of myopia (such as daily, low-concentration
atropine drops) starting at the age of 1 year could lessen the
long-term rate of myopia.

The authors of this paper previously analyzed RRG3 in
this same data set and found that the standard deviation of
RRG3 of normal nonsurgical globes was half that of the
eyes that underwent cataract surgery.11 We extend this work
by calculating the RRG3 for the lens itself and comparing it
with the RRG3 of the globe.

Mutti et al3 fit the changing lens power to a polynomial
curve similar to the semilogarithmic curve of the RRG3
model, based on longitudinal data from normal children
aged 0.25 to 6.5 years. The pattern of refractive growth
for our data set followed a similar logarithmic model.
Mutti et al3 also described change in AL and
keratometry from 0.25 to 6.5 years. These results are
compared with those of our study in Table 2. Although
the studies are similar, a statistical comparison is
difficult because the closest age data match inexactly: 9
months to 4.5 years for Mutti et al3 versus 1 year to 5
years for the IATS.

Our study is limited in that the “normal” eyes examined
in this study were the paired nonsurgical eyes of infants who
underwent unilateral cataract surgery. Thus, these eyes may
vary at baseline from the general population who did not
develop a unilateral cataract in infancy. Further, these in-
fants underwent patching therapy of the normal nonsurgical
eye, which might affect the growth of this eye and confound
our results.

We believe that the method used to assess the refractive
power growth of the lens, by converting it to the linear form of
RRG3, can be used in future clinical studies that analyze the
growthof the lensorAL. In thisway, the confounding effects of
age at measurement and length of follow-up can be eliminated.
This is analogous to the conversion of the nonlinear Snellen
visual acuity to the linear formof the logarithmof theminimum
angle of resolution, which is now understood to be necessary
for statistical analysis of visual acuity.
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