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Abstract

Significance: The study fills an important gap by providing a longitudinal description of 

development of the major structural and optical components of the human eye from 3 months to 

nearly 7 years of age. Normative development data may provide insights into mechanisms for 

emmetropization and guidance on intraocular lens power calculation.

Purpose: Describe the pattern of development of refractive error and the ocular components 

from infancy through early childhood.

Methods: Cycloplegic retinoscopy (cyclopentolate 1%), keratophakometry, and ultrasonography 

were performed longitudinally on between 162 and 293 normal birthweight infants at 0.25, 0.75, 

1.5, 3, 4.5, and 6.5 years of age.

Results: Refractive error and most ocular components displayed an early exponential phase of 

rapid development during the first 1–2 years of life followed by a slower quadratic phase. Anterior 

and vitreous chamber depths, axial length, and crystalline lens radii increased at every visit. The 

crystalline lens thinned throughout the ages studied. The power of the cornea showed an early 

decrease, then stabilized, while the crystalline lens showed more robust decreases in power. The 

crystalline lens refractive index followed a polynomial growth and decay model, with an early 

increase followed by a decrease starting at 1–2 years of age. Refractive error became less 

hyperopic, then was relatively stable after 1–2 years of age. Axial lengths increased by 3.35 ± 0.64 

mm between ages 0.25 and 6.5 years, showed uniform rates of growth across the range of initial 

values, and were correlated with initial axial lengths (r = 0.44, P < 0.001).

Conclusions: Early ocular optical and structural development appears to be biphasic, with 

emmetropization occurring within the first 2 years of infancy during a rapid exponential phase. A 

more stable refractive error follows during a slower quadratic phase of growth when axial 

elongation is compensated primarily by changes in crystalline lens power.
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The rapid rate of growth of the infant eye in the first years of life is well established.1–4 

During this time, the deepening of the anterior chamber and axial elongation are coordinated 

with flattening of the cornea and decreases in the power of the crystalline lens to reduce the 

average level of hyperopia and the variation in early refractive errors.4 The majority of this 

process of emmetropization takes place within the first two years of life.5–9 Refractive errors 

then become relatively stable despite continued growth of the eye until later in childhood 

and early adolescence when myopia has its peak incidence.10 Infant biometry data are useful 

for understanding the interplay between ocular components during the emmetropization 

process. These data may also guide surgeons in determining the intraocular lens (IOL) 

power to use after removal of cataracts in infancy. The refractive error target may be 

emmetropia immediately after surgery or some amount of residual hyperopia that would be 

managed with contact lenses and/or glasses until axial elongation places the eye closer to 

emmetropia at an older age.

Selection of the target for residual hyperopia post-IOL implantation requires knowledge of 

the amount of axial elongation to follow. Reductions in corneal power are less relevant 

because they are relatively small and tend to happen very early in infancy.4, 11–13 While the 

literature suggests that IOL power calculation produces reliable refractive error outcomes 

immediately post-surgery, there is considerable variation that develops over the longer term. 

The average difference between the target and the actual refractive error in the immediate 

post-operative period for pediatric cataract surgeries is on the order of 0.5 D to 1.5 D with 

standard deviations of 1.0 D to 2.5 D.14–18 This relative accuracy at the time of surgery is in 

contrast to the varying amounts of change in refractive error that occur following IOL 

implantation in infants. Some studies report very little change for most patients19, 20 while 

others show a wide range that include hyperopic shifts at one extreme and 10-D,21, 22 20-D,
23 or larger myopic shifts at the other.24 Making an accurate long-range prediction of post-

surgical refractive error is clearly more difficult than calculating a target IOL power.

Two studies often used to predict future axial growth are a cross-sectional series of 148 eyes 

of 79 normal, phakic subjects25 and a longitudinal study of 156 aphakic eyes that underwent 

cataract removal before age 10 years.26 Despite their proven usefulness, these studies have 

an important limitation in that they do not provide an estimate of the variation in growth that 

may occur over time. Any individual departure from the growth pattern for the average eye 

will necessarily increase the variation in refractive error in the years following surgery. 

Some of this variation may be individual but the impact of other factors may be more 

systematic. One of the more important candidate factors is the effect of initial axial length. 

Do shorter eyes in infancy follow the same growth trajectory as longer eyes? Initial length 

will also create different optical effects as the eye elongates. As McClatchey and co-workers 

have pointed out, effectivity will amplify the optical impact of elongation in shorter vs. 

longer eyes; the myopic shift per millimeter of axial elongation is greater for a smaller eye 

than for a larger one.23 Few longitudinal infant biometry datasets exist to provide estimates 

of the variation in axial elongation or that describe the effects of initial axial length.3, 27, 28 

Data from a sample of 20 full-term infants measured multiple times in the first year of life 

by ultrasonography and recent results for unoperated eyes from the Infant Aphakia 

Treatment Study show no significant differences in growth rate based on initial axial length.
3, 27 In contrast, MRI measurements of axial length at 5–17 days of life followed by 
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IOLMaster axial length data at age 3 years suggest that initially large eyes grow more slowly 

and small eyes more rapidly, resulting in no significant correlation between axial lengths 

prior to 3 weeks of age and those at 3 years.28

The purpose of the current analysis is to use longitudinal data on all major ocular optical 

components, including keratometric and crystalline lens power, over a range of ages from 

infancy to childhood in order to provide average component growth curves, to describe the 

amount of variation in component development, particularly axial elongation, between 

infancy and early childhood, and to examine whether that variation can be accounted for by 

other baseline variables such as initial axial length or keratometric power.

METHODS

Methods used in the study have been published in detail previously.4 In brief, subjects for 

the Berkeley Infant Biometry Study (BIBS) were recruited from diaper service newsletter 

advertisements, word-of-mouth, and invitation letters sent to new parents identified from 

Contra Costa County, CA, birth records. Parents provided written informed consent 

according to the tenets of the Declaration of Helsinki after all procedures were explained. 

The BIBS protocol was reviewed and approved by the Institutional Review Boards for The 

Ohio State University, the University of California, Berkeley, and the State of California. 

Inclusion criteria were both genders, all refractive errors (including emmetropia), 

birthweight over 2500 grams, confirmation that the baby was under the general care of a 

pediatrician, no history of difficulty with pupil dilation, and no previous or active cardiac, 

liver, respiratory, or ocular disease. An existing strabismus was allowable, although no baby 

entered the study with strabismus.

All reported biometric measurements were performed on the right eye only. Refractive error 

was the average spherical equivalent measured by two observers masked to each other’s 

cycloplegic retinoscopy findings (one drop of proparacaine 0.5%, followed by two drops of 

cyclopentolate 1.0% in each eye with five minutes between cyclopentolate drops). 

Keratometric corneal power was measured from Purkinje image reflections recorded by a 

custom hand-held video camera.29 Crystalline lens radii of curvature, power, and equivalent 

refractive index were calculated from an individual schematic eye created for each subject 

using ocular biometric data and Purkinje image reflections from the crystalline lens captured 

with the same camera.30 Ocular axial dimensions were measured with a Humphrey 820 A-

scan ultrasound (Humphrey Instruments, Dublin, CA). Measurements were taken over the 

closed eyelid in semi-automatic mode using the “dense cataract” setting at 100% gain. The 

measurement trace was digitized, the posterior corneal peak identified, the corneal and 

eyelid thickness subtracted, and then 500 microns of corneal thickness was added back in 

order to provide a measurement of anterior chamber depth.31

This report analyzes data from up to 293 out of 302 children with between 1 and 7 study 

visits (52.6% female). The ethnic distribution of the sample was 206 (70.3%) white, 22 

(7.5%) Asian-American, 11 (3.8%) African-American, 6 (2.0%) Filipino, 2 (0.7%) East 

Indian, 2 (0.7%) Native American, 14 (4.8%) other, and 30 (10.2%) who declined to state. 

Nine subjects were excluded from analysis because they were uncooperative and unable to 
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provide complete data at baseline (7), had a low birthweight (1), or received the incorrect 

cycloplegia (tropicamide instead of cyclopentolate (1).

The target age for the initial visit was 3 months (n=293; 0.25 yrs) after birth, followed by 

visits at 9 (n=278; 0.75 yrs), 18 (n=264; 1.5 yrs), 36 (n=243; 3 yrs), 54 (n=162; 4.5 yrs), and 

78 months (n=196; 6.5 yrs; Table 1). The average age was close to target for visits 3, 4, and 

6 and about 2 weeks older than the target for visits 1, 2, and 5.

Growth models were fit using the NLMIXED procedure in SAS version 9.3. Candidate 

growth curve models included polynomial, exponential, a combination of exponential and 

polynomial, and double exponential forms. These parametric growth curves were evaluated 

using the Akaike Information Criterion in addition to being checked against unbiased, non-

parametric running averages for goodness of fit. Growth curves for 8 of the 10 variables 

were best fit by an early exponential growth or decay function followed by a quadratic curve 

as age increased (Equation 1). Of these 8, all but refractive error included a sex-dependent 

term (male = 0, female = 1). The variable T in each equation equals (age – 0.25) and 

represents age in years centered on 3 months (0.25 years). This step simplifies the equation 

if the initial visit age were exactly 3 months by making T equal to zero, allowing the sum 

β1 + β3  to represent an estimated baseline component value for a male and β1 + β2 + β3
for a female at this target age.

Ocularvariable= β1 + β2 ∗ Sex + β3 ∗ e
−β4 ∗ T

+ β5 ∗ T + β6 ∗ T2

The growth curve for the posterior lens radius of curvature (PLC) also included a sex-

dependent modification of the coefficient in the exponential portion of the equation, but had 

no significant quadratic coefficient.

PLC= β1 + β2 ∗ Sex + β3 + β7 ∗ Sex ∗ e
−β4 ∗ T

+ β5 ∗ T

Lens equivalent refractive index was fit with a polynomial growth and decay model, a 

function with an early rise that was followed by a fall at older ages, with no sex-dependent 

terms.

Lensindex=β1 + β2 ∗ 1 + T
β3 / 100 + β4 ∗ 1 + T

β5

Axial length at the final visit (target age 6.5 years) as a function of axial length at baseline 

(target age 3 months) was examined using orthogonal regression (JMP, v. 10, Cary, NC). 

Residuals from that regression were then checked for any association with initial 

keratometer power.
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RESULTS

The average (±SD) age and values for each of the ocular component variables at each visit 

are given in Table 1. The number of subjects in Table 1 varies by measurement and visit. The 

simplest measurement, retinoscopy, was done on each of the children. Ultrasound could not 

be done on some subjects because of crying or poor cooperation. Phakometry data depend 

on ultrasound data and were therefore missing whenever ultrasound data were missing. All 

components underwent substantial amounts of change between 3 months and 6.5 years of 

age (Tables 1 and 2). Table 1 presents results from all subjects while Table 2 presents results 

from up to 153 subjects seen within the age window and with data at both 3 months (±1 

month) and 6.5 years (±6 months). The power of the cornea decreased by about 1.5 D while 

the power of the crystalline lens decreased by a far greater amount on average, nearly 14 D. 

The crystalline lens underwent axial thinning by 0.3 mm along with flattening of each lens 

surface with age. The equivalent refractive index of the crystalline lens showed no 

substantial net change between 3 months and 6.5 years of age. The optical effects of these 

power losses, a shift toward hyperopia, were offset by deepening of the vitreous chamber 

and an increase in overall axial length. The net effect on refractive error was a reduction in 

hyperopia by about 1 D, from roughly +2.0 D at 3 months to +1.0 D at 6.5 years of age.

Ocular component values at age 6.5 years were significantly correlated with initial values at 

3 months with the exception of lens equivalent refractive index (Table 2). The signs on the 

significant correlations were all positive, indicating that individual subjects with relatively 

higher powers for the cornea and crystalline lens, longer, deeper axial dimensions, and more 

hyperopic refractive errors at the earliest visit tended to retain them during development. 

Ocular component values were also inter-correlated at 3 months of age (Table 3). Other than 

the expected high correlations between axial length and its component parts (anterior 

chamber depth and vitreous chamber depth), some of the stronger correlations were between 

a shorter axial or vitreous length and a steeper, more powerful cornea and crystalline lens.

All parametric growth curves were close approximations of their non-parametric running 

averages. The best-fit equations with their coefficients are given in Table 4. The curves are 

shown as bold black lines superimposed over the individual data in Figure 1 (axial 

dimensions) and Figure 2 (radii of curvature, refractive powers, and refractive error). Sex 

differences were small and are not shown for clarity. These differences can be found from 

the coefficients for sex in the growth curve equations in Table 4. Females had smaller axial 

dimensions and steeper, more powerful ocular refracting surfaces. For example, females had 

shorter axial and vitreous lengths by about 0.3 mm, but more powerful corneas and 

crystalline lenses by 0.7 D and 1.0 D, respectively. The early exponential phase dominated 

early development but transitioned to the quadratic growth generally by 1–2 years of age. 

The polynomial growth and decay model for equivalent refractive index of the crystalline 

lens displayed more complex behavior, with increases at younger ages followed by decreases 

in older children to result in no substantial net change in equivalent refractive index between 

3 months and 6.5 years of age. Early increases in refractive index would dampen the 

reduction in lens power from surface flattening while later decreases would enhance the 

reduction in lens power. Refractive error and corneal power were the most stable of the 

ocular components after about 18 months of age.
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One noteworthy feature of the increases in axial length, and even more so for vitreous 

chamber depth, was the general uniformity of the rate of change across subjects (Figure 1). 

We explored this feature in greater detail using orthogonal regression between axial length at 

6.5 years as a function of initial axial length at 3 months. The slope was not significantly 

different from 1.0 (β = 1.2, 95% CI: 0.85 – 1.7), suggesting a uniform amount of change 

across baseline eye lengths. The generally uniform change in axial length between 3 months 

and 6.5 years had no significant association with initial keratometric power.

Even though initial axial length did not appear to influence its subsequent rate of growth, the 

range of baseline axial lengths has implications for identifying a target post-surgical 

refractive error that will lead to the desired refractive error in childhood. Optical effectivity 

will produce a different shift in refractive error per millimeter of elongation depending on 

the initial length of an aphakic or pseudophakic eye. Shorter eyes will undergo a greater 

myopic shift per mm of elongation than longer eyes.23 This effect was modeled using 

vergence equations and values across the range of axial lengths from the current study data 

for 3-month-old infants and 6.5-year-old children. The IOL was assumed to be a thin lens. 

Corneal power was assumed to be 43.9 D and 42.4 D for 3 month-old infants and 6.5 year-

old children, respectively (Table 1). Pseudophakic anterior chamber depth was assumed to 

be 3.5 mm and 4.1 mm for 3 month-old infants and 6.5 year-old children, respectively.25,32

A range of IOL powers between +20 D and +37 D would be needed to create a refractive 

error of +6.00 D 3 months of age (Figure 3A). This target level of hyperopia in infancy 

would not be sufficient to produce emmetropia in childhood as all calculated refractive 

errors at age 6.5 years were myopic. The predicted refractive error at 6.5 years of age 

resulting from 3.4 mm of elongation ranged from roughly −2.00 D at the longest initial axial 

lengths to −5.00 D at the shortest initial axial lengths (Figure 3B). IOL powers would need 

to be in the range of +16 D to +28 D and post-surgical hyperopia would need to be in the 

range of +11 D to +14 D to produce emmetropia at age 6.5 years (Figures 3A and 3B).

DISCUSSION

This large, longitudinal dataset provided average growth curves for refractive error and each 

of the major ocular optical components that determine refractive error. Axial dimensions 

were in general agreement with previous work. The initial average value of 19.2 mm for 

axial length was similar to values obtained from MRI33 but 1–2 mm longer than those from 

other studies that included infants at 3 months of age.3, 25, 34 The value of 22.4 mm for axial 

length at 6.5 years was similar to MRI and ultrasound results for children of that age.
25, 34, 35 The pattern of rapid early elongation followed by slower growth at older ages was 

very similar to that found in previous studies, as was the growth by about 3.4 mm in axial 

length between 3 months and 6.5 years of age.3, 25, 33, 34 Anterior chamber depth underwent 

a small and rapid increase very early,33, 36 but unlike the asymptote seen in MRI results,33 

there was a very slow but continual increase of a few tenths of a mm throughout infancy and 

early childhood. Lens thinning previously reported in infancy was also seen in the current 

study on a very small scale of 0.3 mm between 3 months and 6.5 years of age.37 Lens 

thinning was not found in MRI results, but that technique may not have the resolution to 

detect these small changes in anterior chamber depth and lens thickness.33
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The keratometric power of the cornea in the current study and the pattern of an early 

decrease by about 1.5 D followed by stability at 1–2 years of age was similar to that reported 

by others.12, 25, 33 The corneal radii obtained using MRI appear to be steeper throughout the 

range of ages in the current study.33 Radii of 6.75 – 7.25 mm would correspond to more 

powerful keratometry readings in the range of 50.0 – 46.5 D. The anterior lens radii of 5 – 9 

mm from MRI are also steeper than the average values of 7.3 – 12.3 mm from phakometry 

found in the current study, as are the posterior lens radii (4.0 – 5.5 mm from MRI compared 

to 4.7 – 6.3 from phakometry).33, 38 Phakometry samples lens curvature using reflections 

from the apical, paraxial portion of the crystalline lens while curvature from MRI is derived 

by curve fitting across the entire surface of the crystalline lens visible in MRI. The source of 

the discrepancy is difficult to identify. The shape of the crystalline lens is nearly spherical in 

the MRI data,38 making it unlikely that inclusion of peripheral lens surface in MRI would 

bias values relative to apical lens radii in phakometry. Lens thickness from MRI agrees well 

with that from ultrasound, making it unlikely that some smaller, steeper form of the lens is 

being evaluated in MRI.33, 38

The data from Gordon and Donzis capture the decrease in lens power that takes place as the 

eye elongates, but the range of powers between infancy and childhood are low compared to 

the current study.25 Their calculated powers changed from roughly 29 D for infants under 1 

year of age to 19 D for children between 6 and 7 years of age where the current study found 

average powers starting at 40 D that became 27 D by age 6.5 years. The source of the 

discrepancy is again difficult to identify. Axial length and keratometric values are similar for 

the two studies, but the assumed anterior chamber depth is not given for their simulated 

posterior chamber IOL lens power. Perhaps their assumed chamber depth was shallow as 

that would make a lower lens power more effective optically.

The crystalline lens refractive index showed a complex pattern of growth and decay, 

increasing after 3 months of age to reach a maximum at 1–2 years of age, followed by 

decreases to levels slightly below those seen at baseline. These changes would alter 

refractive error by nearly 3 D. The implications of this change in direction on refractive error 

development are unclear. One possibility that requires further evaluation is that 

emmetropization is enhanced during the early phase when refractive index increases would 

help to reduce early hyperopia. The second phase may assist with maintaining emmetropia 

as refractive index decreases would help to reduce lens power and keep refractive error 

stable within the growing eye. The timing of this change in direction for crystalline lens 

refractive index between 1–2 years of age is interesting given that it coincides with 

emmetropization being largely complete by 18 months.8, 9, 39

Robust development took place between infancy and early school age with differing degrees 

of variability between ocular components. The average amount of change was roughly equal 

to the magnitude of the standard deviation for the change in refractive error, but was 5–6 

times larger than the standard deviation for change in axial length, vitreous chamber depth, 

and lens power (Table 2). The question of whether or not early component values are 

correlated with those at older ages is an important one considering that strong correlations 

will make for better predictions of future component values. A recent report from the 

Growing Up in Singapore Towards healthy Outcomes (GUSTO) study found no significant 
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correlation between MRI axial lengths taken 5–17 days after birth and IOLMaster axial 

lengths of the same children at 3 years of age.28 In contrast, 9 out of 10 ocular variables in 

the current study showed significant positive correlations between values at 3 months of age 

and those at 6.5 years of age (Table 2). The later final age in the current study compared to 

GUSTO was probably not the reason for the different result; the correlation in BIBS data 

between initial values of axial length was 0.44 for values at 6.5 years and 0.53 for values at 3 

years (both P < .001). A change in axial length measurement technique in GUSTO may have 

reduced the correlations, although average values for axial length taken from MRI agree 

with those from ultrasound, and ultrasound values show good agreement with those using 

the IOLMaster.40, 41 The current study has the advantage of using the same technique at both 

ages. Another possibility is that the correlations seen in the current study only develop close 

to 3 months of age and axial length measurements in GUSTO were too early to see these 

correlations with later values.

The two studies also disagree on the effect of initial axial length on the rate of elongation. 

GUSTO found that longer eyes at baseline grew more slowly and shorter eyes grew more 

rapidly while the current study results are that axial length increased uniformly by about 3.4 

mm across the range of initial lengths. Regression to the mean is one possible explanation 

for this discrepancy. Eyes might be long at baseline in part due to measurement error that is 

not present at a later visit, giving the impression of slower growth for initially longer eyes, 

and vice versa, as found in GUSTO. We checked our data for this possibility by grouping 

axial length into quartiles based on three different visits (3 months, 9 months, and 6.5 years), 

then looked at the difference between initial and final axial length within each quartile. 

Consistent with regression to the mean, the pattern depended on which visit was used for 

grouping. When grouped based on the initial visit, axial elongation for the largest eyes was 

slower than for the smallest eyes and vice versa. The opposite pattern occurred when 

grouped based on the final visit. However, elongation was nearly uniform across quartiles 

between 3 months and 6.5 years when the quartiles were based on 9-month axial lengths. 

Given the strong possibility of regression to the mean, the simplest prediction for axial 

length at 6.5 years would be to add a constant 3.4 mm to the initial axial length. Keratometry 

data were not useful for predicting a final value for axial length. The generally uniform, 

parallel development across initial axial lengths seen in the current study is consistent with 

the pattern reported for normal eyes in the Infant Aphakia Treatment Study (IATS).27

While a predictive model for selecting an IOL power during infant cataract surgery sounds 

useful, one fundamental limitation is that axial elongation in the operated eye in cases of 

unilateral cataract seems more variable than in normal eyes. Results from IATS show a 

wider range of values and more variability in individual slope for axial elongation in 

operated compared to normal fellow eyes.27 Refractive errors at 5 years of age had a median 

value of −2.25 D but extended over a 24 D range.24 The myopic value might be expected 

considering the post-surgical mean (±SD) prediction error was 1.0 ± 2.0 D less hyperopic 

than intended.17 The wide range was attributed primarily to the “inability to accurately 

predict the degree of axial elongation”.24 Axial growth in these eyes may be affected by the 

IOL haptics,42 defocus,43 and amblyopia.44 Another factor that may have contributed to 

variability in the final refractive error was using a set refractive error as a post-operative 

goal. This strategy does not properly account for the impact of effectivity depicted in Figure 
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3. A better strategy might be to set a post-operative refractive error goal that incorporated the 

optical effects of the predicted mm of axial elongation given the initial length of the eye. 

One disadvantage of this approach is that the post-surgical amount of hyperopia would have 

to be considerable for initially smaller eyes, creating more post-surgical anisometropia and a 

greater challenge for optical correction. Even diligent optical management of the 

anisometropia may not be sufficient to prevent amblyopia, as evidenced by the poor acuity 

of patients in IATS.24 Ignoring effectivity and targeting a single post-operative refractive 

error at 3 months of age would only create about a 3.5 D range of refractive errors at 6.5 

years of age (Figure 3), far less than the range found in IATS and other studies.19–24 The 

unpredictability of axial elongation in eyes affected by unilateral cataract in infancy appears 

to be the major factor creating variability in childhood refractive error in these patients.

In summary, the development of most ocular optical components and refractive error could 

be described from infancy through early childhood by functions combining exponential and 

quadratic forms. Early rapid increases in axial dimensions and crystalline lens radii of 

curvature during the exponential phase were followed by slower increases in the quadratic 

phase. Early rapid decreases in corneal and crystalline lens power were followed by slower 

decreases in the quadratic phase. The refractive index of the crystalline lens was an 

exception, with an early exponential rise followed by a later exponential decay. Most 

component values in infancy were correlated with their values in early childhood. Axial 

elongation added roughly 3.4 mm to initial lengths with some variability (SD = ± 0.64 mm) 

that was unrelated to either initial axial length or keratometer power. Prediction of future 

axial length may aid surgeons in choosing an IOL power to implant after removal of a 

cataract in infancy, particularly if optical effectivity is considered. However, high levels of 

variability in a final refractive error will likely still occur in these cases because of their 

inconsistent, less predictable rates of axial elongation compared to eyes without cataract.

ACKNOWLEDGMENTS

Supported by grant R01-EY11801 from the National Institutes of Health, Bethesda, MD.

REFERENCES

1. Fledelius HC. Ophthalmic Changes from Age of 10 to 18 Years. A Longitudinal Study of Sequels to 
Low Birth Weight. Iv. Ultrasound Oculometry of Vitreous and Axial Length. Acta Ophthalmol 
1982;60:403–11. [PubMed: 7136552] 

2. Isenberg SJ, Neumann D, Cheong PYY, et al. Growth of the Internal and External Eye in Term and 
Preterm Infants. Ophthalmology 1995;102:827–30. [PubMed: 7777283] 

3. Pennie FC, Wood IC, Olsen C, et al. A Longitudinal Study of the Biometric and Refractive Changes 
in Full- Term Infants During the First Year of Life. Vision Res 2001;41:2799–810. [PubMed: 
11587728] 

4. Mutti DO, Mitchell GL, Jones LA, et al. Axial Growth and Changes in Lenticular and Corneal 
Power During Emmetropization in Infants. Invest Ophthalmol Vis Sci 2005;46:3074–80. [PubMed: 
16123404] 

5. Gwiazda J, Thorn F, Bauer J, Held R. Emmetropization and the Progression of Manifest Refraction 
in Children Followed from Infancy to Puberty. Clin Vis Sci 1993;8:337–44.

6. Saunders KJ, Woodhouse JM, Westall CA. Emmetropisation in Human Infancy: Rate of Change Is 
Related to Initial Refractive Error. Vision Res 1995;35:1325–8. [PubMed: 7610593] 

Mutti et al. Page 9

Optom Vis Sci. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



7. Atkinson J, Anker S, Bobier W, et al. Normal Emmetropization in Infants with Spectacle Correction 
for Hyperopia. Invest Ophthalmol Vis Sci 2000;41:3726–31. [PubMed: 11053269] 

8. Mayer DL, Hansen RM, Moore BD, et al. Cycloplegic Refractions in Healthy Children Aged 1 
through 48 Months. Arch Ophthalmol (Paris) 2001;119:1625–8.

9. Mutti DO. To Emmetropize or Not to Emmetropize? The Question for Hyperopic Development. 
Optom Vis Sci 2007;84:97–102. [PubMed: 17299338] 

10. Kleinstein RN, Sinnott LT, Jones-Jordan LA, et al. New Cases of Myopia in Children. Arch 
Ophthalmol 2012;130:1274–9. [PubMed: 22688326] 

11. Mandell RH. Corneal Contour of the Human Infant. Arch Ophthalmol 1967;77:345–8. [PubMed: 
6019555] 

12. Inagaki Y The Rapid Change of Corneal Curvature in the Neonatal Period and Infancy. Arch 
Ophthalmol 1986;104:1026–7. [PubMed: 3729771] 

13. Insler MS, Cooper HD, May SE, Donzis PB. Analysis of Corneal Thickness and Corneal Curvature 
in Infants. CLAO J 1987;13:182–4. [PubMed: 3329587] 

14. Mezer E, Rootman DS, Abdolell M, Levin AV. Early Postoperative Refractive Outcomes of 
Pediatric Intraocular Lens Implantation. J Cataract Refract Surg 2004;30:603–10. [PubMed: 
15050256] 

15. Neely DE, Plager DA, Borger SM, Golub RL. Accuracy of Intraocular Lens Calculations in Infants 
and Children Undergoing Cataract Surgery. J AAPOS 2005;9:160–5. [PubMed: 15838444] 

16. Trivedi RH, Wilson ME. Prediction Error after Pediatric Cataract Surgery with Intraocular Lens 
Implantation: Contact Versus Immersion a-Scan Biometry. J Cataract Refract Surg 2011;37:501–5. 
[PubMed: 21333874] 

17. VanderVeen DK, Nizam A, Lynn MJ, et al. Predictability of Intraocular Lens Calculation and Early 
Refractive Status: The Infant Aphakia Treatment Study. Arch Ophthalmol 2012;130:293–9. 
[PubMed: 22411658] 

18. Kekunnaya R, Gupta A, Sachdeva V, et al. Accuracy of Intraocular Lens Power Calculation 
Formulae in Children Less Than Two Years. Am J Ophthalmol 2012;154:13–9. [PubMed: 
22336039] 

19. Crouch ER, Jr., Pressman SH, Crouch ER. Posterior Chamber Intraocular Lenses: Long-Term 
Results in Pediatric Cataract Patients. J Pediatr Ophthalmol Strab 1995;32:210–8.

20. Superstein R, Archer SM, Del Monte MA. Minimal Myopic Shift in Pseudophakic Versus Aphakic 
Pediatric Cataract Patients. J AAPOS 2002;6:271–6. [PubMed: 12381984] 

21. Astle WF, Ingram AD, Isaza GM, Echeverri P. Paediatric Pseudophakia: Analysis of Intraocular 
Lens Power and Myopic Shift. Clin Exp Ophthalmol 2007;35:244–51. [PubMed: 17430511] 

22. Hoevenaars NE, Polling JR, Wolfs RC. Prediction Error and Myopic Shift after Intraocular Lens 
Implantation in Paediatric Cataract Patients. Br J Ophthalmol 2011;95:1082–5. [PubMed: 
20693486] 

23. McClatchey SK, Dahan E, Maselli E, et al. A Comparison of the Rate of Refractive Growth in 
Pediatric Aphakic and Pseudophakic Eyes. Ophthalmology 2000;107:118–22. [PubMed: 
10647729] 

24. Infant Aphakia Treatment Study Group, Lambert SR, Lynn MJ, et al. Comparison of Contact Lens 
and Intraocular Lens Correction of Monocular Aphakia During Infancy: A Randomized Clinical 
Trial of Hotv Optotype Acuity at Age 4.5 Years and Clinical Findings at Age 5 Years. JAMA 
Ophthalmol 2014;132:676–82. [PubMed: 24604348] 

25. Gordon RA, Donzis PB. Refractive Development of the Human Eye. Arch Ophthalmol 
1985;103:785–9. [PubMed: 4004614] 

26. McClatchey SK, Parks MM. Myopic Shift after Cataract Removal in Childhood. J Pediatr 
Ophthalmol Strab 1997;34:88–95.

27. Lambert SR, Lynn MJ, DuBois LG, et al. Axial Elongation Following Cataract Surgery During the 
First Year of Life in the Infant Aphakia Treatment Study. Invest Ophthalmol Vis Sci 
2012;53:7539–45. [PubMed: 23074203] 

28. Lim LS, Chua S, Tan PT, et al. Eye Size and Shape in Newborn Children and Their Relation to 
Axial Length and Refraction at 3 Years. Ophthal Physiol Opt 2015;35:414–23.

Mutti et al. Page 10

Optom Vis Sci. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



29. Wood ICJ, Mutti DO, Zadnik K. Crystalline Lens Parameters in Infancy. Ophthal Physiol Opt 
1996;16:310–7.

30. Mutti DO, Zadnik K, Adams AJ. A Video Technique for Phakometry of the Human Crystalline 
Lens. Invest Ophthalmol Vis Sci 1992;33:1771–82. [PubMed: 1559777] 

31. Twelker JD, Kirschbaum S, Zadnik K, Mutti DO. Comparison of Corneal Versus through-the-Lid 
a-Scan Ultrasound Biometry. Optom Vis Sci 1997;74:852–8. [PubMed: 9383799] 

32. Holladay JT, Prager TC, Chandler TY, et al. A Three-Part System for Refining Intraocular Lens 
Power Calculations. J Cataract Refract Surg 1988;14:17–24. [PubMed: 3339543] 

33. Munro RJ, Fulton AB, Chui TY, et al. Eye Growth in Term- and Preterm-Born Eyes Modeled from 
Magnetic Resonance Images. Invest Ophthalmol Vis Sci 2015;56:3121–31. [PubMed: 26024095] 

34. Larsen JS. The Sagittal Growth of the Eye. IV. Ultrasonic Measurement of the Axial Length of the 
Eye from Birth to Puberty. Acta Ophthalmol 1971;49:873–86. [PubMed: 5172264] 

35. Twelker JD, Mitchell GL, Messer DH, et al. Children’s Ocular Components and Age, Gender, and 
Ethnicity. Optom Vis Sci 2009;86:918–35. [PubMed: 19650241] 

36. Larsen JS. The Sagittal Growth of the Eye. I. Ultrasound Measurement of the Depth of the Anterior 
Chamber from Birth to Puberty. Acta Ophthalmol 1971;49:239–62. [PubMed: 5109787] 

37. Larsen JS. The Sagittal Growth of the Eye. II. Ultrasonic Measurement of the Axial Diameter of 
the Lens and the Anterior Segment from Birth to Puberty. Acta Ophthalmol 1971;49:427–40. 
[PubMed: 5171608] 

38. Ishii K, Yamanari M, Iwata H, et al. Relationship between Changes in Crystalline Lens Shape and 
Axial Elongation in Young Children. Invest Ophthalmol Vis Sci 2013;54:771–7. [PubMed: 
23307966] 

39. Mutti DO, Mitchell GL, Jones LA, et al. Accommodation, Acuity, and Their Relationship to 
Emmetropization in Infants. Optom Vis Sci 2009;68:666–76.

40. Santodomingo-Rubido J, Mallen EA, Gilmartin B, Wolffsohn JS. A New Non-Contact Optical 
Device for Ocular Biometry. Br J Ophthalmol 2002;86:458–62. [PubMed: 11914218] 

41. Sheng H, Bottjer CA, Bullimore MA. Ocular Component Measurement Using the Zeiss Iolmaster. 
Optom Vis Sci 2004;81:27–34. [PubMed: 14747758] 

42. Kugelberg U, Zetterstrom C, Lundgren B, Syren-Nordqvist S. Ocular Growth in Newborn Rabbit 
Eyes Implanted with a Poly(Methyl Methacrylate) or Silicone Intraocular Lens. J Cataract Refract 
Surg 1997;23(Suppl. 1):629–34. [PubMed: 9278816] 

43. Smith EL, 3rd, Hung LF. The Role of Optical Defocus in Regulating Refractive Development in 
Infant Monkeys. Vision Res 1999;39:1415–35. [PubMed: 10343811] 

44. Rasooly R, BenEzra D. Congenital and Traumatic Cataract. The Effect on Ocular Axial Length. 
Arch Ophthalmol 1988;106:1066–8. [PubMed: 3401132] 

Mutti et al. Page 11

Optom Vis Sci. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Growth curves (bold black line) for each axial dimension superimposed over the 
individual data.
Visit data points are connected by lines to make following the development of individuals 

easier.
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Figure 2. 
Growth curves (bold black line) for crystalline lens radii of curvature, refractive power, 

refractive index, corneal power, and refractive error superimposed over the individual data.
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Figure 3. 
(A) Intraocular lens (IOL) powers needed to produce a uniform refractive error of +6.00 D at 

age 3 months (solid line) and IOL powers needed to produce emmetropia at age 6.5 years 

(dotted line) as a function of initial axial length. IOL powers along the dotted line will 

produce higher initial post-surgical hyperopia than +6.00 D. (B, solid line) Refractive errors 

predicted at age 6.5 years after implanting IOL powers described by the solid line in panel 

(A) as a function of initial axial length, i.e., that produced a uniform refractive error of +6.00 

D at age 3 months. More myopia at age 6.5 years for initially smaller eyes is the result of 

effectivity; more diopters of change in refractive error will occur per mm of growth for 

initially smaller eyes. The dotted line in (B) shows the highly hyperopic refractive errors at 3 

months predicted to produce emmetropia at age 6.5 years. Higher initial post-surgical 

hyperopia is required for smaller eyes because of effectivity.
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Table 1.

Mean values ± SD for each ocular component by visit. The number of subjects for each measurement and visit 

is given in parentheses.

Visit 1 2 3 4 5 6

Target Age 0.25 years (3 
months)

0.75 years (9 
months)

1.5 years (18 
months) 3 years 4.5 years 6.5 years

Age ± SD (years) 0.30 ± 0.070 
(293)

0.80 ± 0.070 
(278)

1.52 ± 0.090 
(264)

3.06 ± 0.13 
(243)

4.93 ± 0.42 
(162)

6.52 ± 0.42 
(196)

Refractive Error (SEQ; D) 2.07 ± 1.32 
(293)

1.31 ± 1.02 
(278)

1.08 ± 0.90 
(264)

1.23 ± 0.97 
(242)

1.31 ± 1.02 
(162)

1.11 ± 1.01 
(196)

Keratometer power (D) 43.9 ± 1.54 
(289)

42.9 ± 1.48 
(272)

42.7 ± 1.53 
(259)

42.5 ± 1.41 
(241)

42.4 ± 1.36 
(156)

42.4 ± 1.33 
(196)

Anterior chamber depth 
(mm)

2.83 ± 0.32 
(292)

3.06 ± 0.36 
(257)

3.01 ± 0.35 
(257)

3.15 ± 0.30 
(240)

3.29 ± 0.31 
(160)

3.42 ± 0.30 
(196)

Lens thickness (mm) 3.91 ± 0.16 
(292)

3.87 ± 0.18 
(259)

3.83 ± 0.17 
(257)

3.81 ± 0.16 
(240)

3.70 ± 0.17 
(160)

3.60 ± 0.16 
(196)

Vitreous chamber depth 
(mm)

12.45 ± 0.56 
(292)

13.35 ± 0.56 
(259)

13.87 ± 0.61 
(257)

14.46 ± 0.64 
(240)

14.98 ± 0.62 
(160)

15.38 ± 0.67 
(196)

Axial length (mm) 19.19 ± 0.69 
(292)

20.29 ± 0.64 
(257)

20.71 ± 0.7 
(257)

21.42 ± 0.68 
(240)

21.96 ± 0.70 
(160)

22.39 ± 0.71 
(196)

Anterior lens radius (mm) 7.28 ± 0.62 
(286)

8.97 ± 0.74 
(251)

10.04 ± 0.82 
(250)

10.75 ± 0.91 
(237)

11.47 ± 1.00 
(154)

12.30 ± 1.15 
(195)

Posterior lens radius (mm) 4.69 ± 0.30 
(286)

5.19 ± 0.35 
(251)

5.62 ± 0.46 
(250)

5.89 ± 0.45 
(237)

6.16 ± 0.44 
(154)

6.27 ± 0.46 
(195)

Lens power (D) 40.3 ± 2.58 
(286)

37.2 ± 2.09 
(251)

35.1 ± 2.24 
(250)

31.7 ± 1.94 
(237)

28.9 ± 1.76 
(154)

27.4 ± 1.86 
(195)

Lens equivalent index 1.451 ± 0.008 
(286)

1.458 ± 0.009 
(251)

1.462 ± 0.011 
(250)

1.456 ± 0.009 
(237)

1.451 ± 0.008 
(154)

1.448 ± 0.007 
(195)
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Table 2.

Baseline values and the average change (± SD) in each ocular component between 3 ± 1 months and 6.5 years 

± 6 months of age for subjects with data at each of those two visits. For the sign of the change, the order of 

subtraction is 6.5 years minus 3 months. The correlation coefficient is also given for the association between 

values at 3 months and those at 6.5 years of age. Each correlation was significant and positive except for the 

equivalent index of the crystalline lens.

Ocular component n Average Value at 3 months ± SD Average change ± SD of change Correlation coefficient

Refractive Error (SEQ; D) 154 2.18 ± 1.30 −1.04 ± 1.21 0.49 (P < .001)

Keratometer power (D) 150 43.9 ± 1.40 −1.52 ± 0.93 0.76 (P < .001)

Anterior chamber depth (mm) 153 2.76 ± 0.27 0.64 ± 0.34 0.24 (P = .003)

Lens thickness (mm) 153 3.93 ± 0.16 −0.32 ± 0.19 0.25 (P = .001)

Vitreous chamber depth (mm) 153 12.3 ± 0.47 3.04 ± 0.56 0.50 (P < .001)

Axial length (mm) 153 18.99 ± 0.54 3.35 ± 0.64 0.44 (P < .001)

Anterior lens radius (mm) 148 7.13 ± 0.53 5.13 ± 1.09 0.25 (P = .002)

Posterior lens radius (mm) 148 4.65 ± 0.31 1.62 ± 0.45 0.40 (P < .001)

Lens power (D) 148 41.2 ± 2.20 −13.6 ± 2.44 0.26 (P = .002)

Lens equivalent index 148 1.452 ± 0.008 −0.0033 ± 0.0099 0.12 (P = .16)
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Table 3.

Correlation coefficient matrix for refractive error and ocular component values at 3 months of age. Significant 

correlations are marked in bold.

SEQ (D) K (D) ACD (mm) LT (mm) VCD (mm) AL (mm) ALC (mm) PLC (mm) CLP (D)

SEQ (D) 1

K (D) −0.21
b 1

ACD (mm) −0.09 −0.10 1

LT (mm) 0.00 0.03 −0.30
c 1

VCD (mm) −0.41
c

−0.50
c

0.26
c

−0.31
c 1

AL (mm) −0.39
c

−0.46
c

0.61
c

−0.13
a

0.89
c 1

ALC (mm) 0.08 −0.33
c 0.08 −0.22

c
0.45

c
0.36

c 1

PLC (mm) −0.05 −0.15
a

−0.14
a

−0.26
c

0.37
c

0.18
b

0.40
c 1

CLP (D) 0.04 0.01 −0.40
c

0.24
c

−0.68
c

−0.69
c

−0.30
c

−0.32
c 1

a
P < .05;

b
P < .01;

c
P < .001
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Table 4.

Growth curves using equations 1–3 where T = (age in years – 0.25). Sex = 0 for males and Sex = 1 for 

females.

Exponential plus quadratic equations

Refractive Error (SEQ; D) SEQ = (0.494) + (1.66 * e−1.75*T) + (0.384 * T) – (0.0463 * T2) R2 = 0.11

Keratometer power (K; D) K = [42.4 + (0.734 * Sex)] + (1.24 * e−4.01*T) + (−0.167 * T) + (0.017 * T2) R2 = 0.17

Anterior chamber depth (ACD; mm) ACD = [3.06 – (0.088 * Sex)] – (0.236 * e−0.679*T) + 0.0343 * T) + (0.0049 * T2) R2 = 0.29

Lens thickness (LT; mm) LT = [3.79 + (0.031 * Sex)] + (0.111 * e−1.21*T) + (0.0115 * T) – (0.00688 * T2) R2 = 0.28

Vitreous chamber depth (VCD; mm) VCD = [13.7 – (0.286 * Sex)] – (1.23 * e−1.95*T) + (0.354 * T) – (0.0102 * T2) R2 = 0.76

Axial length (AL; mm) AL = [20.3 – (0.346 * Sex)] – (1.09 * e−4.18*T) + (0.567 * T) – (0.0317 * T2) R2 = 0.76

Anterior lens radius (ALC; mm) ALC = [10.4 – (0.292 * Sex)] – (3.14 * e−1.65*T) + (0.129 * T) + (0.0333 * T2) R2 = 0.81

Posterior lens radius (PLC; mm) PLC = [5.74 – (0.182 * Sex)] – ([1.10 + (0.124 * Sex)] * e−1.38*T) + (0.102 * T) R2 = 0.67

Lens power (CLP; D) CLP = [37.6 + (0.984 * Sex)] + (2.58 * e−3.21*T) – (2.81 * T) + (0.170 * T2) R2 = 0.84

Growth and decay equation

Lens equivalent index (IND) IND = 1.445 + [(0.624 * (1 + T)2.25)/(100 + (4.3 * (1 + T)4.13))] R2 = 0.23
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